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I am pleased to introduce the first 
Compendium of research abstracts and 
technical reports from the Advanced Light 

Source (ALS). The scientific program at the ALS started in October 1993 with a single 
beamline, the x-ray microprobe on Beamline 10.3.1. Since then we have commissioned 
beamlines at a steady pace and added significantly to the set of tools for the research 
community. Now twelve beamlines are in operation supporting nearly 350 users in a 
scientific program ranging over such diverse areas as materials science, EUV lithography, 
chemical dynamics, life science, and environmental science. 

The research summaries within are a testament not only to the wide range of research 
applications at the ALS but also to the techniques and results spawned by the capabilities 
of a third-generation machine. The high brightness of a synchrotron source such as the 
ALS translates into fine spatial resolution, so x-ray microscopies of various kinds are 
emerging as a mainstream activity. Our users are also doing experiments which may pave 
the way to the future, such as the the production of femtosecond x-ray pulses with an eye 
toward so-called "fourth generation" light sources. As a relatively new and rapidly 
growing national user facility, the ALS welcomes current and potential users to work with 
us to continue to develop a scientific program noted for its excellence, scope, and 
collaborative nature. 

We intend to publish the Compendium on a yearly basis as a supplement to our annual 
ALS Activity Report. Scientific highlights and ongoing R&D projects written for a broad 
audience will appear in the Activity Report. The Compendium, on the other hand, will be 
dedicated to more in-depth research reports by the scientists themselves, and will serve as 
a more detailed reference to the scientific program, related publications, and beamline 
information. We hope that you will reserve some space on your bookshelves for these 
volumes since they will offer a sequence of snapshots of progress at the ALS in years 
to come. 

Neville Smith 
. ALS Scientific Program Head 
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Determination of tbe Resolution of the X-Ray Microscope XM-1 
at Beamline 6.1 

JohnM. Heck, Werner Meyer-lise, and David T. Attwood 
Center for X-ray Optics, Ernest Orlando Lawrence Berkeley National Laboratory, 

University of California, Berkeley, California 94720, USA 

INTRODUCTION 

Resolution determination in x-ray microscopy is a complex issue which depends on many factors. Many 

different_ criteria and experimental setups are used to characterize resolution. Some of the important 

factors affecting resolution include the partial coherence and spectrum of the illumination. The purpose 

of this research has been to measure the resolution ofXM-1 at beamline 6.1 taking into account these 

factors, and to compare the measurements to th~retical calculations. 

The x-ray microscope XM-1, built by the Center for X-ray Optics (CXRO), has been operational since 

1994 at the Advanced Light Source at E. 0. Lawrence Berkeley National Laboratory. It is of the 

conventional (i.e. full-field) type; utilizing zone plate optics [1]. A schematic is shown in Fig. 1. ALS 

bending magnet radiation is focused by a condenser zone plate [2] onto a monochromator pinhole 
immediately in front of the sample. X-rays 'transmitted through the sample are focused by a micro-zone 

plate [3] onto a CCD camera. The pinhole and the condenser with a central stop constitute a linear 

monochromator. The spectral distribution of the light illuminating the sample has been calculated 
assuming geometrical optics. 

ALS Beam 

Figure 1. Schematic of the x-ray microscope XM-1 at ALS beamline 6.1 

PARTIALLY COHERENT IMAGING 

The partial coherence of an imaging system is of utmost importance in resolution determination, and is 

affected by the aperture of the condenser lenses. A coherence parameter m is defined as m = NAJNAo, 

where NAc and NAo are the numerical apertures of the condenser and objective lenses. When m = oo or 

m = 0, the illumination is incoherent or coherent, respectively, and the image formation is linear. For 

any other value of m, the imaging is partially coherent, leading to nonlinear image formation. In order 

to calculate an image from an object under partially coherent illumination, the Hopkins theory of partial 

coherence [4,5] must be applied. The software package SPLAT has been developed for this purpose by 

A. Neureuther and K. Toh ofthe University of California, Berkeley [6]. 
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There are many common criteria for characterizing resolution, the most famous of which is the Rayleigh 

criterion. When applied to two incoherently imaged point sources, the Rayleigh criterion gives the 

result that the two points are "distinguishable" when they are separated by 0.61 A./NA. At this point, the 

image contrast, given by (Imax-Imin)/(Imax+Imin) is 15.3%. For the partially coherent case, we have 

defined three resolution criteria which are valid for any value ofm: 

Two Point Resolution: The point separation d at which the image contrast is 

15.3%, regardless of the degree of coherence. 

Knife Edge Resolution: We define the knife edge resolution as the width of the 

10-90% intensity transition, because when a knife 

edge is imaged incoherently, the intensity transition 

over a distance of0.61 A./NA is 10-90%. 

Grating Resolution: The period of the smallest grating for which the image 

contrast is at least 15.3%. 

All three of these resolution criteria give the same numerical value as the Rayleigh criterion for two 

incoherent points at m = oo, provided there are no central stops on the lenses. 
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Figure 2. The effect of partial coherence on two point, knife edge, and grating resolution. The solid lines indicate no 
central stop on the condenser lens; the dotted lines represent a 1/3 radius central stop. The XM-1 coherence of0.65 is 
marked with a dashed line. 
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The values of the three resolution criteria in the case of a partially coherent imaging system without 

aberrations are plotted as a function of m in Fig. 2, both with and without a central stop in the 

condenser. Although all of these criteria give equal values under incoherent illumination, they differ 

significantly as the imaging system becomes more coherent. The knife edge becomes sharper as 

coherence is increased, whereas the two point and grating resolutions are degraded. The central stop 

has little effect on the resolution. In our experiments with :xf\1-1, the value ofm was 0.65, which is 

marked with a dashed line. 

XM-1 KNIFE EDGE RESOLUTION 

The knife edge resolution is a useful test of instrument performance because knife edges art: easy to 

fabricate, image, and anaJyze. A gold knife edge was made by Erik Anderson of CXRO by a liftoff 

process, imaged in XM-1, and analyzed in the following manner. First, a straight line was fittted to the 

edge image between the dark and light portions. Then, the intensity of every image pixel was plotted as 

a function of its distance to the edge. The 10-90% width of the intensity transition of these points was 

then measured. 
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Figure 3. Knife edge resolution as a function of pinhole size and the corresponding chromaticity (=ratio of the number of 
zones of the micro-zone plate [N=318) to the spectral bandwidth of the illumination). The solid line is a SPLAT 
simulation; the diamonds represent knife edge resolution measurements with 5, 10, and 15 J.Lm monochromator pinholes. 
The knife edge resolution improves gradually as the illumination becomes more monochromatic. 

Knife edges were imaged with each of three monochromator pinholes, and the 10-90% edge widths 

were measured. The edge widths were 48, 43, and 41 nm, using the 15, 10 and 5 J..lm pinholes, 

respectively. This data is compared to a series of SPLAT simulations using the appropriate spectral 
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distribution due to the linear monochromator (Fig. 3). It can be seen that the data points in Fig. 3 

follow the same trend as the theory, although the experimental edge width is consistently about 40% 

larger than the diffraction limit. The relatively constant nature of the data for small illumination 

bandwidths indicates that the achievement of a spectral resolution greater than about IJ ll'A = 500 

(corresponding to a 10 Jlm monochromator pinhole) will not significantly affect the spatial resolution of 

the x-ray microscope. However, a high spectral resolution is desirable for spectromicroscopy. 

CONCLUSIONS 

The effect of partial coherence has been shown to play a major role in image formation and spatial 

resolution of x-ray microscopes, due to the non-linear relationship between the image and the object. 

With an increasing degree of coherence, knife edge images become sharper while two-point resolution 

is degraded. Although 10-90% edge resolution may be measured at less than 0.61/JNA, the actual 

resolution of the imaging system may be far from diffraction limited, depending on the partial coherence 

parameter. 

The effect of the illumination spectrum has been analyzed in detail. It has been shown, both 

theoretically and experimentally, that an improvement in the spectral resolution beyond IJ ll'A = 500 

does not significantly affect the spatial resolution. However, a high spectral resolution does allow more 

accurate elemental distinguishability, and makes it possible to perform spectroscopic techniques since 
. . 

we have the ability to tune the wavelength to various resonances in the absorption spectrum. 

The knife-edge resolution ofXM-1 has been measured to be 0.61/JNA, or about 43 run, with a 10 Jlm 

monochromator pinhole. Although this is quite small, it is still 40% from diffraction limited. A major 

emphasis of future research is. to determine the causes of this discrepancy and attempt to eliminate it. 

Some ofthe possible causes being investigated are zone plate thickness and aberrations. 
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High Spatial Resolution Soft-X-Ray Microscopy 

W. Meyer-lise, H. Medecki, J. T. Brown, J. M. Heck, E. H. Anderson, D. T. Attwood 
Center for X-ray Optics, E. 0. Lawrence Berkeley National Laboratory, 

University of California, Berkeley, California 94720, USA 

INTRODUCTION 

A new soft x-ray microscope (XM-1) with high spatial resolution has been construeted by the 

Center for X-ray Optics (Fig. 1). It uses bending magnet radiation from beamline 6.1 at the 

Advanced Light Source, and is used in a variety of projects and applications in the life and 

physical sciences [1]. Most of these projects are ongoing. 

Plane 

Alignment 
Light Microscope 

Figure 1: Schematic of the 
high resolution soft x-ray 
microscope XM-1, built 
and operated by the Center 
for X-ray Optics . Bending 
magnet radiation from the 
ALS is monochtomatized 
and focused onto the 
sample with a condenser 
zone-plate lens [2]. X-rays 
transmitted through the 
sample are enlarged with 
an objective (micro-) zone 
plate lens and detected with 
an x-ray CCD camera 
system. Except for air gap 
containing the sample of 
about 100 microns, the x-

ray optics are in vacuum. A mutual indexing system is used to position and focus the sample with an external visible 
light microscope. 

The instrument uses zone plate lenses and achieves a resolution of 43 nm, measured over 10% to 

90% intensity with a knife edge test sample [3]. X-ray 

microscopy permits the imaging of relatively thick 

samples, up to 10 !liD thick, in water. XM-1 has an easy 

to use interface, that utilizes visible light microscopy to 

precisely position and focus the specimen. 

BIOLOGICAL APPLICATIONS 

In our most extensive study with C. Magowan (Life 

Sciences Division, LBNL) [4,5], the life cycle of malaria 

parasites (Plasmodiumfalciparum) in intact normal 

human red blood cells (Fig. 2) has been observed, using 

hundreds of images. Building on the knowledge about the 

parasites' normal development, abnormalities which Figure 2: Malaria Parasite in a human red 
blood cell imaged with XM-1 
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occur in the parasite after protease inhibitor treatments or in erythrocytes deficient in membrane 

protein 4.1, have been investigated. 

In a collaboration ofT. Ford and A. Stead (Royal Holloway University of London, UK) 

structures in green alga (Chlamydomonas), uniquely visible with soft x-rays, have been analyzed 

in unfixed samples [6]. By using x-ray wavelengths near the L-absorption edges, we were able to 

detect trace amounts of Fe, Mg, and Co in this alga. Bacterial spores (Bacillus subtilis) were 

studied in collaboration with J. Judge (Unilever pic., UK). Structural differences between 

hydrated and dehydrated spores were observed and reported [7]. 

The uniformity of chromatin organization within the 

heads of sperm from several mammals was analyzed in 

collaboration with R. Balhorn (LLNL). Sperm chromatin 

is particularly well suited for imaging with x-rays. Since 

the DNA is packaged in a highly compacted state, x-ray 

images of the sperm heads show structural details that 

cannot be observed using other techniques. These images 

are providing new insight into the importance of the 

timely synthesis of protamine 1, one of the two nuclear 

proteins that package DNA in spermatids and sperm 

(Fig. 3). 

Cryptosporidium is a parasite commonly found in lakes 

and rivers contaminated with animal waste and sewage. 

Occasionally municipal drinking water supplies may 

become contaminated. The parasite oocyst is about 4 to 6 

Figure 3: Transgenic sperm cell from 
mouse. 

microns in size and resistant to chlorination treatment used in public water systems. Recent 

outbreaks of Cryptosporidium infections in Las Vegas (1994) and Milwaukee (1993) caused 

about 140 deaths and 

approximately 400,000 cases 

of severe diarrhea and vomit­

ing. Cryptosporidium is im­

portant to human health 

because of its debilitating 

effects, and it can be fatal to 

immuno-compromised indi­

viduals. We recorded a first 

series of x-ray microscope 

images of Cryptosporidium 

prepared in the laboratory of 

C. Petersen (UCSF, San 

Figure 4: Cryptosporidium. 
(a) sporozoite emerging from oocyst, (b) empty oocyst with residium. 
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Francisco General Hospital). These images were made from formalin fixed, wet samples. The 

images show a sporozoite emerging from the oocyst (Fig. 4 a) and an empty oocyst with the 

associated residuum (Fig. 4 b). 

Other biological projects include investigations of human chromosomes (D. Arndt-Jovin, T. 

Jovin, Max-Planck-Institute Gottingen, Germany); mammalian cells (J. Hearst, M. Albertie, 

Structural Biology Division, LBNL, and S. Lelievre, Life Sciences Division, LBNL); human 

fibroblast cells (S. Krauss, Life Sciences Division, LBNL); human lung tissue (J. Bastacky, Life 

Sciences Division, LBNL); two projects with rat neurons (S. Brubaker, Univ. Oregon, Eugene 

and G. DeStasio, Univ. Rome, Italy); and development of lanthanide based luminescent labels 

(M. Moronne, Life Sciences Division, LBNL). 

PHYSICAL SCIENCES APPLICATIONS 

Soft x-ray microscopy is advantageous wherever high spatial resolution transmission images 

from samples several microns thick are required. If the sample is in a liquid environment, x-rays 

might be the only possible method. In addition to that, it may be possible to gain elemental or 

chemical information through 

spectromicroscopy, making x-ray 

transmission the method of choice in a 

variety of applications in materials 

sciences and environmental research. 

Fig. 5 shows images of silicate (SiOx) 

micro-spheres suspended in toluene 

(C6HsCH3; liquid at room temperature) 

imaged at different wavelengths near 

the absorption edge of the oxygen K-

Figure 5: Silicate (SiOx) spheres of 0.2 J.liil diameter in toluene. 
Images taken at 539 eV (left) and at 533 eV (right). 

shell. At a photon energy of 539 e V (2.30 nm) the absorption of oxygen is at a maximum, 

whereas at the slightly lower photon energy of 533 e V (2.33 nm) the absorption of oxygen is 

negligible. As only the silicate micro-spheres contain oxygen, they are clearly visible at 2.30 nm 

and almost invisible (actually slightly brighter than the medium) at 2.33 nm. 

In a collaboration with G. Mitchell and E. Rightor (Dow Chemical) we started to use XM-1 for a 

number of industrial applications. The samples investigated included different types of structured 

polymers with sizes that take full advantage of our spatial resolution, and latex spheres, which 

were imaged wet. 

CONCLUSION AND OUTLOOK 

The high resolution soft x-ray microscope XM-1 hasgained new insights in a large variety of 

applications. 
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We are currently developing a cryogenic sample holder to be used in our soft x-ray microscope. 

The holder will allow us to use longer exposure times and perform multiple view imaging 

without increasing visible sample damage. For multiple view imaging, which provides 

tomographic information, a rotation stage is planned. A new electron beam writing tool 

(NanoWriter) is being commissioned; it will provide us with higher resolution condenser and 

objective zone plate lenses. 
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INTRODUCTION 

Bacterial spores are able to survive dehydration, but neither the physiological nor structural basis 
of this have been fully elucidated. Furthermore, once hydrated, spores often require activation 

before they will germinate [1]. Several treatments can be used to activate spores, but in the case 

of Bacillus subtlis the most effective is heat treatment. The physiological mechanism associated 

with activation is also not understood, but some workers suggest that the loss of calcium from the 

spores may be critical. However, just prior to germination, the spores change from being phase 

bright to phase dark when viewed by light microscopy. 

Imaging spores by soft x-ray microscopy is possible without fixation. Thus, in contrast to 

electron microscopy, it is possible to compare the structure of dehydrated and hydrated spores in 

a manner not possible previously. A further advantage is that it is possible to monitor individual 
spores by phase contrast light microscopy immediately prior to imaging with soft x-rays; 

whereas, with both electron microscopy and biochemical studies, it is a population of spores 

being studied without knowledge of the phase characteristics of individual spores. This study has 

therefore tried to compare dehydrated and hydrated spores and to determine if there is a mass loss 

from individual spores as they pass the transition from being phase bright to phase dark. 

METHODS 

Bacterial spores (Bacillus subtilis) were prepared [2] and transported frozen. After thawing the 

spores were aliquoted and refrozen. Each experiment used a fresh aliquot. Initial experiments 

compared the structure of hydrated spores, to dehydrated spores and in subsequent experiments 

spores were activated (70° C for 30 min; phosphate-citrate buffer [50mM, pH 7.0] followed by 

re-suspension in nutrient broth [Oxoid] with 1 OmM L-alanine added and incubated at 30° C). 

Before, or at various times after, addition of germination media, a 2 fll sample was removed and 

imaged. For imaging 2 fll of the spore suspension was placed between two 120nm thick Si)N4 

windows. The preparation was examined by phase contrast light microscopy and fields of view 

were selected which included phase bright, phase dark and, if possible, vegetative cells. X-ray 

micrographs of the spores selected with visible light were taken using the soft x-ray microscope 

XM-1 [3] at bearnline 6.1 of the Advanced Light Source. Each field of view was photographed 

for comparison with the x-ray images. 
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RESULTS & DISCUSSION 

Images of dry bacterial spores (Fig. 1) reveal little internal detail as the spores appear to be 

uniformly x-ray dense. Subsequent images of the same field of view show that the spores are 

very radiation resistant and that there is little or no reduction in the volume (Fig. 2a) of the spores 

and no apparent loss of mass (Fig. 2b) as determined by the calculated x-ray transmittance even 

when the x-ray dose exceeded 2x107 Gy, a dose well above that recognized to cause structural 

and functional damage in several other tissues [ 4-7]. 

Figure 1: Soft x-ray images of dehydrated spores. 
a) 2 sec exposure (0 sec prior); b) 24 sec (80 sec prior exposure). 
(Image size: 4 f-Ul1 x 4 f-Ul1) 

b) 

By comparison, hydrated 

spores appear to be very 

radiation-sensitive and show 

some internal features. Using 

a 2 sec exposure time the 

spores appear to have an 

indistinct denser central 

region, although this may 

simply be a result of the 

greater thickness of the 

spores at their center 

compared to the spore 

margins (Fig. 3a). In subsequent exposures (Figs. 3b-d) of the same area, however, the central 

area is distinctly more x-ray dense than the spore periphery. Furthermore, the margins of the 

spores also become more x-ray dense suggesting that the spore wall is now visible, although 

since the images are of intact hydrated spores, the wall, and its effect on x-ray absorbency, should 

be present over the entire image. In fact, in images of many spores, the ends of the spores are 

denser than the lateral margins, thus giving the impression of 'caps.' Further imaging causes the 

size of the spores to be reduced, probably by contraction since the overall appearance remains 

similar. 

Images taken with an exposure time of less than 2 sec have a very poor signal to noise ratio. This 

can be partially compensated for by combining data from several adjacent pixels, but this reduces 

the resolution that can be achieved. Nevertheless it is useful to be able do this to ascertain if 

either the x-ray dense central core or the spore margin is present before exposure to the x-rays or 

whether both are the consequence of exposure to x-rays. Images taken with exposures as short as 

0.1 sec appear to show that there is indeed a small increase in x-ray absorbency at the spore 

margin and in the central region, suggesting that the cortex (the region between the central core 

and spore margins) is the most radiation-sensitive. The appearance of spores after heat activation 

was very similar to that of hydrated spores. However, unlike hydrated spores, there is an initial 

increase in spore volume before e~posure to soft x-rays causes an apparent loss of spore volume 

(Fig. 2a). This increase in volume is also seen in images of spores which have been in growth 
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media overnight (Fig. 2a). It is not clear why spores should increase in volume after exposure to 
soft x-rays, nor why only activated and not hydrated spores should behave in this way. 

When activated there are, within the spore population, two types of spores which are readily 

identified by phase contrast light microscopy: those which are phase dark, and those which 

remain phase bright. It is usually assumed that spores which are phase dark are about to 

germinate and that this change in phase characteristics is associated with a loss of material from 

the spores. Unfortunately, the transition to phase dark does not occur simultaneously, and indeed 

some spores seem to be very recalcitrant. This makes biochemical and conventional electron 

microscopy studies difficult as both require a large population of spores in which it is impossible 

to distinguish the phase characteristics of individual spores. Soft x-ray microscopy, as available 

on beamline 6.1, has the very real advantage of enabling spores to be studied by phase contrast 

light microscopy before imaging, at higher resolution, with soft x-rays. Images of phase bright 

and phase dark spores show that the transmittance of soft x-rays, through phase dark spores is 

much greater than through those which are phase bright (Table 1) suggesting that there has, 

indeed, been a considerable loss of material from those which are phase dark. In the second 

exposures to soft x-rays there is a marked increase in soft x-ray transmittance (Table 1) but this 

increase does not continue with further exposure, especially when the analysis of transmittance is 

concerned with only the central core (Fig. 2b ). 
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Figure 2. The effect of sequential exposure to soft x-rays on the size and transmission of bacterial spores. a) Effect 
on volume where spores are assumed to be a prolate spheroid, and b) effect on transmission of soft x-rays. 

Table 1. Comparison of x-ray transmittance through phase bright, phase 
dark and vegetative cells in the initial 2sec exposure and the second 2sec 
exposure. In each case the the thickness of carbon (nm) required to 
attenuate the soft x-rays has been calculated. 

Phase bright Phase dark Vegetative 

Initial 2sec exposure 136.6 81.3 17.8 

2nd 2sec exposure 100.0 64.0 12.8 

However, the fact that the 

percentage transmittance 

through phase dark spores is 

so much greater than that 

through phase bright spores 

indicates that the radiation 

dose received by phase dark 

spores is much lower than that 

received by phase bright spores. And yet, at least during initial exposures, the apparent loss of 
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material is as great from phase dark as from phase bright spores, showing that phase dark spores 

are considerably more radiation-sensitive than phase bright spores. Preliminary data show that in 

other respects phase bright and phase dark spores respond similarly when exposed to soft x-rays. 

However, relatively few phase dark spores have been examined to date due to difficulties in 

establishing the optimum activation and/or germination conditions at the ALS. This problem has 

now been overcome, and it will be of considerable interest to determine if it is calcium that is lost 

from the spores as they become phase dark. Biochemical analysis has shown that calcium, 

probably as calcium dipicolinate, is lost from populations of spores during germination [8]. 

However, it is not clear if this is lost only from spores that become phase dark, or whether 

calcium is lost from all spores regardless of their phase characteristics. Soft x-ray microscopy has 

the potential for resolving this question. Knowledge of the means by which some spores fail to 

activate and germinate is of considerable economic importance in the food industry, since 

bacterial spores are very resistant and may not be killed during preparation whereas vegetative 

bacterial cells, i.e. after germination, are relatively easy to kill. If all spores could be induced to 

germinate, they could be killed thereby removing the potential health hazard. 

Figure 3. Sequential soft x-ray microscopy of 
hydrated spores. Exposure times were: 
a)- 2sec (no prior exposure); 
b)- 4sec (4sec prior exposure); 
c)- 8sec (8sec prior exposure); 
d)- 16sec (80sec prior exposure). 
e)- O.lsec with no prior exposure but with 
6x6 binning of pixel data. 

(Image size a-d: 4 J1IIl x 4 J1IIl 
e: 2 J1IIl x 2.4 Jliil) 

The present work has demonstrated that soft x-ray microscopy can be used to gain novel 

information on the structural differences between dehydrated and hydrated spores due to its 

ability to image material in an aqueous environment. In the future, as elemental discrimination 

becomes feasible, the technique will be even more useful. However, this work has also shown 

that bacterial spores, like many other biological specimens, are very radiation sensitive, 

especially when hydrated, and that therefore cryo x-ray microscopy will be essential since 
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elemental mapping requires that at least two images, be taken, often with long exposures, one on 

either side of an absorption edge. 
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Imaging Mammalian Cells with Soft X Rays: The Importance of 
Specimen Preparation 

John T. Brown and Werner Meyer-lise 
Center for X-ray Optics, E. 0. Lawrence Berkeley National Laboratory, 

University of California, Berkeley, California 94720, USA 

INTRODUCTION 

Studies of mammalian cell structure and spatial organization are a very prominent part of modern 

cell biology. The interest in them as well as their size make them very accommodating subject 

specimens for imaging with soft x-rays using the XM-1 transmission microscope built and 

operated by The Center for X-ray Optics on Beam Line 6.1 at the Advanced Light Source. The 

purpose of these experiments was to determine if the fixative protocols normally used in electron 

or visible light microscopy were adequate to allow imaging cells, either fibroblasts or neurons, 

with minimal visible radiation damage due to imaging with soft x-rays at 2.4 nm. Two cell types 

were selected. Fibroblasts are easily cultured but fragile cells which are commonly used as 

models for the detailed study of cell physiology. Neurons are complex and sensitive cells which 

are difficult to prepare and to culture for study in isolation from their connections with 

surrounding cells. These cell types pose problems in their preparation for any microscopy. To 

improve the contrast and to prevent postmortem alteration of the chemistry and hence the 

structure of cells extracted from culture or from living organisms, fixation and staining 

techniques are employed in electron and visible light microscopy. It has been accepted by 

biologists for years that these treatments create artifacts and false structure. We have begun to 

develop protocols for specimens of each of these two cell types for soft x-ray microscopy which 

will preserve them in as near normal state as possible using minimal fixation, and make it 

possible to image them in either a hydrated or dried state free of secondary addition of stains or 

other labels. 

EXPERIMENTS 

Cultured WI38 human diploid fetal lung cells were used to test the efficacy of paraformaldehyde 

vs. glutaraldehyde fixation. The cells are useful for imaging with soft x-rays because they grow 

in culture attached to the surface and show a better defined nuclear morphology than other cells 

which have a more rounded morphology. The cells were cultured directly upon the silicon nitride 

membranes which are used as sample holders for x-ray imaging. The WI38 cell line is used as a 

model system for studies of cell senescence. Since this cell line is not transformed, we used early 

passage cultures. The cells of this line do not undergo apoptosis but they have a defined 

replicative life span in that they change their morphology and cease mitosis after a certain 

number of passages. Eventually their division rate in culture drops to zero. Cultures were raised 

in Dulbecco's Modified Eagle's medium in 37°C incubator held at 5% carbon dioxide. The 

medium was supplemented with 10% fetal calf serum. After 24 hours in culture the membranes 
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with their attached fibroblasts were rinsed in PBS then fixed at a final concentration of 2% 

paraformaldehyde in PBS. Following the fixation step the cells were perrneabilized in 0.1% 
Triton X100 in PBS. A final incubation at room temperature was carried out in 1% Triton X100. 
Cells were washed and held in water until imaging. Cultures raised for glutaraldehyde fixation 

followed exactly the same protocol steps up to the fixation. Fixation was carried out at room 
temperature in 1% glutaraldehyde in PBS. This was followed by a 1% Triton XlOO 

permeabilization at room temperature in PBS. Cells were then rinsed in PBS and water and kept 

wet until the chambers were assembled for imaging. 

Primary cultures of rat cerebellar neurons were prepared to study the effects of excitatory amino 

acids, kainate and glutamate, on the uptake of cobalt. Cells prepared for this experiment were air 

dried as part of the experimental design to be imaged in the XM-1 soft x-ray transmission 

microscope. Primary cerebellar neuron granule cells were cultured in 10% calf serum enhanced 

modified Eagle's medium. They had been excised from the rat brain and were suspended in the 

medium and allowed to attach themselves to the silicon nitride membrane on which they were to 

be exposed to cobalt in solution. Cells attached to the membranes were fixed with 

paraforrnaldehyde, washed and dried. Imaging was done with the XM-1 at 2.4nm, witbin the 

water window, with exposures of a few seconds to 180 seconds. Wet samples were placed into a 

chamber composed of two silicon nitride windows held in a stainless steel holder which retains 

liquid water for over two hours. Dried samples of the neurons were placed on a silicon nitride 

window and they are exposed to helium during imaging. 

Figure 1. Paraformaldehyde fixed, hydrated 
fibroblast showing radiation damage. 
(Image size 10 flil1 x 8 fllll) 

CONCLUSIONS 

Figure 2. Rat neuron, 
paraformaldehyde fixed, imaged 
dry. 
(Image size 6 flil1 x 7 f-Uil) 

Figure 3. Nucleolus of 
fibroblast. Fixed with 
glutaraldehyde imaged 
hydrated. 
(Image size 6 flil1 x 11 
Jlm) 

These experiments show that the fixation step is critical. Paraformaldehyde fixation of WI38 

fibroblasts followed by permeabilization in detergent, Triton X100, is not adequate to fix the 
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cells and prevent radiation damage in soft x-rays at short exposure times. Fibroblasts, maintained 

in the hydrated state and imaged at exposures of a few seconds, show distinct radiation damage 

or even complete dissolution of the cell (Fig. 1). 

Paraformaldehyde has proven to be an unreliable fixative, and some substitute for it or additional 

treatment must be applied to make it useful for viewing hydrated specimens. Rat cerebellar 

neurons which have been cultured on silicon nitride membranes, paraformaldehyde fixed and 

dried retain their external connections which are of morphological importance. They have the 

ability to withstand relatively long exposures (Fig. 2). 

For dried samples paraformaldehyde is a good choice. Even the most delicate and reactive cells 

so treated retain their external form and connections to their neighbors. One percent 

glutaraldehyde, a cross-linking fixative, is adequate for hydrated specimens of cultured 

fibroblasts where fine details of morphology are important (Fig. 3). 

Experiments are continuing to solve the problems which have arisen in imaging fragile cells with 

soft x-rays. New procedures for fixation of fibroblasts and neurons are under way. 
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In Situ Alkali-Silica Reaction Observed by X-Ray Microscopy 
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INTRODUCTION 

In concrete, alkali metal ions and hydroxyl ions contributed by the cement and reactive silicates 

present in aggregate can participate in a destructive alkali-silica reaction (ASR). This reaction of 
' 

the alkalis with the silicates produces a gel that tends to imbibe water found in the concrete 

pores, leading to swelling of the gel and eventual cracking of the affected concrete member. 

Over 104 cases of alkali-aggregate reaction in dams and spillways have been reported around the 

world. At present, no method exists to arrest the expansive chemical reaction which generates 

significant distress in the affected structures [1]. 

By studying the reaction of silica gel in sodium hydroxide solutions and calcium hydroxide 

solutions, Dent Glasser and N. Kataoka have distinguished four reactions for the silica 

gel/sodium hydroxide/calcium hydroxide system [2,3]: 

1) dissolution of silica by hydroxyl attack, 

2) reaction of surface silanol (Si-OH) groups with hydroxyl ions (OH-) in the solution, 

3) binding of the sodium cations (Na+) and calcium cations (Ca++) at negatively 

charged sites on the silicate surface, 

4) reaction of silicate species in solution with calcium ions in solution to form calcium 

silicate hydrate (C-S-H). 

Most existing techniques available for the examination of concrete microstructure, including 

ASR products, demand that samples be dried and exposed to high pressure during the 

observation period. These sample preparation requirements present a major disadvantage for the 

study of alkali-silica reaction. Given the nature of the reaction and the affect of water on its 

products, it is likely that the removal of water will affect the morphology, creating artifacts in the 

sample. 

The purpose of this research is to observe and characterize the alkali-silica reaction, including 

each of the specific reactions identified above, in situ without introducing sample artifacts. For 

observation of unconditioned samples, x-ray microscopy offers an opportunity for such an 

examination of the alkali-silica reaction. Currently, this investigation is focusing on the effect of 

calcium ions on the alkali-silica reaction. 
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EXPERIMENT 

Experiments were. conducted at the x-ray microscopy XM-1, built and operated by the Center for 

X-ray Optics (CXRO) at beamline 6.1 at the Advanced Light Source (ALS) at the E. 0 . 

Lawrence Berkeley National Laboratory in Berkeley, California. Samples consisted of finely 

ground particles of reactive silica in saturated calcium hydroxide solution. Chemical-grade silica 

gel, ground ASR gel from the FURNAS Dam in Brazil, silica fume, and ground opal were used 

as the reactive silicate required for the reaction. The solution, made from double distilled, 

deoxygenated water, was used to simulate highly alkaline concrete pore solution which reacts 

with disordered siliceous aggregate. The pH of the solution was 12.2. 

Samples were observed with soft x-rays at 2.4 nm 

wavelength at a magnification of 2400x. Images were 

recorded with exposures of 2 to 120 seconds. Samples 

were observed dry and after the addition of the alkaline 

solution. The effect of the solution on the silicate 

samples was documented over time, from five minutes 

after adding the solution to 2 weeks after adding the 

solution to the ground silicates. 

RESULTS 

Reaction products were visible 5 to 25 minutes after the 

saturated calcium hydroxide solution was added to each 

of the silicates. Reaction of the ASR gel with the 

calcium ions was the fastest observed, with products 

visible 1 to 3 minutes after mixing. The reaction 

Figure 1 Reaction product of silica gel in 
saturated calcium hydroxide solution, 23 
minutes after the solution was introduced. 
(Image size: 10.2 J.1ffi x 10.4 J.llll) 

(61106105) 

appeared to stabilize in about an hour, with no changes in the reaction products visible after that 

time. 

Comparing the products of the reaction with the dry silicate morphology, the extent of the 

reaction is clear. When dry, the silicates exhibit relatively smooth, clearly defined edges. 

However, the products of each reaction were characterized by dendritic growth of lath like crystal 
structures in either a diametrical or radial pattern, exhibiting much symmetry. Crystal structure 

depicted in figure 1 exhibits a radial symmetry, while that in Fig. 2 is diametrical. In some 
instances, the growth was sparse and delicate (Fig. 1), while other structures appeared more 

dense (Fig. 2). It is not clear whether the reaction product is formed by a through solution or 

topochemical reaction. 

Largely, the structures resulting from the reaction of the silicate species and the calcium ions in 
this investigation resemble structures described by Rashed [4] an~ Williamson [5]. Rashed 
reported similar microstructures while examining the reaction of silica fume in concrete by 
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scanning electron microscopy (SEM). This characteristic microstructure, termed 'sheaf of wheat' 

morphology, appears to result from the reaction of silicates and calcium ions in the presence of 

water in locations of relative emptiness, allowing such extensive crystal growth. The samples 

prepared for this investigation were of high solution-to-silicate ratio, which would provide space 

for crystal growth. 

The branched crystal structure is thought to be a precursor to 

calcium silicate hydrate (C-S-H), a complex crystal structure which 

acts as a binder in concrete. The effect of the formation of a C-S-H 

or its precursor is not certain. It has been proposed that such a 

reaction product could provide additional strength to a concrete 

member experiencing alkali-silica reaction. If this hypothesis is 

confirmed, it can provide a basis for a methodology to control the 

expansive alkali-aggregate reaction in concrete. 

CONCLUSIONS 

Saturated calcium hydroxide solution was reacted with several 

silicates to examine the role of calcium cations in the alkali-silica 

reaction in concrete. From this investigation -- which included the 

reaction of silica gel, alkali-silica reaction gel, silica fume, and 

ground opal -- it is clear that silicates react with calcium ions in the 

presence of hydroxyl ions and water to produce a complex 

crystalline microstructure characterized by bundles of lath like 

structure. This distinctive microstructure has been termed 'sheaf of 

Figure 2 Sheaf of wheat 
morphology resulting from the 
reaction of alkali-silica reaction 
gel in saturated calcium 
hydroxide solution, 30 minutes 
after the addition of the 
solution. 
(Image: 6.2 J.IIIl x 10.4 J.IIIl) 

(61113014) 

wheat' morphology by previous authors and is thought to be a C-S-H precursor. The effect, 

beneficial or detrimental, of the growth of this reaction product is under investigation. 
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The secretion of proteins is a fundamental cellular process. The physical and biochemical 
mechanisms that underlie this process have been studied with the view that they can serve as a 
general model for how cells transport many different substances to and through their various 
compartments and to the external environment. 

In our work, we study the secretion of digestive enzymes by the acinar cell of the mammalian 
pancreas. This is the classical system for studying such processes. The proteins that digest food 
are stored in approximately micrometer sized vesicles, zymogen granules, within these cells. 
There are two explanations for how these proteins are transported from within the granules to the 
exterior of the cell during the process of secretion. One proposes that whole granules are lost 
from the cell in discrete events [ 1], and the other proposes that partial and gradual emptying of 
the granules accounts for protein secretion [2]. Of course, both mechanisms may occur. We are 
attempting to assess to what degree each of these mechanisms account for protein secretion by 
the organ. In order to do so, we have been determining whether physical changes in the granules, 
such as mass loss, occur during secretion as the second model predicts, or if there is a simple 
reduction in the number of granules as predicted by the first model. 

The tools that have been available to date have not allowed such an assessment. They are unable 
to measure quantitatively the protein content of individual structures on the size scale of 
zymogen granules, or subcellular organelles in general. However, the absorption of soft x-rays is 
highly sensitive to the content in the sample of carbon and nitrogen, the predominant components 
of organic molecules - in this case, the proteins contained by the granules - permitting their 
measurement at a resolution of tens of nanometers. Thus x-ray microscopy provides an excellent 
means, indeed the only means developed, of both imaging and measuring the cellular distribution 
of protein at the required resolutions for these and even smaller structures. 

For these studies we are using the high resolution soft x-ray microscope developed and operated 
by the Center for X-ray Optics at LBNL on bearnline 6.1 of the ALS [3]. This instrument is well 
suited .to acquiring the large volumes of image data required to do a good statistical analysis on 
the characteristics of populations of zymogen granules. Thus far, we have acquired nearly 3,000 
images on this instrument, corresponding to approximately 400 cells containing about 25,000 
zymogen granules. The relatively large population of individual granules we have measured 
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should allow us to assess the changes that occur in these objects when secretion is augmented by 
hormonal stimulation. 

Figure 1. X-ray microscope image of a pancreatic acinus. Individual acinar cells are arrayed like pie wedges around 
a central ductal space (D). Dark round objects in the apex of the cells are zymogen granules (z) . Also visible are cell 
nuclei (N) and nucleoli (n). Mitochondria (m) appear as thin, elongated objects slightly less dense than the granules. 
Scale bar = 5 micrometers. 

EXPERIMENT 

Our goal is to measure the number, size, and protein content of zymogen granules within 
pancreatic acinar cells, and determine how the population statistics of these parameters change 
with time throughout the secretion process. We hope to determine whether protein is lost from 
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the granules primarily by reduction in the number of granules, or by reduction in the protein 
content of each granule. To this end, small tissue biopsies are removed from the pancreas of rats 
at various time points following the administration of a drug that enhances secretion. These 
tissue pieces are fixed, embedded in plastic, sectioned into 0.75 micrometer slices, and imaged 
with the x-ray microscope. Simultaneously, overall protein secretion from the gland is monitored 
in fluid collected from the cannulated duct of the pancreas. 

We have found this sample preparation technique, which is similar to a standard one used in 
histology labs, to be well suited to x-ray imaging. The infiltration of plastic into the tissue 
appears to be highly homogeneous and does not adversely affect the natural protein contrast in 
the sample. In addition, few radiation induced artifacts are observed. 

In order to obtain a sufficiently large field of view for these samples, we have developed the 
means to tile together smaller adjacent image fields into a large composite image. The 
performance of the position readout scales on the sample stage results in a mean registration error 
of about 60 nanometers, or less than two image pixels. Fig. 1 shows a composite image of a 
pancreatic acinus acquired using the x-ray microscope. In addition to the zymogen granules, 
other features of cellular ultrastructure can be seen, including mitochondria and nuclear 
morphology. 

Measurement of the large numbers of zymogen granules is made possible by an automated image 
segmentation algorithm we have developed [4] for use as a first pass analysis tool on the image 
data. Figure 2 shows the performance of the automated segmentation on the image of Fig. 1. 

PRELIMINARY RESULTS 

Although we are at the early stages in our data acquisition and analysis, our results so far appear 
to confirm earlier observations using electron microscopy in which zymogen granules show a 
decrease in mean diameter after a secretory stimulus has been administered [5,6]. In addition, 
with the x-ray microscope we measured what the earlier studies could not: that there is a 
corresponding reduction in _granule protein content. Mass loss has previously been measured by 
x-ray microscopy in isolated zymogen granules under' certain conditions [7], and the present 
study may indicate that the same process occurs within intact tissue as well. 

Finally and significantly, the percentage decrease in granule mass appears to be approximately 
equal to the percentage of the whole organ's digestive protein content secreted. If verified by 
more detailed and extensive measurements currently underway, this would indicate that protein 
secretion under the conditions of this study primarily involves depletion of granules of their 
protein contents, rather than their loss in toto from the cell. 

CONCLUSION 

While the understanding of secretory mechanisms such as those we have been studying is central 
to understanding many cellular processes more generally, quantitative tools that allow for the 
direct measurement of protein at high resolution are only now becoming available. The x-ray 
microscope, particularly as it has been implemented at this facility, should help make possible 
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both the quantitation of protein transport at the ultrastructural level during secretion, and the 
acquisition and analysis of much larger volumes of samples than has been possible with existing 
microscopic imaging instruments. 

Figure 2. Automated image segmentation performed on the image of Figure 1. Objects detected by the algorithm are 

highlighted. Accuracy is greater than 80%. Using the algorithm as a first pass data analysis tools makes possible the 

measurement of the large numbers of objects required for good statistical power. 
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INTRODUCTION 

Soft x-rays, having a greater ability to penetrate biological material than electrons, have the 

potential for producing images of intact, living cells. In addition, by using the so-called 'water 

window' area of the soft x-ray spectrum, a degree of natural contrast is introduced into the image 

due to differential absorption of the wavelengths by compounds with a high carbon content 

compared to those with a greater oxygen content. The variation in carbon concentration 

throughout a cell therefore generates an image which is dependent upon the carbon density 

within the specimen. Using soft x-ray contact microscopy we have previously examined the 

green alga Chlamydomonas reinhardtii, and the most prominent feature of the cells are the 

numerous x-ray absorbing spheres, But they were not seen by conventional transmission electron 

microscopy [1,2]. Similar structures have also been reported by the Gottingen group using their 

cryo transmission x-ray microscope at BESSY [3]. Despite the fact that these spheres appear to 

occupy up to 20% or more of the cell volume when seen by x-ray microscopy, they are not 
visible by transmission electron microscopy. Given the difficulties and criticisms associated with 

soft x-ray contact microscopy, the present study was aimed at confirming the existence of these 

cellular inclusions and learning more of their possible chemical composition. 

METHODS 

For imaging, 2 J.Il of the spore suspension was placed between two120nm thick, SiJN4 windows. 

Mter selecting fields of view using light microscopy, the field coordinates were recorded and the 

cells imaged with soft x-rays using XM-1 on beamline 6.1 at the ALS, Berkeley, USA [4] using 

monochromatic soft x-rays (2.4 nm). For investigations of the oxygen content, images of air­

dried material were taken on and below the oxygen absorption resonance energy (2.325 and 

2.300 nm equivalent to 533 and 539 e V). 

RESULTS & DISCUSSION 

Soft x-ray transmission images of hydrated Chlamydomonas cells show, as with soft x-ray 

contact microscopy, that each cell contains several x-ray dense spherical inclusions (Fig. 1a). 

Because these spheres are denser than the surrounding cytoplasm, it is unlikely that they could be 

vacuoles since the carbon content would be expected to be less in the vacuole than in the 

surrounding cytoplasm. If these spheres are imaged a second time, clear evidence of their 
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radiation sensitivity can be seen (Fig. lb) as they appear to collapse leaving an x-ray dense 

deposit. This may be the membraneous material which previously surrounded these inclusions 

but which, when exposed to soft x-rays, is damaged such that the contents are lost and the 

remaining membrane then collapses. The sensitivity to soft x-~ay exposure is particularly evident 

when the spheres were extruded from the cells by the pressure of the two silicon nitride windows 

(Fig. 2a-b). 

Figure 1. Soft x-ray images of Chlamydomonas. a) Image of a hydrated cell showing x-ray dense spherical 
inclusions; 1sec exposure without previous exposure. b) 2sec image taken of the same area (total pre-irradiation 
equal to 3sec), the spherical inclusions have collapsed but x-ray dense deposit still remains. 
(Image sizes: 5.4Jllll x 4Jllll) (60214012114) 

b) 
Figure 2. Soft x-ray images of the spherical inclusions which were extruded from cells of Chlamydomonas by the 
pressure of the two membranes in the specimen holder. a) Initial image; 0.2sec exposure without previous exposure. 
b) Second 1sec image taken of the same area (total pre-irradiation equals 1.4sec), the spherical inclusions have 
collapsed but x-ray dense deposit still remains. 
(Image sizes: 10 lilll x 10 Jlill) (60216048/51) 

Spheres could not be identified in cells fixed in glutaraldehyde (i.e. as used in preparing for 

electron microscopy) since the increased density of the cytoplasm, due to the uptake of the 

glutaraldehyde, reduced the contrast between it and the spheres. In cells in which the increase in 

density was minimal, the spheres could still not be seen. 
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In dried material the spheres are visible 

when imaged at 539 e V and not at 533 e V 

photon energy, which indicates that 

oxygen is abundant in these spheres (Fig. 

3). Since this material is dry the oxygen 
cannot be associated with the water 

content but other possibilities would 

include phosphates. There are reports of 

Chlamydomonas cells containing calcium 

polyphosphate granules [5], but the 

spheres seen in the present study appear to 

be too large. Furthermore, it is reported 

that the calcium is present in an insoluble 

form only in the gametes of 

Chlamydomonas, and in the vegetative 

cells (as used in the present study) calcium 

is diffuse within the cell [6]. When imaged 

Figure 3. Soft x-ray images of dried Chlamydomonas cells 
taken below 
(a: 533 eV=2.325 nm) and 
at the oxygen absorption resonance 
(b: 539 eV = 2.3 nm). 
Image sizes: 3 Jliil x 5 Jliil. (61215051/52) 

at 2.4 nm, the amount of calcium that would be required to produce the relative x-ray absorbance 

of these spheres, compared to the cytoplasm, would be high. It would be expected that, if such 

levels of calcium existed, they would be detectable when imaging either side of the calcium edge 

(346 eV). However, no such absorption difference was detected (data not shown). Therefore our 
preliminary investigations suggest that calcium is not a major constituent of the spheres. Other 

possibilities could include some metal oxides since, under certain environmental conditions 

Chlamydomonas cells may accumulate metals such as manganese [7]. Once again, it is surprising 

that such large structures as these spheres are not seen by transmission electron microscopy. 
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INTRODUCTION 

Associations between intracellular organisms and host cells are complex and particularly difficult 

to examine. X-ray microscopy provides transmission images of subcellular structures in intact 

cells at resolutions superior to available methodologies. The spatial resolution is 50-60nm with a 

1 micron depth of focus, superior to anything achievable with light microscopy. Image contrastis 

generated by differences in photoelectric absorption by the atoms in different areas (i.e. 

subcellular structures) throughout the full thickness of the sample. Absorption due to carbon 

dominates among all the elements in the sample at 2.4 nm x-ray wavelength. Thus images show 

features or structures, in a way not usually seen by other types of microscopy. 

We used soft x-ray microscopy to investigate structural development of Plasmodiumfalciparum 

malaria parasites in normal and genetically abnormal erythrocytes, and in infected erythrocytes 

treated with compounds that have anti-malarial effects. X-ray microscopy showed newly 

elaborated structures in the cytosol of unstained, intact erythrocytes, redistribution of mass 

(carbon) in infected erythrocytes, and aberrant parasite morphology. Better understanding of the 

process of intracellular parasite maturation and the interactions between the parasite and its host 

erythrocyte can help device new approaches to the control of this deadly disease. 

Falciparum malaria infects hundreds of millions of individuals every year, with an even greater 

number at risk. The World Health Organization estimates there are 300-500 million clinical 

cases, 800 million people at risk, and 2.7 million deaths, (1-2 million deaths of children in Mrica 

alone) attributable to malaria every year. Malaria remains a serious public health problem, with 

emerging parasite resistance to many of the available, standard drug therapies, and mosquito 

resistance to many insecticides. 

The life cycle of malaria is a complex one. Infection of the human host is initiated when a female 

Anopheles mosquito carrying the parasite introduces sporozoites during a blood meal. The 

sporozoites invade hepatocytes within minutes and remain there, multiplying many thousands­

fold for approximately 2 weeks. Merozoites rupture cells and escape from the liver and within 

minutes must invade red blood cells. The parasite develops in the red blood cell through the ring 

stage to a trophozoite and metabolizes hemoglobin, synthesizes many new proteins, lipids and 

membranes to ensure its survival in the cell. At about 40 hours post-infection, the multinucleated 

schizont develops and at about 48 hours the red blood cell ruptures, releasing 6-24 new 
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merozoites which reinvade red blood cells to continue the erythrocytic cycle. The clinical 

symptoms (i.e. the morbidity) and the mortality of malaria are the result of this repeated rupture 

andre-invasion of red blood cells. 

The parasite is so small, ranging from 1 to 5 or 6J1 throughout the erythrocytic stages, that the 

resolution offered by transmitted light microscopy is inadequate to visualize the small organelles 

and structures within this organism. On the other hand, the thickness of the infected erythrocyte 

necessitates serial sectioning for examination by electron microscopy. In addition, there is 

significant sample preparation time involved in fixing, embedding, and sectioning the cells for 

electron microscopy, particularly when a large number of cells must be examined. Thus, the 

intraerythrocytic location of the parasite and its size make x-ray microscopy a valuable tool to 

investigate structural development of this pathogen. 

RESULTS 

We have conducted several sets of unique experiments with malaria infected red blood cells with 

the soft x-ray microscope XM-1, built and operated by the Center for X-ray Optics at beamline 

6.1 at the ALS. We have generated the first images of the entire intraerythrocytic cycle in normal 

human erythrocytes and have used these to evaluate normal development of structures and 

organelles within the parasite as it matures. We studied hundreds of parasites in images (Fig. 1) 

collected at 6 hour intervals throughout the 48 hour life cycle in normal and in pathologic red 

blood cells showing the immature ring stage, the more mature trophozoite and the multinucleated 
schizont. 

Figure 1. Life cycle of malaria in human red blood cells. The images show from left an uninfected blood cell, a 
newly infected cell, and a 12- hour old parasite. (Image sizes: 7 Jlii1 x 7 Jliil) 

Data obtained with improved resolution and unique contrast from photoelectric absorption in x­

ray microscopy allowed us to develop new insights into intraerythrocytic parasite development. 
One of the most interesting outcomes of these studies in normal red blood cells was the 
documentation in intact, unstained red cells, of the existence of a tubular structure surroumding 

the parasite and protruding into the red blood cell cytosol (Fig. 2). This tubulovesicular 

membrane network is thought to have a role in the import of nutrients to the parasite. Similar 
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structures had been visualized by fluorescent lipid labeling [1], and vesicles and clefts that are 

probably homologous were seen in thin section transmission electron microscopy [2], but we 

have now confirmed that these are not artifacts of staining or other preparative techniques which 

may alter such membrane bound structures. 

Figure 2. Tubular structure 
protruding from the parasite into the 
red blood cell cytosol seen with a 
young parasite. 
(Image size: 7 J.Ull x 7 J.UD) 

We then investigated parasite development in two different 

unfavorable environments, protease inhibitor treated erythrocytes 

and genetically abnormal elliptocytes. P. falciparum malaria 

parasites transport hemoglobin from the host erythrocyte cytosol 

into their acidic digestive vacuoles as an energy source and to 

derive free amino acids for protein synthesis. Parasite cysteine 

and aspartic proteinases function as hemoglobinases in the 

parasite digestive vacuole to hydrolyze globin [3, 4]. Protease 

inhibitors block globin hydrolysis, causing the digestive vacuole 

to expand and fill with undegraded globin, ultimately resulting in 

death of the parasite. By bright field and electron microscopy, 

digestive vacuoles appear enlarged and filled with material that 

does not detectably differ from the contents of the red blood cell 

cytosol [ 4]. 

The effect of cysteine protease inhibitors on structural development of intraerythrocytic parasites 

has not previously been defined beyond the observation of enlarged digestive vacuoles (figure 

3.). We detected increased carbon density in the vacuoles, structure surrounding the parasites, 

and in smaller spheres within the parasite cytoplasm. 

Figure 3. Protease inhibitor treated malaria parasites in human red blood cells. The image on the left shows a ZFR 
(ZFR courtesy of Prototec Inc., Dublin, CA) treated cell; the other two are Leupeptin treated. 
(Image sizes: 7 J.Ull x 7 J.UD) 

A decrease in the mass of the erythrocyte cytoplasm would be expected if material were 

transported from the cytosol, sequestered in the parasite digestive vacuole and not replaced by 

equivalent mass released from the parasite. In x-ray images, obvious depletion of hemoglobin, 

which normally comprises >95% of the red blood cell contents, is indicated by the decreasing 
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carbon density of erythrocyte cytosols. The average mass of infected erythrocyte cytosols at hours 
30 and 36 was reduced to approximately 50% of the mass of newly invaded red blood cells, as 

measured from a subset of our images. This initial data demonstrates that the translocation of 

hemoglobin in infected erythrocytes can be quantitated by analysis of x-ray images. 

Figure 4. Malaria parasites in protein 4.1 deficient red blood cells. (Image width: 8 jllii) 

Red blood cell membrane abnormalities can reduce rates of infection and parasite survival [5]. 

Hereditary elliptocytosis is a relatively rare red blood cell disorder that can be caused by protein 

4.1 deficiency. Protein 4.1 is an 80kD erythrocyte protein that binds to spectrin and actin in the 

erythrocyte skeleton to provide mechanical stability to the erythrocyte membrane. Erythrocytes 

that are totally deficient in skeletal protein 4.1 do not support the intraerythrocytic development 
of P. falciparum as well as do erythrocytes with normal membranes [5, 6]. Yet earlier 

investigations of parasite development in these abnormal erythrocytes did not detect 

morphological aberrations [6-8]. With higher resolution x-ray microscopy, it is apparent that 

great disorganization in parasite structure, with internal partitioning and aberrant forms, results 

from maturation in these abnormal erythrocytes (figure 4.). Our studies demonstrate for the first 

time that an abnormal erythrocyte membrane has a direct effect on the structure of 

intraerythrocytic P. falciparum parasites. 

CONCLUSIONS 

The previously undetected and often unexpected changes we observed in malarial parasites 

demonstrate that x-ray microscopy is a valuable approach to the investigation of intracellular 

organisms and subcellular structures in intact cells, omplementing to other microscopy 

technologies. We have gained new insights into intraerythrocytic development of P. falciparum 

malaria parasites, including the detection of 1) newly elaborated structures in the cytosol of 

unstained, intact erythrocytes, 2) redistribution of mass (carbon) in infected erythrocytes and, 3) 

aberrant parasite morphology in adverse environments. We have obtained unique measurements 

of parasites throughout their intraerythrocytic maturation, and measurements of the effects of 

parasitization on the red blood cell. 
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Investigations of normal red blood cells showed morphological anomalies in parasites treated 

with potential chemotherapeutic agents. Parasites that matured in erythrocytes with a membrane 

skeletal defect were also disorganized. We can recognize previously undetected concentrations of 

hemoglobin an_d perhaps other proteins in the abnormal digestive vacuoles. In addition, we have 

shown that an abnormal host erythrocyte skeleton affects structural development of parasites. 

This finding demonstrates conclusively for the first time that 4.1 protein of the erythrocyte 

membrane plays a role in normal parasite structural development. 
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Calibration and Standards Beamline 6.3.2 at the ALS 

I. H. Underwood, E. M. Gullikson, M. Koike, P. I. Batson, P. E. Denham, K. D. Franck, 
R. E. Tackaberry and W. F. Steele 

Center for X-ray Optics, Ernest Orlando Lawrence Bedceley National Laboratory; 
University of California, Bedceley, California 94720, USA 

INTRODUCTION 

More sophisticated optics for the x-ray, soft x-ray and far ultraviolet spectral regions being 
developed for synchrotron radiation research and many other applications, require accurate 
calibration and standards facilities for measuring reflectivity of mirrors and multilayer coatings, 
transmission of thin films, bandpass ofmultilayers, efficiency of gratings or detectors, etc. For 
this purpose beamline 6.3.2 was built at the ALS. Its energy coverage, versatility, simplicity and 
convenience also make it useful for a wide range of other experiments. 

BEAMLINE 6.3.2 

Sample 

Figure 1. Schematic diagram of the layout ofbeamline 6.3.2 at the Advanced Light-Source. 

Fig. 1 is a schematic view of the beamline. The principal components are: 

The four jaw aperture consists of four water cooled copper plates mounted on UHV feed­
throughs which can be inserted into the beam as far as required to determine the horizontal and 
vertical acceptance. 
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The horizontal focusing mirror (Ml) re-images the bending magnet source, horizontally at unit 
magnification, on the sample at the center of the reflectometer chamber. It is made from single 
crystal silicon, is gold-coated and is cooled by thermally contacting one side to a water cooled 
stainless steel block. This simple and effective cooling method leads to negligible thermal 
distortion. 

The monochromator. Reliability of the wavelength and intensity calibrations require a high 
resolution, high throughput monochromator that is simple and compact, with a stable accurately 
determined geometry. These requirements are met by a varied line spacing plane grating · 
monochromator [1] (VLS-PGM) design in which the grating operates in the converging light 
produced by a concave spherical mirror at 10:1 demagnification. The large spherical aberration of 
the mirror is corrected by adjusting the variation of grating ruling [2]. Because excellent source 
ALS stability has been achieved, an entrance slitless design carries no penalty of drifts in 
wavelength calibration during scans. Wavelength shifts caused by source motions arising from e.g. 
changes in the storage ring operation parameters, can be easily calibrated using the zero order 
image. This design has many practical advantages; 

. ; 

i) Optimization of the line space variation corrects all.M2 aberrations, and the monochromator 
reaches resolution limited by the vertical source size of the ALS. ii) The demagnification allows 
a very short beamline, hence low cost and high mechanical stability. The increased vertical 
divergence allows better f-number matching for optics following the exit slit. iii) Wavelength is 
scanned by simple rotation of the grating; no other motions are needed. iv) Entrance slitless 
operation allows maximal flux collection, simplifying mechanical design and alignment and further 
shortening the beamline. v) The zero order is focused at the exit slit. This feature is extremely 
valuable for set-up and alignment. This image is also used to monitor vertical motions of the ALS 
source, to calibrate wavelength shifts. vi) All optical surfaces required are either plane or 
spherical, simplifying fabrication and reducing cost. 

M2 is made from single crystal silicon. The three interchangeable gratings (300, 600 and 
1200 Vmm), are mechanically ruled and blazed. The end of the grating sine bar can be positioned 
within 20 nm with a precision engraved. glass scale. This allows, for example, a wavelength step 
size of 3 parts per million at 130 A. 

The exit slit can be closed to a width of a few microns to allow for the small linear dispersion. 
Adjustments for position, parallelism and tilt are incorporated to optimize performance; each of 
the four slit comers is independently actuated through a feedthrough and its position sensed to 
0.1 JlDl by a capacitance micrometer. 

The monochromator mechanical/vacuum design was developed to have high stability and 
precisely known geometry, which allows absolute wavelength calibration. The optical 
components are mounted on three pedestals on a baseplate outside the vacuum chamber. A 
flexible bellows surrounds each pedestal. This prevents the vacuum system from transmitting 
bending moments to the baseplate. 

The vertically focusing mirror (M3) re-images the exit slit, at unit magnification, in the center 
of the reflectometer chamber. This mirror, polished from polycrystalline silicon, has variable 
elliptical curvature to re-image the slit in an auxiliary experimental chamber behind the 
reflectometer, or at infinity to generate parallel light. 
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EXPERIMENTAL FACILITIES 

The reflectometer is a two-axis goniometer. One axis (9-motion) carries the sample, for example 
a mirror, at the center of the reflectoineter vacuum tank. The other ( cp-motion) carries the detector 
on a rotating arm. Independent linear motions translate the sample in three orthogonal directions 
(x; y, z) with a position accuracy of 10 J.Lm. The valve at the front of the reflectometer has a glass 
window to allow sample positioning and alignment at atmospheric pressure, using visible 
synchrotron light. The reflectometer is isolated from the monochromator by a differential ion 
pump and is equipped with a vibration isolated cryopump with high pumping speed to allow 
fast tum around of samples. 

The beamline contains two filter wheels in which thin foils can be mounted to filter unwanted 
radiation or for the purpose of measuring transmission. A flange is provided at the back of the 
reflectometer for the attachment of additional auxiliary experiments. 

The experiment control and data acquisition are implemented with LABVIEWTM software. 
All monochromator anCI reflectometer functions (except sample changing) and data acquisition are 
controlled and displayed at the workstation. The software provides the capability for scanning 
monochromator wavelength or energy, and for scanning any of the reflectometer motions. 

SELECTED RESULTS 

The beamline has been operating since 
150 .-----"'=""'-------------. 

February 1995, and the flux, resolution, 
wavelength calibration, scattered light and 
higher order contamination have been charac- .-.. 

~ 100 terized. The monochromator resolution was -c:i 
measured using the spectrum of the 1 s-x• t. 
vibrational states of molectilar nitrogen. Fig. 8 
2 is a (source size limited) spectrum using ! 
the 300 1/mm grating, showing a resolution of 
about 7000. 

50 

401 402 403 

Photon Energy (eV) 

Fig. 3 shows refl~vity curves of a normal 
incidence Mo/Si multilayer mirror. The mea­
surements at the beamline are compared with 
measurements made on the identical sample 
at the BESSY -PTB facility in Berlin. 

Figure 2. Absorption spectrum of N2 gas at 30 mt9rr. 

A more complete description of the beamline 
is given in reference [3]. 
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CONCLUSIONS 0.8-r------------------, 

Several of the other abstracts in this report 
volume describe work done wholly or par­
tially at this facility. The beamline is a 
well-characterized and user-friendly re­
source which is proving itself to be useful, 
not only for Calibration and Standards, but 
for a wide variety of other investigations 
requiring soft x-rays in the range 50-
1000eV. 
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Figure 3. Reflectivity vs. A of a nonnal incidence Mo-
. Si multilayer measured at Beamline 6.3.2 and 

BESSY -PTB in Berlin, Germany. The measurements 
agree in reflectivity to 0.6% and i~ wavelength to 
0.008 A. (Data courtesy of D. Games and D. Stearns, 
LLNL) 
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Soft-X-Ray Magneto-Optical Kerr Effect and 
Element-Specific Hysteresis Measurement 

J.B. Kortright and M. Rice 
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94720, USA 

INTRODUCTION 

Interest in the utilization of x-ray magneto-optical properties to provide element-specific magnetic 
information, combined with recent development of tunable linear polarizers for spectroscopic 
polarization measurement, 1 have led us to the study of magneto-optical rotation (MOR) near core 
levels of magnetic atoms in magnetic multilayer and alloy films. Our initial observation of Faraday 
rotation (in transmission) demonstrated that for FeMORis easily measured and is larger at its~ 
resonance than in the near-visible spectral regions? This work also demonstrated that the 
spectroscopic behavior of the MOR signal in transmission, resulting from the differential 
refraction of left- and right-circular components of a linearly polarized beam, is related to the 
magnetic circular dichroism (MCD), or differential absorption, as expected by a Kramers-Kronig 
transformation. Thus MCD measurements using circular polarization and MOR measurements 
using linear polarization can provide complementary, and in some cases equivalent, information. 

On beamline 6.3.2 we have begun to investigate soft x-ray MORin the reflection geometry, the x­
ray magneto-optic Kerr effect (XM:OKE). Early measurements have demonstrated the ability to 
measure element-specific hysteresis loops and large rotations compared to analogous near-visible 
measurements. We are investigating the spectral dependence of the XMOKE signal, and have 
initiated systematic materials studies of sputter-deposited films of Fe, FexCrt-x alloys, and Fe/Cr 
multilayers. 

EXPERIMENT 

A solenoidal electromagnet (Figure 1) was constructed that can be mounted onto the sample stage 
in the reflectometer on beamline 6.3.2. Linearly polarized x-rays enter one end of the solenoid, 
reflect off of the sample centered in the magnet at glancing angle, and exit the magnet 

Figure 1. Solenoidal electromagnet providing variable, 
uniform field at the sample, which is at the center in 
reflection geometry. 

\ 
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through the other end of the solenoid. The polaiization of the reflected beam then is analyzed by 
a tunable multilayer polarizer housed in a polarimeter bolted onto the downstream port of the 
reflectometer. The grazing incidence angle 8 was limited to ~ 2° because of constraints in 
positioning the polarimeter on the reflectometer. An applied field of+/- 2.5 kOe can be varied 
continuously to produce element-specific hysteresis loops, although the uncooled magnet cannot 
operate continuously at such high fields. · 

RESULTS 

A hysteresis loop measured 10 eV below the Fe~ line from an Fe film at 2° incidence angle is 
shown in Figure 2. Data have been normalized to the Kerr angle, that is the deviation of the plane 
of polarization produced by the magnetized sample. The measured Kerr angle of nearly 10° in the 
soft x-ray is over an order of magnitude larger than that measured from Fe in the near-visible 
region, where the maximum Kerr angle is about 0.5° at 830 nm. It is interesting that such large 
effects are observed so far below the~ line, since we know that the largest specific rotation, i.e., 
the rotation per unit thickness, occurs on the leading edge of the ~ line (consistent with the 
Kramers-Kronig dispersion relation). This is understood by realizing that the penetration depth is 
a function of the optical constants which are strongly varying near the Fe 43 resonances. The 
critical angle for total external reflection is given by Sc = (26)112 where o is the real correction in 
the complex refractive index n = 1- B- i·J3. Well away from the~ edge the incidence angle of2° 
falls below the critical angle, severely limiting the penetration depth. In a limited region below the 
~ line B becomes negative and total external reflection no longer occurs, leading to a much 
increased penetration depth. The observed XMOKE signal depends both on the specific rotation 
and the penetration depth, and it is the large penetration depth at 10 eV below the~ line that 
contributes to the large observed signal there, even though the specific rotation is not at its 
maximum. We are continuing to anal:Yze the spectral dependence of the XMOKE signal for Fe 
films and other samples. 

New equipment will in the future enable measurements at larger incidence angles that Will increase 
the penetration depth by moving well above Sc for most materials above about 100 e V. These 
·increased penetration depths will enable studies of magnetic regions well away from the surface, 
including buried magnetic layers and interfaces. 

l'igure 2. XMOKE hysteresis loop for an Fe film 
shows Kerr angles over an order of magnitude 
larger than observed in near-visible spectral 
regions. The large effects in the soft x-ray result 
both from the selective coupling to the empty 3d 
states responsible for magnetism in Fe and from 
large penetration depths in a limited region below 
the Fe~ edge. 

Fe film (510 A), 8 = 2°, 10 eV below L3 
~ . . . . . . 
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Cr response 
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Figure 3. Hysteresis loops showing the separate Fe (left) and Cr (right) magnetization response for a sputtered, 
polycrystalline Fe(20A)/Cr(l9A) multilayer. The photon energy was tuned just below each elements~ white line 
as noted. Cr exhibits a net moment oriented opposite to that of Fe. Both Cr and Fe share a common coercive 
feature, but only Fe shows a reversible region to higher fields prior to saturation. 

Element-resolved hysteresis loops showing the separate magnetization response ofFe and Cr in 
an Fe/Cr multilayer sample are shown in Figure 3. Fe/Cr and similar multilayer systems have 
received much study reeently because of the oscillatory coupling of the ferromagnetic (Fe) layers 
as a function of the non-ferromagnetic (Cr) layer thickness, and its influence on magneto­
resistance. Our samples were grown by sputtering onto room temperature Si wafer substrates and 
are polycrystalline with <110> texture. The element-resolved hysteresis loops were obtained with 
e = 2° and hv several e V below the respective L3 lines as noted. Under such conditions the 
effective penetration depth is greater than the period of the multilayer, so that many periods 
contribute to the observed signal. . 

The individual Fe and Cr hysteresis loops provide much more information than would a traditional 
hysteresis measurement, that would average over the entire sample to yield the net magnetic 
response. The Fe signal has two distinct components. At higher applied fields is a reversible 
region in which the Fe magnetization traces the same path with increasing and decreasing fields 
but is not saturated. Together with results from other samples, this region indicates that adjacent 
Fe layers are not coupled ferromagnetically at this Cr layer thickness. Rather, adjacent Fe layers 
may show antiferromagnetic or non-colinear coupling, and the reversible change· results from 
rotation of the magnetization in adjacent Fe layers toward the saturated (ferromagnetic) condition. 
The Fe loop also exhibits an open region with associated coercive field. The Cr signal exhibits 
only one feature, a small open loop oriented opposite to the open part of the Fe loop. Thus Cr in 
the sample exhibits a net moment oriented opposite to that of the Fe responsible for this part of 
the loop. One interpretation of these results is that the Cr moment and the coercive part of each 
loop result from the interface regions of the multilayer, where Fe and Cr atoms must exhibit some 
degree of intermixing. This interpretation is consistent with separate measurements ofFexCrt-x 
alloy samples, which reveal Cr to have a moment oriented opposite to that of Fe in Fe-rich alloy 
samples. By itself, Cr is an antiferromagnet and shows no net moment in XMOKE measurements. 
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Other groups have measured element-specific hysteresis loops using soft x-ray MCD in 
conjunction with fluorescence detection.3

•
4 Fluorescence Yields are very small in the soft x-ray, 

and collection effieciencies are far from unity. The XMOKE technique is relatively efficient, 
utilizing all specularly reflected photons that have interacted with the sample. 

CONCLUSIONS 

These early results demonstrate that soft x-ray magneto-optical rotation measurements in the 
reflection geometry are possible, and offer capabilities and information complementary to other 
near-visible and soft x-ray magneto-optical techniques. Generalizing from our Fe result, MOR is 
larger at core resonances in the soft x-ray than in near-visible regions because dipole transitions 
provide selective coupling to the empty states associated with magnetism. Working at core 
resonances also provides element specificity, allowing dissection of the aggregate magnetic 
response of a complex sample into.its constituent pieces. Through choice of incidence angle and 
energy, large penetration depths can allow study of regions well below the surface, including 
buried layers and interfaces. Relying on .specular reflection, XMOKE is an efficient measurement 
of magnetic effects and is immune to perturbing effects of varying external fields. 

Compared to the transmission (Faraday) geometry, the reflection (Kerr) geometry has added 
complexity in the spectral response near resonances resulting from the rapidly varying penetration 
depth. This will complicate the application of sum rules to XMOKE spectra to resolve spin and 
orbital contributions to elemental moments. 

We are proceeding to build a dedicated endstation for soft x-ray MOR measurements. The new 
device will feature a larger electromagnet external to the vacuum to provide higher field 
capability, and the ability to work both in transmission geometry and in reflection geometry with 
incidence angles greater than 10° to increase penetration depths. MCD measurements will also be 
possible using this apparatus, which will make use of bending magnet and undulator beams. 
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INTRODUCTION 

Group ill nitrides (AIN, GaN, and InN) consists of the semiconductors which appear recently as a 
basic materials for optoelectronic devices active in the visible/ ultraviolet spectrum as well as high 
-temperature and high -power microelectronic devices [1,2]. However, understanding of the basic 
physical properties leading to application is still not satisfactory. One of the reasons consists in 
unsufficient knowledge of the band structure of the considered semiconductors. Several 
theoretical studies of ill-nitrides band structure have been published [3, 4, 5] but relatively few 
experimental studies have been carried out [4, 5,6], particularly with respect to their conduction 
band structure. This motivated us to examine the conduction band structure projected onto p­
states of the nitrogen atoms for AIN, GaN and InN. An additional advantage of our studies is the 
availability of the studied nitrides in two strUctures, hexagonal (wurtzite) and cubic (zincblende). 
This offers an opportunity to gain information about the role of the anisotropy of electronic band 
states in determining various physical properties. 

EXPERIMENT 

The x-ray absorption measurements (nitrogen K-edge) were performed at the beamline 6.3.2 
Advanced Lights Source (ALS), using a total photocurrent measurement technique. The high 
level of linear polarization ( -98%) and the high resolution of new designed varied line space 
grating monochromator [7] made it possible to measure the nitrogen K-edge of epitaxially grown 
layers of ill- nitrides for two geometries. In the transverse electric polarization geometry, the 
electric field vector of the synchrotron radiation, E, was perpendicular to sample normal (E.Ln) 
and in the transverse magnetic polarization geometry, E was parallel to sample normal (E II n). 
Samples were mounted onto a conducting indium foil which was isolated from the samples holder 
in the ultra high vacuum reflectometer. Thickness of epitaxial layers used in our measurements 
was between 0.05 and 1 J.UD. The hexagonal GaN and InN films were grown by molecular beam 
epitaxy (MBE) on sapphire substrates. Electron microscopy and x-ray investigations confirm that 
our epitaxial hexagonal layers were oriented with the surface normal parallel to the c-axis. The 
nucleation and growth of hexagonal AIN and cubic GaN and InN films were performed in MBE 
system on singular (001) n+ GaAs substrates. Transmission Electron Microscopy (TEM) cross­
section and x -ray diffraction studies of the two latter samples have clearly shown formation of 
cubic phase. However, an asymmetry of distribution of stacking faults (SF) in two perpendicular 
[ 11 0] directions in the cubic GaN was observed. The higher density of SF was observed for the 
[110] direction parallel to the major flat plane ofGaAs. In the perpendicular direction much less 
of SFs were observed [8]. In the case of cubic InN film TEM investigations showed that 
subsurface layer of InN has not that much planar defects (mainly SFs) as the cubic GaN film. 
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Figure 1. TheN K-edges for hexagonal epitaxial_ 
layers of group III nitrides recorded for E ~c (soltd 
line) and E 11 c (dashed line) polarization geometry. 
a) for AIN, b) forGaN, c) for InN. 

Figure 2. The N K-edges for cubic epilaxiallayers 
of group III nitrides recorded for E J.. c (solid line) 
and E 11 c (dashed line) polarization geometry. a) for 
GaN, b) for InN. 

The x-ray absorption spectra can be crystallographic orientation depenaent. This is due to the 
scalar multiplication in the matrix element of the absorption cross-section between polarization 
vector of the photon and the position vector of the electron. Transition of the ls electron to the 
final Pz -states is forbidden if the electric field of the absorbed light is perpendicular to the c-.axis 
(EJ. c). Whereas, transition of the ls electron to the final~ -states is forbidden if the electric 
field of the absorbed light is parallel to the c-axis (E II c). Therefore, our absorption studies are 
not only element and orbital symmetry specific but also orientation dependent that means, project 
the particular conduction states separately along specific crystallographic directions. The nitrogen 
K-edge from hexagonal AIN, GaN, InN epitaxial layers measured for different polarization 
geometry are presented in Fig. 1. All spectra have been normalized to the same intensity level 
corresponding to the energy value just before the onset of the edge (where no polarization 
dependence was suspected). The shape and the energy position of the characteristic spectra 
features differs considerably in the investigated energy range (40 eV from edge) depending on the 
cation atom. For the same cation the shape of spectra depends on the polarization indicating the 
strong anisotropy of the conduction band states distribution in the ab-plane U>xy-states) and 
along, the c-axis {pz-states). TheN K-edges from GaN and InN cubic layers are presented in Fig. 
2. As can be deduced, due to isotropic arrangement of atoms, we do not expect anisotropy in the 
conduction states distribution for cubic layers. Indeed, the spectra in both polarizations are almost 
identical but different from spectra for the GaN and InN in the wurtzite structure. 

Beamline 6.3.2 Abstracts • 45 



CONCLUSION 

Concluding, the most important finding of this studies consists in demonstrating the anisotropy 
of the nitrogen conduction band states for the hexagonal group-III nitrides (wurtzite structure). 
The anisotropy is the highest in AIN and the lowest in GaN semiconductor. InN represents the 
intermediate case. The detailed comparison of our data with the prediction of the theory is 
under preparation. It is natural to expect that our findings will inspire studies pointing out a 
role of this anisotropy in determination corresponding physical properties of the considered 
nitrides. Situation here is much less understood than in the case of e.g., high temperature 
superconductors where the important contribution of the conduction band anisotropy to the 
mechanism of the superconductivity was intensively studied [9]. 
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INTRODUCTION 

Synthesis of boron-carbon-nitride (BCN) hybrid alloys has been attempted eXtensively by many 
researchers because the BCN alloys are considered an extremely hard material called "super 
diamond," and the industrial application for wear-resistant materials is promising [I]. A 
mechanical alloying (MA) method of hexagonal boron nitride (h-BN) with graphite has recently 
been studied to explore the industrial synthesis of the BCN alloys [2]. To develop the MA 
method for the BCN alloy synthesis, it is necessary to confirm the chemical reaction processes in 
the mechanical milling systems and to identify the reaction products. Therefore, we have 
attempted to confirm the chemical reaction process of the h-BN and graphite in mechanical 
milling systems using x-ray absorption near edge structure (XANES) J!l~thods. 

EXPERIMENTAL 

A mixture of h-BN and graphite was mech­
anically milled up to I60 h in an argon atm~ 
sphere to prevent oxidation. The particle · 
size of the milled products can be estimated 
to be several nanometers from the x-ray 
diffraction peak width. Chemical stoichio­
metry of boron, carbon, and nitrogen was 
maintained as I : I : 1 during the milling. 
XANES spectra in B-K and N-K edges were 
taken at BL-6.3.2 [3] by monitoring the total 
photoelectron yield with the energy resolu-
tion ofEAE > 5000. 

RESULTS AND DISCUSSION 

XANES spectra of the mechanically milled 
· products in the B-Kedge are shown in Fig. 
1. In the initial stage on the milling reaction 
up to the 20-h milling, the 192-eV peak is 
drastically enhanced. This spectral feature 
shows the decomposition of the hexagonal 
structure of h-BN crystal. The enhancement 
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Fig. 1 B-K XANES s~ of mechanically milled 
mixture of h-BN and graphite. Milling time is from 
0.5 h to 160 h. 
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of the ·192-e V peak intensity can be explained 
by a B1s-B2p*(x*) transition on the boron 
atoms diffused with nitrogen atoms in sp2 
structure [4]. After the initial stage, the 192-
eV peak decreased gradually while three other 
peaks appeared at 192.5, 193 and 194 e V 
with increasing intensity. These multiple­
peak figures may show that the local 
environment of boron atoms is changed into 
an amorphous state [5]. In the fmal stage, 
the 194-e V peak becomes dominant and the 
B2p* edge structure in sp3-boron atoms can 
be observed beyond the 196 eV region. This 
spectral feature shows that the conformation 
of boron atoms is changed from sp2 to sp3 
structure and new chemical bonds may be 
formed on boron atoms by the long-term 
milling. XANES spectra in theN-Kedge of 
the same samples, shown in Fig. 2, 
demonstrates that the local environment of 
nitrogen atoms is also changed by the 
mechanical milling. The spectral feature of 
the final stage of 160-h milling is similar to 
that of cubic BN or CNx compounds. 
Therefore, the conformation of nitrogen 
atoms is also changed from sp2 to sp3 struc­
ture by the long-term milling, and C-N bonds 
may be formed in the fmal stage. 

CONCLUSION 

Mechanical milling reaction of h-BN with 
graphite consists of two steps. Amorphous 
BN and graphite nanoclusters are formed in 
the firSt step (up to 20-h milling). In the sec-
ond step, the conformation of boron and 
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Fig. 2 N-K XANES spectra of mechanically milled 
mixture of h-BN and graphite. Milling time is from 
0.5 h to 160h. 

nitrogen atoms can be changed from sp2 into sp3 structure, and chemical bonds among boron, 
carbon, and nitrogen atoms may be rearranged. 
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The Electronic Structure of Barium Strontium Titanate by 
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ABSTRACT 

Y. Uehara, I J.H. Underwood,2 E.M. Gullikson,2 and R.C.C. Perera3 

1Mitsubishi Electric Co., Amagasaki, Hyogo 661, Japan 
2Center for X-ray Optics, Ernest Orlando Lawrence Berkeley National LaboratoJY, 

University of California, Berkeley, CA 94720, USA 
3Advlux:ed Light Source, Ernest Orlando Lawrence Berkeley National LaboratoJY, 

University of California, Berkeley, CA 94720, USA 

Perovskite-type titanates, such as Strontium Titanate(STO), Barium Titanate (BTO), and Lead 
Titanate (PTO) have been widely studied because they show good electric and optical properties. 
In recent years, thin films of Barium Strontium Titanate (BST) have been paid much attention as 
dielectrics of dynamic random access memory (DRAM) capacitors [I]. BST is a better insulator 
with a higher dielectric constant than STO and can be controlled in a paraelectric phase with an 
appropriate ratio ofBa/Sr composition, however, few studies have been done on the electronic 
structure of the material. Studies of the electronic structure of such materials can be beneficial, 
both for fundamental physics research and for improving technological applications. 

BTO is a famous ferroel~tric material with a tetragonal structure, in which Ti and Ba atoms are 
slightly displaced from the lattice points. On the other hand, BST keeps a paraelectric phase, 
which means that the atoms are still at the cubic lattice points. It should be of great interest to 
see how this difference of the local structure around Ti atoms between BTO and BST effects the 
electronic structure of these two materials. 

In this report, we present the Ti L2,3 absorption spectra of STO, BTO, and BST measured with 
very high accuracy in energy of the absorption features. 

EXPERIMENTAL 

STO and BTO powders were commercially available ones with over 99.9% purity. BST powder 
was obtained from a commercially available sputtering target ceramic, which was purchased from 
Mitsubishi Materials Co. Ba/Sr molar ratio of the powder was analytically determined to be I, 
and x-ray powder diffraction revealed that the material remains a cubic structure. 

The x-ray absorption measurements were carried out on Beamline 6.3.2 at the Advanced Light 
Source (ALS), an entrance slitless bend magnet beamline equipped with a Hettrick-Underwood 
type varied line space (VLS) grating monochromator [2]. The energy resolution cfthe 
monochromated photons was set at E I DE = 3000 around the Ti L-edge energy region; The 
powder samples were spread onto an indium foil, and the absorption spectra presented in this 
work were obtained in step scanning the monochromator and measuring the total electron yield 
(photoelectron, Auger and secondary) from the sample (foil). The monochromator in BL6.3.2 
was constructed and assembled in a manner that provides absolute energy measurements [2,3]. 
The photo-currents from the third mirror were monitored as the incident photon flux monitor. 
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RESULTS AND DISCUSSIONS 
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Figure 1 shows the x-ray absorption 
spectra around Ti L2,3 edge of STO, 
BST, and BTO. The three spectra 
are quite similar to each other, and 
show four distinct peaks which 
correspond to the transition ofTi 
2p3/2- Ti 3d and Ti 2pl/2- Ti 3d. 
Energy shifts of as much as 0.3 eV 
are observed between the peaks of 
STO and those ofBTO, and the 
peaks ofBST resemble the middle 
energy. From these results, it can be 
predicted that the distortion of Ti06 
clusters due to the tetragonal crystal 
structure in BTO does not affect the 
fine structure ofTi 3d levels. 
However, the Ti .. 0 bond length has. 
some effects on the energy levels of 
those states. Besides those eminent 
peaks, two weak pre-edge peaks are 
observed on all three spectra. 
According to the band structure 
calculations [4], the lowest 
unoccupied molecular orbital 
(LUMO) is mainly formed by .Ti 3d 
orbital in these materials. However, 
0 2p orbital, which is just few eV 
below the Ti 3d orbital, may perform 
as transition states for the excited Ti 
2p electrons. 

orr~~~~~~~~~~~~~ 
450 455 460 465 470 475 

Photon Energy (eV) 

Figure 1. The Ti L-edge absorption spectra of Stl'i03 
(STO), Ba0.5SI0.5Ti03 (BST), and BaTi03(BTO) 
powders. The peak energies are indicated on each peak. 
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INTRODUCTION 

Inner-shell excitation and associated decay spectroscopies are site specific probes of 
electronic and geometrical structure and photoionization dynamics. X-ray absorption probes 
the geometric and electronic structure, while time-of-flight mass spectrometry with multi­
coincidence detection provides information on the photofragmentation dynamics of the 
initially produced inner-shell state. Auger decay of inner-shell excited and ionised states is 
an efficient source of multiply charged ions. The charge separation and fragmentation of 
these species, studied by photoeleetron-photoion-photoion coincidence (also called charge 
separation mass spectrometry [1]) gives insights into bonding and electronic structure. In 
molecules, the dependence of the fragmentation process on the X -ray energy can reveal 
cases of site and/or state selective fragmentation. At the ALS we have examined the soft X­
ray spectroscopy and ionic fragmentation of a number of molecules, including carboranes, 
silylenes, phosphorus halides, SF6 and COr Our ·work is illustrated using results from the 
carborane [2,3] and PF3 [4,5] studies. 

EXPERIMENT 

Experiments were carried out at ALS 
beamlines 9.0.1 and 6.3.2. Total yield spectra 
were recorded using a biased channeltron 
(for e) placed close to the intersection of the 
X-ray beam with an effusive gas jet, or the 
channel plate at the end of the time-of-flight 
drift tube (for t). Mass spectra were recorded 
using either pulse extraction, which provides 
more quantitative yields, or photoelectron 
coincidence, which is better for investigating 
charge separation mechanisms. Because of 
relatively limited extraction fields there is 
significant kinetic energy discrimination in 
the ion and electron detectors such that lower 
kinetic energy species are emphasised. The 
time correlation among cation signals from a 
single core excitation event are detected 
using a custom-built multistop time-to-digital 
converter. 

B 1s 

190 195 200 205 eV 

c/oso-carboranes 

285 290 295 300 eV 

Figure 1. Total ion yield spectra of ortho-, meta- and 
para-carborane in the B ls and C ls regions. 
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RESULTS 
A. Carboranes 

The spectroscopy and ionic fragmentation of three isomeric carborane cluster compounds 
was measured. closo-1 ,2-orthocarborane is being used as a source compound for chemical 
vapour deposition (CVD) of boron carbide thin film semiconductors [6]. Understanding the 
electronic excitations and the preferred fragmen~tion pathways of this species and its meta 
and para isomers could help in understanding electron- and photon-induced decomposition 
at the molecular level. The B 1s and CIs spectra of ortho-, meta-, and para-carborane are 
compared in Fig. 1. Although the overall shape appears isomerically independent, there are 
differences in the fine structure of the lowest energy discrete excitations. These differences 
have been explained by detailed comparison to ab initio GSCF3 calculations [2]. 

Sample PEPICO (electron-start time-of­
flight mass spectra), PIPICO (ion auto­
correlation), and PEPIPICO (multi-stop 
PEPICO) mass spectra of meta-carborane 
are given in Fig. 2. Spectra of this quality, 
collected at closely spaced energies in the 
C 1s and B 1s regions were used to 
generate partial ion and ion pair yields for 
all three species [3]. Core hole decay leads 
to extensive ionic fragmentation, includjng 
large amounts of multiple ionisation, 
almost all of which ends up as ion pairs. 
PIPICO (ion-ion autocorrelation) spectra of 
large molecules are very complex because 
of superposition of many ion pair signals. 
The PEPIPICO t1/t2 plot is very effective in 
separating these overlapping signals. Each 
peak in this plot is easily identified by the 
flight times of each ion involved. 

The relatively strong signals of Y 3 + and Y t 
(where Y indicates a cluster vertex, either a 
CH or a BH species) in the PEPICO mass 
spectrum can be rationalised by a greater 
stability of planar trigonal and octahedral 
structures which arise by rearrangement of 
the ions initially formed. Overall there is 
little difference among the B 1 s or C 1 s 
partial yields of the isomeric species and 
relatively little change in individual ion or 
ion pair yields aside from a major step up 
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Flight time (Jls) 

PEPICO 

6 

1 2 3 4 5 6 
Dlffererence In flight time (Jls) 
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Figure 2 PEPICO, PIPICO and PEPIPICO signals ofB 
Is ionised meta-carborane recorded at 192 e V. The peak 
of the wm+ signal is off-scale by 30%. 
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or step down in specific channels at the onsets of B Is core excitation and ionization. Thus 
any selectivity among these three species which may exist with regard to properties of boron 
carbide films prepared by X-ray assisted CVD [6] is likely to be associated with specificity 
of the chemistry of fragments rather than selectivity in the initial excitation. 

B. P 2p Excited PF 3 

The 2p <L2J) excitation spectra of third row elements and their compounds are generally 
characterized by the presence of two closely related manifolds of excited states, associated 
with the 2p312 (L3) and 2p112 (L:z) spin-orbit coupled ion core. The spin-orbit splitting varies 
little among compounds of a given element. However PF3 has an unusual P 2p spectrum in 
that it has a sharp line at 136.5 e V without an obvious spin-orbit partner state, although a 
very weak feature at 135.6 eV has been proposed as the 2P3t2 spin-orbit partner state [7]. In 
our study of P 2p excitation and ionic fragmentation of phosphorus compounds at the ALS 
we observed an unusual signature in the PF3 +parent ion yield (see Fig. 3), namely only a 
single line at 136.5 eV, with negligible intensity at 135.6 eV" This has lead to a significant 
clarification of the assignment of the P 2p spectrum of PF3 and the identification of a general 
inner shell spectroscopic phenomenon which has previously been overlooked [4]. 

A complete description of P 2p excitation 
requires an intermediate coupling 
treatment with both spin-orbit interaction 
and electron-electron repulsion. One can 
interpret P 2p spectra through limiting 
approximations: (a) LS coupling in which 
spin-orbit coupling is ignored. Here core­
valence exchange interaction gives rise to a 
singlet-triplet (S-T) splitting; (b) (jj) 
coupling in which the P 2p spin-orbit (S­
O) splitting is assumed to be constant in all 
P 2p excited states (characteristic of the ion 
core) and core-valence exchange is 
ignored. These two limits must connect 
smoothly through the regime of 
intermediate coupling. Using scheme (a), if 
the S-T separation for a given state is small 
compared to the S-0 splitting, transitions 
to this state will appear in both the "2p3n" 
and "2pll2" manifolds. In contrast, if the S­
T splitting greatly exceeds the S-0 splitting 
only one transition might be observed and 
the LS description should be more 
appropriate. Non-relativistic ab initio 
calculations of PF3 were carried out using 
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Figure 3. Comparison of the partial yield of PF3 + to the 
total ion yield spectrum of PF3. 
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the GSCF3 code. These results indicate that the (e"1 ,e) 1 A1 and (e"1 ,e) 3 A1 P 2p excited states 
are separated by 2.38 e V. Since this is almost three times larger than the P 2p S-0 splitting 
(0.9 e V), the appropriate description for this particular state must be one much closer to LS 
than (jj) coupling. Thus, to a good first approximation, one expects only one, not two 
transitions, as observed (excitation from the 1 A1 ground state to the 3 A1 P 2p excited state is 
spin forbidden). Alternatively one might describe the phenomenon in terms of a very large 
core-valence exchange interaction in the (e-1e1

) 
1A1 state such that the S-0 intensity ratio is 

totally skewed in favor of the 2p112 component. The two descriptions are closely related. The 
existence of only one strong resonance at 136.5 e V in the PF3 + yield is strong support 9f this 
interpretation. A complete discussion of the time-of-flight mass spectra, partial ion yield 
signals, and PEPIPICO of PF3 in the P 2p region will be presented elsewhere, in comparison 
to results for PCh and CF3PCh [5]. Similar, single-peak P 2p excited states have been 
identified in PCh and CF3PCh [5], and corresponding S 2p states have been identified in 
the S 2p spectrum of SF6 [8]. 
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The aim of the present research is to 

understand the interaction between the 

ejected photoelectron and Auger electron 

produced by the Auger decay of a 1 s hole in 

atomic oxygen, and to understand the 

influence this interaction has on the shape of 

the ionization cross sections. To accomplish 

this we have measured the relative ion yields 

(ions/photon) in the vicinity of the oxygen K­

shell (525- 553 eV) foro+ and 0 2+ (Fig. 1). 

The measurements were performed at the 

ALS on beamline, 6.3.2. 

The atomic oxygen was produced by passing 

molecular oxygen through a microwave­

driven discharge. The apparatus used in the 

present study has been previously discussed in 

detail [1]. The major difference in the 

experimental setup was the use of a mixture 
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of 20% molecular nitrogen and 80% 

molecular oxygen passing through the glass 

flow assembly (Fig. 2). The flow assembly 

consisted of a short quartz tube, coated with 

phosphorous pentoxide (P2010), in which the 

Fig. 1 Photoionization cross sections of o+ and 02+ 

produced by the decay of a ls hole in atomic oxygen. The 
resonance lines represent the transitions 1s12~p5(3p), 
ls12s~p4(P)np, and ls12~2p4eP)np with n=3-6. 

, microwave-driven discharge takes place, and a long "T' shaped, Teflon coated, Pyrex tube, 

which transports the atoms to the interaction region. An increase of30% in the amount of atomic 

oxygen transported to the interaction region was seen when using the coated flow tubes instead of 

clean flow tubes. An additional Pyrex tube with a 1.5 mm orifice on one end was used to separate 

the high pressure discharge region from the low pressure photoionization interaction region. With 

the microwave-driven discharge on, a 180° electromagnetic mass analyzer, with a resolution of 1 

mass in 50, was used to identify the various degrees of ionization produced. Data were taken in 5 

to 20 meV steps. The photon energy scale was calibrated with respect to the 0 K-edge resonance 

features in molecular oxygen near 541 eV [2], and verified by a scan over the Ar resonance lines 

near the L2-3-edge [3], which showed an error of34 meV. A time-of-flight mass spectrometer 
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was used in conjunction with the microwave discharge' system to determine the branching ratios 

between 0+ and 0 2+ at the 1s12s22p5eP) resonance, 526.79 eV. 

A Rydberg analysis of the two series leading 

to the [ls]2s22p4
(
4P) and [Is]2s22p4eP) limits 

were obtained. This analysis shows some 

differences to the recently published results by 

Menzel et al. [4]. The energy position of the 

main ls12s22p5eP) resonance differs by 

approximately I e V from our value, all 

members of the eP)np series differ by 0.3 eV, 

but the members of the (4P)np series agree 

with ours. The molecular resonance at 530.5 

eV and those between 539 eV and 543 eV, 

measured with the microwave discharge off 

show identical results in both experiments·. 
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Photoemission Studies of Semiconductor Nanocrystals 
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Laboratory, University of California, Berkeley, California, 94720, USA 

INTRODUCTION 

Semiconductor nanocrystals have been the focus of much attention in the last ten years due 
predominantly to their size dependent optical properties. Namely, the band gap of nanocrystals 
exhibits a shift to higher energy with decreasing size due to quantum confinement effects. Figure 
1 shows this shift of the onset of absorption of CdSe nanocrystals. Research in this field has 
employed primarily optical techniques to study nanocrystals, and in this respect this system has 
been investigated extensively. In addition, we are able to synthesize monodisperse, crystalline 
particles of CdS, CdSe, Si, InP, InAs, as well as CdS/HgS/CdS and CdSe/CdS composites. 
However, optical spectroscopies have proven ambiguous in determining the degree to which 
electronic excitations are interior or surface admixtures or giving a complete picture of the 
density of states. Photoemission is a useful technique for understanding the electronic structure 
of nanocrystals and the effects of quantum confinement, chemical environments of the 
nanocrystals, and surface coverages. Of particular interest to us is the surface composition and 
structure of these particles, for we have found that much of the behavior of nanocrystals is 
governed by their surface [1,2]. Previously, we had performed x-ray photoelectron spectroscopy 
(XPS) on CdSe nanocrystals [3,4]'. XPS has proven to be a powerful tool in that it allows one to 
determine the composition of the nanocrystal sur(ace. Specifically, we were able to investigate 
the coverages of capping groups on the surface of the nanocrystals, effects of oxidation, and the 
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Figure 1: Optical absorption spectra of several sizes of 
CdSe nanocrystals. 
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influence of varying chemical environments by examining core level peaks and their chemical 
shifts. 

Currently, we are employing photoemission to a further extent in.order to study size effects on 
core levellineshape and valence band density of states. Much of this work is currently in 
progress both on-line as well as off-line. 

EXPERIMENTAL 

Recently, photoemission studies of semiconductor nanocrystals was made possible by the 
implementation of a novel synthetic technique [5]. Hexanedithiol chains are used as organic 
linkers between the nanocrystals and a metal substrate. First, these organic chains are allowed to 
self-assemble onto a gold layer. The samples are then placed into a nanocrystal solution which is 
stirred for a long period of time, allowing the crystallites to attach themselves to the exposed end 
of the organic chain. These organic layers make an electrical contact to nanocrystals because 
they provide a short pathway of approximately I OA in length through which electrons can tunnel· 
from a conducting substrate. Since in this form the nanocrystals do not charge, the samples are 
suitable for electronic spectroscopies such as photoemission. 

For both studies, the photoemission experiment was performed in a ESCA chamber with a base 
pressure of 5 x 1 o-to torr. The radiation source was either a conventional Mg anode (Ka.) or 
synchrotron radiation from beamline 6.3.2 (bend magnet) in the range of50-500eV. 
Photoelectrons were detected in a hemispherical electron energy analyzer which had a resolution 
of 25 me V. Ultimate resolution was determined by the radiation source, which was 695 me V for 
the Mg anode arid -1 OOme V for the synchrotron beam. 

INVESTIGATIONS OF CORE LINEWIDTHS AND BINDING ENERGY VERSUS SIZE 

By examining the linewidths of peaks in the photoelectron spectrum, we would obtain 
information on the intrinsic lifetimes of charge carriers in nanocrystals. The excited 
photoelectron state can decay in several ways, radiatively by x-ray emission or nonradiatively by 
Auger or other processes. Furthermore, we speculate that these lifetimes are strongly influenced 
by the size of the particle: a hole created in the photoelectron process can be quenched more 
rapidly in larger particles due to increased interatomic electronic relaxation, or screening. We 
have the means to alter the size of our particles systematically, therefore we can study the hole 
lifetime as a function of nanocrystal size. Previously, we were unable to analyze linewidths of 
photoelectron peaks because the resolution of an ESCA system is limited largely by its x-ray 
source. Standard x-ray anodes (Mg, AI) have a resolution of approximately 750 meV, while it is. 
estimated that intrinsic linewidths of peaks are comparable or less. Consequently, these sources 
are not suitable for examining lifetimes and a higher resolution light source is necessary. We can 
synthesize CdSe and lnAs particles from 20A to 60A in diameter, with a size distribution as 
narrow as 1.5A. Therefore, these particles are most suitable for examining the widths of the Cd · 
and Se 3d cores of CdSe or the In 3d and As 2p cores of lnAs. 

The hole screening also has an effect on the core level energy. Studies on gas phase Ar clusters 
by Moller and co-workers show that this size-dependent hole screening shifts the binding energy 
of the Ar 2p level to higher energies with decreasing cluster size [6]. We have been working 
towards observing such an effect in our nanocrystals. 
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Figure 2. a.) Valence band spectrum obtained from CdSe 
nanocrystals on dithiol/ Au substrate. b.) Spectrum obtained by 
subtracting dithiol/ Au background. 

Figure 3. High Resolution TEM of CdSe 
nanocrystal. The bar indicates a length 
of SOA. 

INVESTIGATION OF VALENCE BANDS VERSUS SIZE 

We are also utilizing x-ray and ultraviolet photoemission experiments to study the valence band 
as a functiop of size of the particle [7]. As the size of the nanocrystal is decreased, the valence 
band shifts to higher binding energy. We are interested in obtaining the density of states (DOS) 
in both the valence and conduction bands and seeing how they evolve as a function of the size of 
the nanocrystal. Optical spectroscopy is limited to examining only the gap between the valence 
and conduction bands within constrictions of selection rules. Photoelectron spectroscopy, 
however, enables one to obtain a picture of the entire valence band. In our experiments on the 
beam as well as off-line, we have determined a method to obtain the valence DOS of CdSe and 
InAs nanocrystals without the DOS from the substrate (the hexanedithiol on Au). Figure 2a 
shows a valence band taken of CdSe nanocrystals on a hexanedithiol substrate. The spectra in 2b 
is obtained by subtracting the hexanedithiol on Au background, therefore it is characteristic of 
the CdSe nanocrystal only. We have repeated this experiment on other substrates (for example, 
indium tin oxide, ITO) to confirm that this spectrum is of the nanocrystals. Thus far we have 
been able to do so using a conventional x-ray source, which has a resolution that obscures any 
size effects of the nanocrystals. We are interested in how the valence DOS evolves with the size 
of the particle, and seeing if it exhibits predicted 0-D behavior. If it were possible to isolate the 
surface DOS [8] it would be interesting to watch its evolution with size of the nanocrystal. For 
example, does the surface 6os reflect the approximate surface to volume ratios for a given size 
quantum dot? Where does it lie in energy relative to the band gap? As aforementioned, we have 
the chemical ability to alter the surface of the particle and thus look at which states in the valence 
band are affected. Another interesting property that can be obtained by UPS is the way the 
valence energy levels of the nanocrystalline up with the substrate Fermi level [9]. What is the 
offset between the Au Fermi level and the top of the valence band in CdSe? Is there band 
bending? These questions are necessary for the understanding of transport in these systems, and 
currently we are working in collaboration with the McEuen group to understand the behavior of 
this system [10]. 
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ORIENTED CRYSTALLITES AND PHOTOELECTRON DIFFRACTION 

Current work is underway to orient a monolayer ofnanocrystals on a plane. Many [11, 12, 13] 
have devised novel methods to align particles on substrates such that their optical axes are 
oriented in a single direction relative to the plane. The nanocrystals on our self assembled 
monolayer samples are randomly oriented, thus their photoelectron spectra represent an 
averaging over a random distribution. With aligned particles we would have the potential to 
perform another order of photoemission experiments that would resolve the question of the 
nanocrystal's surface. Photoelectron diffraction (XPD) would allow us to determine the both the 
atomic positions (by scaruiing in angle) and bond lengths (by scanning in energy) of the surface 
atoms. Tlius it would give us the most complete picture of the surface. Figure 3 shows a high 
resolution transmission electron micrograph of a CdSe nanocrystal. From the image, we can see 
the interior lattice structure, which we have determined to be identical to that of bulk CdSe. 
However, the image tells us nothing about the surface structure, since essentially it is a two­
dimensional projection of a nanocrystal. Although we can predict beforehand what surfaces will 
be more stable than others, we do not know exactly what the surface looks like. 
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Postcollision Interactions in the Auger Decay of the Ar L-Shell 

J.A.R. Samson,1 W.C. Stolte,1 Z.X. He,1 J.N. Cutler,1 and D. Hansen2 

1Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE 68588-0111, USA 
2Departrnent of Chemistry, University of Nevada, Las Vegas,;NV 89154, USA 

The photoionization cross sections for Ar+ 
through Ar4+, produced by the Auger decay 
of an inner shell 2p hole, have been 
measured between 242 e V and 253 e V on 
beamline 9.0.1 and 6.3.2 (see Fig. 1). In 
this study we are interested in near threshold 
phenomenon involving postcollision 
interactions (PCI), which are related to the 
Auger decay of a vacancy in the Ar L-shell. 

During an Auger decay a postcollision 
interaction can occur causing the out-going 
photoelectron to be retarded thus losing a 
certain amount of energy. If the retardation 
is sufficiently large the photoelectron will 
not escape. This result produces a singly 
charged ion, which normally would not be 
present. 

Such evidence of electron capture by the 
PCI effect was first shown clearly by 
Eberhardt et al. [ 1] and, with higher 
resolution, in the present work (see Fig. 2). 
However,.capture of the photoelectron is 
expected to be 100% exactly at the ~ 
thresholds [2]. Thus, from our results 
shown in Fig. 3 we would have expected 
the A.r'-+ signal to be zero at threshold, but it 
is not! We can explain this anomoly on the 
basis that during the Auger decay the 
photoelectrons are captured into high lying 
excited states of Ar+, which subsequently 
decay through autoionization yielding Ar+. 
Our predicted results for Ar+ produced in 
this manner are shown in Fig. 3 by the 
shaded areas. Future work in this area will 
seek experimental evidence to verify this 
prediction. 
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Figure 1. Photoionization cross secti~>ns of Ar+ through Ar4+ 
produced by the decay of a 2p hole in argon. The resonance 
lines represent the transitions 2p-1(3SZ3p6)nd, (n + 1)s, where 
n ~ 3. The instrumental resolution was 80 meV for the Ar+ 
and ft.?+ spectra and 54 meV for~ and Ar4+. 
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Figure 3. TheM+ continuum. The predicted M+ yield is given by 
the probability function (l - P). If electron recapture is 100% at 
the ~ thresholds (P = 1); then the M+ yield is represented by the 
unshaded area under the dashed line. The disagreement with the 
experiment implies that at threshold 67% of the recaptured 
electrons must be emitted. That is, the M+ yield must be 
represented by the curve (l - P) with P = 0.33 at threshold. This 
curve is shown by the solid line. The shaded area represents the 
contribution to M+ by electron reemission. 
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The Ratio of He2+/He+ from 80 to 800 eV 

J.A.R. Samson, W.C. Stolte, Z.X. He, J.N. Cutler, andY. Lu 
Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE 68588-0111, USA 

The importance of studying the double ionization of He by single photons lies in the fact that He 
presents the simplest structure for the study of electron correlation processes. Even so it has 
proved a challenging problem to understand and describe theoretically. Swprisingly, it has also 
proved difficult to agree experimentally on the absolute values of the He2+/He+ ratios [1-7]. The 
availability of new synchrotron facilities with high intensity light outputs have increased the 
experimental activity in this area. However, by the very nature of those continuum sources 
systematic errors occur due to the presence of higher order spectra and great care must be 
exercised. 

We have measured the He2+/He+ ratios over a period of 5 years, the last three at the ALS utilizing 
beamlines 9.0.1 and 6.3.2. The sources of systematic errors that we have considered include, 
scattered light, higher order spectra, detector sensitivity to differently charged ions, discriminator 
levels in the counting equipment, gas purity, and stray electrons from filters and metal supports. 
The measurements have been made at three different synchrotron facilities with different types of 
monochromators and their potential for different sources of systematic errors. However, our data 
from all these different measurements agree within a few percent of each other, as can be seen in 
Fig. 1. 
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Figure 1. Measurements of the He2+/He+ ratio taken at various synchrotron facilities. 
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Figure 2. Photoionization cross section for He2
+. The solid line represents our experimental data. The open circles 

are the theoretical results of Pont and Shakeshaft [9]. 

From the above results and our precision total photoionization cross sections for He we can obtain 
the absolute photoionization cross section for He2+ [8]. These results are shown in Fig. 2 by the 
solid line and compred to the recent theoretical results of Pont and Shakeshaft [9]. We find similar 
near perfect agreement with several of the latest calculations [10-12]. 
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Optical Constants of Silicon in the EUV/Soft-X-Ray Range 
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INTRODUCTION 

The response of a given material to an incident 
electromagnetic wave is described by the energy 
dependent complex index of refraction n = 1-a+ i(J. 
In the extreme ultraviolet (EUV)/ soft x-ray spectral 
region, the need for accurate determination of n is 
driven by activity in areas such as synchrotron based 
research, EUV/x-ray lithography, x-ray astronomy 
and plasma applications. Various methods are used in 
order to determine the optical constants a, (3 such as 
reflectance measurements, angle dependent electron 
yield, transmission measurements, interferometry 
and ellipsometry. In this work, the method of angle 
dependent reflectance is evaluated and implemented 
in order to obtain the optical constants of Si in the 
region around the L 2,3 edge (99.8 eV). Silicon is 
among the materials of particular importance.for 
practical applications in the EUV/soft x-ray range, 
due to its implementation as filter and spacer material 
in multilayer mirrors, for energies below the L 2,3 

edge. The refractive index of Si in this energy range 
has been investigated by previous experimenters 
[1,2,3] using various methods. The discrepancies 
among their data arise mainly due to the surface 
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Figure 1. XPS survey scan results for a Si(lll) 
wafer, "as received" (top) and after H-passivation 
(bottom). 

quality of the samples used for measurements and the inherent difficu1ties of each method. Angle 
dependent reflectance measurements have the advantage that both a and (3 may be deduced 
experimentally, and thus provide an important test of the tabulated values [ 4] of a generated using 
the Kramers-Kronig relations. In addition, measurements may be performed on bulk samples 
without the need to fabricate the free standing thin films required for transmission measurements. 

EXPERIMENT 

The samples investigated include crystalline silicon ((111) and (100) orientations) and amorphous 
silicon. The reliability of reflectance data depends on the quality of the sample surface. The most 
serious sources of error are: 1) surface roughness, 2) the presence of native oxide and organic 
contamination on the sample surface. For these reasons, particularly smooth samples were used 
and a cleaning treatment was applied to the sample surfaces, prior to the measurements. The 
cleaning procedure includes UV cleaning (for organic contamination removal) ~d subsequent 
HF:ethanol dipping of the samples, which results in H-passivated surfaces [5,6]. The samples were 
investigated before and after cleaning was applied, using the X-ray PhotOelectron Spectroscopy 
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(XPS) method, in order to determine the effectiveness of the H-passivation technique, as shown in 
Fig. 1. 

Two instruments were used for the reflectance measurements on the H-passivated silicon samples: 
1) The EUV/soft X-ray reflectometer is described in detail in [7]. The instrument uses a laser 
produced plasma source and a spherical grating monochromator to produce continuously tunable 
radiation in the range 30<E<300 eV. 2) Beamline 6.3.2 at the ALS is described in [8]. This 
beamline is using radiation from a bending magnet in the energy range 50<E<1000 eV. The 
optics consist of a plane grating monochromator, a reflectometer chamber (10-8 Torr base 
pressure) and refocusing mirrors to provide a small spot on the sample. Data were collected in 
the form of reflectance curves (R vs. angle of incidence) for a number of energies in the region 
50-180 e V. The reflectance data vs. angle at each energy were fitted in order to obtain the optical 
constants 6, f3 by means of a least squares fitting algorithm, using the Fresnel equation. 

RESULTS 

It is shown that the method of least squares fitting in order to .derive the optical constants 6, f3 from 
experimental data is reliable only in regions where f3 is sufficiently below 6, while it is producing 
results with large uncertainties in the energy range where f3 ~ ·6, as shown in Fig. 2. The effect 
of the f3 I 6 ratio in the fitting of a reflectance curve has a purely mathematical nature, thus, the 
above reliability criteria should apply to the fitting of reflectance data from any material in any 
energy range. However, the exact value of f3 I 6 which marks the boundary between reliable and 
un_certain fitting should depend on the particular experimental conditions and therefore it has to be 
determined separately in each case. 

In this experiment, reliable data are obtained in the range 50-90 eV (below the silicon ~.3 edge), 
corresponding to f3 I 6 $ 0.5. It is shown that crystalline Si exhibits structure from 60 to 80 eV, 
also observed in previous transmission data. Furthermore, the fitted values for 6 are compared 
to the tabulated values [4]. It is demonstra\ed through the sum rule that the tabulated values in 
[4] should overestimate 6 because of missing oscillator strength in the absorption coefficient data 
used. This effect is verified by the present reflectance results for 6. 

The above discussion suggests that least squares fitting of reflectance data may not be a suitable 
· method for the determination of the refractive index in certain energy regions; different techniques 
should be explored in the regions where the fitting algorithm becomes problematic. Particularly 
for silicon, there is a need for improved measurements in the region above the ~.3 edge, where 

' the available absorption data are poor and the reflectance method fails to provide reliable results. 
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Figure 2. Left: The optical constants 6 (0), f3 (D), for a Si(lOO) sample measured at the ALS beamline 6.3.2. The 
values for 6, f3 (dash) from the atomic tables [4] are also shown. Right: Contour plots of the least squared error 
generated with the data on the Si(lOO) sample. The energies shown are 60, 70, 80, 95, 105, 130, 150 and 180 eV in 
a 6 - f3 axis system. Each contour area is enclosing the optical constant pairs fitted by the least squares algorithm 
within ±leT of their true values. When the contour areas become large, then the fitting is uncertain. This is true for 
the energies above the edge in this experiment. 
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INTRODUCTION 

Magnetic effects on X-ray scattering (Bragg diffraction, specular reflectivity or diffuse scattering) 
are a well known phenomenon [ 1 ], and they also represent a powerful tool for investigating 
magnetic materials since it was shown that they are strongly enhanced when the photon energy is 
tuned across an absorption edge (resonant process) [2]. The resonant enhancement of the 
magnetic scattering has mainly been investigated at high photon energies [3], in order to match the 
Bragg law for the typical lattice spacings of crystals. In the soft X-ray range, even larger effects 
are expected, working for instance at the 2p edges of transition metals of the first row or at the 3d 
edges of rare earths (300-1500 eV), but the corresponding long wavelengths prevent the use of 
single crystals. Two approaches have been recently adopted in this energy range: i) the study of 
the Bragg diffiaction from artificial structures of appropriate 2d spacing [ 4]; ii) the analysis of the 
specular reflectivity, which contains analogous information but has no constraints related to the 
lattice spacing [5]. Both approches have their own specific advantages: for instance, working 
under Bragg conditions provides information about the (magnetic) periodicity in ordered 
structures, while resonant reflectivity can easily be related to electronic properties and absorption 
spectra. An important aspect common to all the resonant X-ray scattering techniques is the 
element selectivity inherent to the fact of working at a specific absorption edge: under these 
conditions, X-ray scattering becomes in fact a spectroscopy. 

EXPERIMENT 

In August 1996, we performed preliminary measurements to test the feasibility of resonant 
magnetic scattering experiments using elliptically polarized photons on beamline 6.3.2 at ALS. In 
order to change the polarization state of the light without changing either the optical alignement of 
the beamline or the calibration of the energy scale, we simply modified the position of the vertical 
jaws that define the angular acceptance at the entrance of the monochromator. Linearly polarized 
light is obtained when selecting a vertical accepted angle symmetric with respect to the orbit plane 
of the eleCtrons in the ring. To have elliptically polarized light of positive (negative) helicity, only 
the portion of the beam emitted above (below) the orbit plane should go through the 
monochromator. A good compromise between flux and polarization rate was found accepting the 
beam within the 0.2 ± 0.05 mrad angular range above the orbit plane. 
Measurements were performed on ex-situ deposited metallic layers, as well as on multilayers and 
crystals. The samples were magnetized along the intersection between the surface and scattering 
planes by a permanent magnet placed behind the sample holder. The magnet could be rotated in 
vacuum around the axis normal to the sample surface, using a stepper motor. In this way we could 
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change at each scan the relative orientation between photon helicity and sample magnetization, 
without affecting the sample alignment. In the end station ofline 6.3.2 the scattering plane is 
vertical (i.e. orthogonal to the plane of the ring). The sample and the detector can be rotated 
around the same axis in an independent or coupled (0120) mode. We performed both energy scans 
at fixed scattering angles, and 0120 scans at fixed photon energy. 
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Figure 1. Reftectivity curves (left) taken at different angles of incidence as a function of the photon energy, over a 
range including the 2p absorption edges of both Fe and Co. The sample is a 11.5 A Fe /20 A Co multilayer. The 
right panel reports the corresponding asymmetry curves, i.e. the difference divided by the sum of reftectivity 
measured for a sample magnetization parallel or anti-parallel to the photon helicity. 

RESULTS 

Fig. I reports the magnetization averaged reflectivity curves for an Fe! Co multilayer (II. 5 A Fe I 
20 A Co, Fe terminated), measured at different angles of incidence 0 over a photon energy range 
including both Fe and Co 4J edges. The right panel of Fig. I shows the corresponding magnetic 
part of the resonant scattering, presented as the asymmetry ratio (t - r) I (t + r ), where :F is the 
intensity for the photon helicity (anti-) parallel to the magnetization. The strong angular 
dependence of both reflectivity and asymmetry curves is related to the interference between the 
real and imaginary parts of the refractive index through Fresnel's equations. It can also be noted in 
Fig. I that for 0 =I deg. the reflectivity is almost constant out of the Fe 2p energy region, and the 
signal from Co (second layer) can hardly be detected. Fig. 2 shows in more detail the reflectivity 
spectrum measured at 0 = 5 deg. for a different Fe!Co multilayer (21.5 A Fe I 29.5 A Co): the 
curves for opposite magnetizations and their difference are reported in the left panel, while on the 
right we have the asymmetry ratio. Some fine structure can be observed in the reflectivity at the Fe 
2p edges: it is not related to noise, but it might originate from the oxidation of the Fe top atomic 
layers, as suggested by absorption spectroscopy data. On this same sample, we also measured the 
magnetic effects on Bragg diffraction when the photon energy approaches the 2p resonances. 
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Figure 2. Resonant reflectivity curves for opposite magnetization directions in a 21.5 A Fe /29.5 A Co multilayer. 
The difference (x 5) and the asymmetry ratio (right panel) curves are also reported. · 

Fig. 3a shows a few examples of a series of0/20 scans taken for various photon energies just 
below the Fe 21)312 edge. Apart from an increased intensity, there is also an evident enhancement of 
the variation with the magnetic field when the photon energy gets closer to the edge. We report in 
Fig. 3b the result of a 0/20 scan taken at 704 eV; together with the corresponding asymmetry ratio 
(3c). Even if the analysis of these data is still in progress, a few remarks can be made about Fig. 3 : 
i) taking the nominal values for the multilayer spacing (51 A) and for the photon energy (e.g. 704 
e V in Fig. 3b ), one gets 0s values in excellent agreement with the experiment; ii) it appears that 
the main diflTaction peak is-always flanked by weaker shoulders, also showing a dependence on 
the magneti~-orientation: this could be related to a spread in the layer thicknesses, and/or to 
interface mixing; iii) larger magnetic effects are expected at the exact 2P312 photon energy (about 
709 eV for Fe), but we could not see a diflfaction peak there. The reason is that for our sample a 
photon incident at 9 degrees has to travel through approximately 275 A of Fe to be reflected at 
the first Fe/Co interface and come out again. This distance is much larger than the absorption 
length at the maximum of the Fe 4 edge, hence photons of 709 eV can hardly feel the periodic 
structure of the multilayer. In general, the Bragg peak is bound to get broader at resonance, but, if 
measurable, data can easily be corrooted for absorption and still give very useful information [ 4]. 
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Figure 3. e12e scans at different photon energies close to the Fe~ edge. Continuos and dotted Jines are for opposite 
magnetization directions. For hv = 704 eV we also report the difference curve (b) and the asymmetry ratio (c). 

CONCLUSIONS 

We performed preliminary experiments on Fe/Co multilayers, measuring both specular reflectivity 
and Bragg diffulcion at the 2p resonances. We have shown that the monochromator and the end 
station ofbeamline 6.3 .2 at ALS are perfectly suited for resonant magnetic scattering experiments 
in the soft X-ray range. The location of the beamline on a bending magnet source gives, at the 
price of a lower flux, the possibility of covering a wide energy range with only smooth variations 
of the incoming intensity. Together with the easy tunability of the polarization state, this represents 
a major advantage, for this kind of spectroscopy, of a bending magnet over an inSertion device 
delivering high flux in narrow energy bands. 
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INTRODUCTION 

In the II-VI compounds doped with transition metals (diluted magnetic semiconductors) a 
substitution of cation by the introduced magnetic ion leads to hybridization of its 3d states with 
the sp states of the host semiconductor. The degree of hybridization of the 3d states and its 
interaction with the host material band states has been a subject of numerous discussions [I]. 
Inner shell absorption spectroscopy provides very useful means of electronic structure analysis 
in a wide variety of systems. Due to its selectivity for atomic species and the selection rules for 
electron transitions, the soft X-ray absorption technique offers quite unique opportunity to 
measure directly the site-selective local density of the unoccupied d states in the compounds 
studied. 

EXPERIMENT AND RESULTS 

We report the near-edge soft X-ray absorption spectra for Znl-xMxS compounds, where M is 
Mn, Fe, Co or Ni, and x ranges within theM solubility limit. These include the S- L2 3 and L3 
absorption edges of transition metals, measured in the total electron yield mode at the 'bending 
magnet beamline 6.3.2 at the Advanced Light Source. The observed changes of the local 
density of the 3d and s antibonding states, detected in the experiment, indicate that the 3d 
states effectively participate in formation of the ionic-covalent bond between metal and anion. 
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Figure 1. a) L2 3 edge ofS absorption for Zn1_xMnxS normalized at the maximum intensity, x=O.O- bold line, 
x=0.05- middle line, x=0.2- dotted line, x=0.3- thin line; b) L3 -edge ofMn absorptiQn for Znl-xMnxS 
normalized at the maximum intensity, x=0.05- dotted line, x=0.33- bold line, x=l.O- thin line; 
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Figure 2. ~ 3 edge ofS absorption for Znl-xNixS normalized at the maximum intensity, x=O.O- bold line, 
x=O.Ol- dotted line; L3 -edge of Ni absorption for Znl-xNixS normalized at the maximum intensity, x=O.Ol­
dotted line, x=l.O- bold line. 

Th~ most pronounqed changes in sulfur and metal absorption edges were found for Mn- (Fig. 

1) and Fe- doped compounds, whereas in the case ofNi dopant (Fig. 2) the effect became the 
... 

weakest. On the contrary, such behaviour has not been noticed when investigating the 

unoccupied p-like local DOS in the same materials [2]. Recent results prove that the degree of 

hybridization between the 3d states ofM and the s states of the matrix anion depend on the 3d 

shell filling. The above evidence was additionally supported by the effective charge transfer 

estimated from the chemical shifts of the transition metal K-edges. The amount of charge 

shows direct contribution of the 3d electrons to the ionic bond between cation and anion which 

also decrease with 3d orbit filling. Therefore, increased occupation of the 3d orbit results in 

lowering of the contribution to the ionic-covalent bond given by the 3d electrons, which tend 

to exhibit more core-like character. This can explain a drastic decrease of the solubility limit of 

the investigated transition metals admixed to the ZnS matrix. The solubility limit, which equals 

x=0:6 in the case ofMn, falls down to x=0.03 when the Ni dopant is introduced into cation 
sub lattice. 
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INTRODUCTION 

X-ray absorption measurements are a well-known probe of the unoccupied states in a material. 
The same information can be obtained by using glancing angle X-ray reflectivity. In spite of 
several existing band structure calculations of the group ill nitrides [ 1] and previous optical stu­
dies in UV range [2, 3, 4], a direct probe of their conduction band densities of states is of inter­
est. We performed a joint experimental and theoretical investigation using both of these xperim­
ental techniques for wurtzite GaN. A more complete account of this work can be found in [5]. 

EXPERIMENT AND RESULTS 

X-ray absorption and X-ray reflectivity spectra for different incident angles have been 
collected at the bent magnet 6.3.2. beamline of the Advanced Light Source (ALS). The high 
photon flux in the N K-edge region and the high energy resolution at this beamline allowed us to 
resolve fine structure of the X-ray absorption spectra at the K-edges of nitrogen and Mz 3-edge , 
of Ga and to detect reflected signal even for angles significantly differing from the optimal 
glancing angle. For measurements in the absorption mode, the direct photocurrent from the 
sample, positioned perpendicularly to the X-ray beam, was measured as a function.ofthe 
incoming radiation energy. In the reflection mode, the radiation was detected by GaAsP. 
Three kinds ofGaN samples were used in X-ray absorption experiments to verify the low· 
sensitivity of the photocurrent detection method to the sample surface roughness and 
contaminations. GaN powder (with particle size smaller than 20 J.lm available commercially), 
epitaxial film of about 1 J.lm thick grown by molecular beam epitaxy (MBE) on sapphire 
substrate, and bulk single crystal of GaN, grown by a high pressure, high temperature method. 
The latter sample had the form of a platelet perpendicular to the hexagonal c-axis. The 
epitaxial films had the same orientation. 
First-principles calculations of the (polarization averaged) dielectric response e 2(ro) 
contributions from the relevant core-level to conduction band transitions and derived spectral 
functions are used to interpret the data. These calculations are based on the local density 
approximation (LDA) and use a muffin-tin orbital basis for the band structure and matrix 
elements. The angular dependence of the X-ray reflectivity was studied and shown to be in 
good agreement with the theoretical predictions based on Fresnel theory and the magnitude of 
the calculated X-ray optical response functions (Figs. 1 and 2). The measured intensity of the 
reflected beam varies drastically with the value of angle e. The glancing angle corresponding to 
the maximum of intensity is equal to 5.3°. The rapid decrease of intensity with increasing 
angles is easily understood on the basis of the Fresnel equations. In fact, the reflectivity would 
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vary inversely with e4. The rapid decrease of signal amplitude for anglesbelow 5.3° is an 
indication of the rapid decrease of the penetration depth into the bulk. Therefore, for small 
angles, the oxygen and carbon contamination layers of the surface may overwhelm the GaN 
signal and only an increase of the background signal can be seen. The simultaneously measured 
photocurrent for different angles also shows a drastical change of theN K-edge shape and 
intensity. Besides the obvious variation of the intensity there are also more subtle changes of 
the spectral shape with angle. One can see that at the larger angles, the spectrum resembles the 
photocurrent measurements more closely as expected from the theoretical considerations. At 
the lower angles the characteristic negative dip before the on-set of the spectrum can be seen 
and maximum intensity is shifted towards higher energies. The calculated spectra at a series of 
angles are shown in Fig. 2. First of all, we see again that the required intensity multiplication 
factors vary roughly as expected (84). Secondly, we see that the.shoulder A and peaks Band C 
increase with increasing angle while the peak D decreases. This is consistent with the data and 
it shows that the Fresnel theory accounts well for the angular dependence. 
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Figure 1. Normalized reflectivity spectra of the nitrogen. 
K-edge as function of angle. Normalization factors are 
indicated for each curve, except for the 5.3o case where 
it is one. The spectra are arbitrary shifted vertically for 
convenience. The topmost curve gives the photoyield 
measurements of the absorption spectrum for comparison. 
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Fig. 3 shows the N-K-edge X-ray absorption spectrum of GaN as measured by total 
photocurrent compared to th~ calculated spectrum. The spectrum shown is 1/Io after fitting Io 
to a straight line in the energy range of interest. While the relative peak intensities are 
somewhat different and also different from the spectrum extracted from X-ray reflectivity, the 
peak positions are in good agreement at least up to l 0 e V above the edge. One expects the 
N K-edge spectra to be essentially proportional to the N 2p partial density of states (PDOS). 
By comparison to the band structure, we can to some extent associate the peaks in partial 
density of states to van Hove singularities at specific points in the Brillouin zone. Fig. 4 shows 
the band structure of GaN along with the total and N 2p partial density of states. The valence 
band maximum is chosen as energy reference. For the present purposes only the conduction 
band is of importance. Several k-points or rather the "flat band" regions near to them 
contribute to each peak. For the first 3 peaks (A-C), no significant differences between theory 
and experiment are found, indicating that the self-energy correction is approximately constant 
in that energy range. This is consistent with a previous UV-reflectivity study [6]. In contrast, 
the GW calculations of Rubio et al. [7] indicate a gradually increasing self-energy shift with 
increasing energy in the conduction band. The present comparison between LDA theory and 
experiment does not seem to give any evidence of such a systematic increase in self-energy 
correction. Fig. 5 shows the Ga-M2 3 X-ray absorption spectrum both as measured directly 
from total photoyield and by KK anhlysis of the reflectivity data, compared to the calculated 
results. The separate M2 and M3 contributions are also indicated. Good agreement is obtained. 
The shift applied to the theoretical spectrum in this case is 10.7 eV. This results in a binding 
energy of the Ga 3p3/2 state with respect to the valence band maximum of 101.9 eV in good 
agreement with the XPS results which gave 102.6 eV. Our calculated spin-orbit splitting 
between Ga 3p1/2 and3p3/2of3.65 eV is also in good agreement with the XPS result of3.7 
eV . We note that the A an B peaks correspond to the Ga M3 spectrum while the C peak is an 
overlap of the first peak of the M2 spectrum and the third (much weaker) peak of the M3 
spectrum, peaks D and E correspond to the M2 spectrum. From the Ga M2 3 spectrum we 
deduce the same equal 2 e V spacing between the first three peaks in the cOnduction band as 
was deduced from theN K-spectrum. The peak positions are about 108, 110 and 112 eV for 
A, B, C corresponding to M3 and 112, 114 and 116 eV for C, D, E in the M2 spectrum. 
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CONCLUSION 

We have performed a systematic study of theN K and Ga M2 3 edge spectra in GaN. Aside 
' from some small discrepancies, consistent results were obtained for the peak positions 

from two different experimental techniques employed. to probe these spectra: glancing 
incidence angle X-ray reflectivity combined with Kramers-Kronig analysis and total 
photocurrent measurements of the X-ray absorption. Both sets of experimental data agree 
well with calculated spectra, especially for the transitions to the lower conduction band states 
up to about IO eV above the conduction band edge. Even up to 20 eV above the conduction 
band minima the agreement in spectral shape is rather good with maximum discrepancies 
between theory and experimental peak positions of about I eV. The good agreement in peak 
positions and the assignment of the peaks to the band structure features allows us to conclude 
that the self-energy correction beyond the LDA band structure consists essentially of a constant 
shift for the conduction bands up to about I 0 e V above the conduction band minimum. 
Further differences between theory and experiment may arise from core-hole final state and 
other many-body effects not included in the present theoretical treatment. Future work to 
address these questions is planned. 
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INTRODUCTION 

Titanium silicide has the lowest resistivity of all the refractory metal silicides and has 
good thermal stability as well as excellent compatibility with AI metallization.It is used as 
an intermediate buffer layer between W vias and the Si substrate to provide good 
electrical contact in ULSI technology, whose submicron patterned features form the basis 
of the integrated circuits of today and tomorrow, in the self aligned silicide (salicide) 
formation process.[1] TiSh exists in two phases: a metastable C49 base-centered 
orthorhombic phase with specific resistivity of 60-90 ~-em that is formed at a lower 
temperature (formation anneal) and the stable 12-15 ~-em resistivity face-centered 
orthorhombic C54 phase into which C49 is transformed with a higher temperature 
(conversion anneal) step.[2,3] C54 is clearly the target for low resistivity VLSI 
interconnects. However, it has been observed that when dimensions shrink below 1 \mic 
(or when the Ti thickness drops below several hundred angstroms), the transformation of 
C49 into C54 is inhibited and agglomeration often occurs in fine lines at high 
temperatures. This results in a rise in resistivity due to incomplete transformation to C54 
and because of discontinuities in the interconnect line resulting from agglomeration. 
[ 4,5] Spectromicroscopy is an appropriate tool to study the evolution of the TiSi2 
formation process because of its high resolution chemical imaging ability which can 
detect bonding changes even in the absence of changes in the relative amounts of species 
and because of the capability of studying thick 'as is' industrial samples. 

poly-Si 
substrate 

Si02 
substrate 

0 eV, 800 C 0 eV, 1000 C 
Figure 1. 100 J..Lm x 100 J..Lm, 1 J..Lffi step images of SRAM sample after Ti deposition and silicidation 
acquired with 0 e V photoelectrons after each anneal. 
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25.75 eV, 1000 C · 20.25 eV, 1000 C 
Figure 2. 100 J.Lm x 100 J.Lm, 1 J.Lm step images acquired after the conversion anneal using 
the unshifted (left panel) and oxide-shifted Si 2p core level photoelectrons. 

A 
B 

We have observed the formation of TiSh in a patterned SRAM (static random access 
memory) sample from ffiM using the photoelectron spectromicroscope MAXIMUM [6] 
on ALS Beamline 6.3.2. The sample region studied consists of 200 nm thick polysilicon 
features patterned atop a 400 nm thick isolation oxide with 50 nm wide silicon nitride 
sidewall spacers. The sample was chemically cleaned by etching in a 1 :200 solution of 
HF in H20 for 10 min, before being placed into vacuum. Approximately 30 nm Ti was 
deposited by evaporation on the surface and the sample was subjected to a -800 C 
formation anneal for 30 sec and then to a momentary -1000 C conversion anneal to form 
TiS h. Figure 1 shows secondary electron images of similar areas of the sample taken 

Figure 3. EDC' s of the Si 2p acquired at points A and B as 
marked in Figure 2. A strong oxide-shifted signal is present at 
point B but not at A. 
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Figure 4. SEM micrographs of silicided sample showing lateral silicide growth and 
agglomeration. 

before and after the conversion anneal. After the 1000 C step, bright colored regions are 
present next to the silicided polysilicon regions. To investigate lateral differences in 
chemistry, further photoelectron images of the region shown in the right panel of Figure 1 
were acquired using the Si 2p core level photoelectrons. In Figure 2, the left image was 
acquired at 25.75 eV, the energy of the unshifted Si 2p, and the right image was acquired 
at 20.25 e V, the energy of the oxide-shifted Si 2p. Point A is on a silicided polysilicon 
pad and Bison a bright region just outside the pad. Energy distribution curves (EDCs) of 
the Si 2p core level taken at A and B are shown in Figure 3 and reveal that there is a 
higher oxide signal at B than at A, where the unshifted signal is higher. Indeed, the bright 
border regions are not visible in the 25.75 eV image since they have a lower signal than 
the silicide polysilicon regions. The border regions do, however, have a higher oxide 
signal, which leads to their being bright in the 20.25 e V image. 

These changes result from agglomeration of TiSh which has grown laterally a short 
distance onto the Si02 substrate from the polysilicon regions. The agglomeration of the 
silicide film exposes the underlying oxide substrate, thus leading to a higher oxide signal 
level in the lateral silicide regions. Agglomeration is not unexpected for the high 
temperature conversion anneal used, and was confirmed by SEM analysis of the sample. 
Micrographs showing lateral silicide growth and agglomeration in this SRAM sample are 
shown in Figure 4. 

Clearly, spectromicroscopy is an effective way of studying the technologically important 
problem of TiSi2 formation. We are planning on carrying out higher resolution 
experiments that will allow us to not only study local variations in the silicidation 
reaction, but also to definitively correlate chemical changes with the lateral distribution of 
C49 and C54 phases in patterned samples. We have already carried out preliminary 
experiments to this end at SSRL.[7] Future experiments will be carried out on ALS 
undulator beamline 12.0, where the MAXIMUM endstation is currently being 
permanently installed. 
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INTRODUCTION 

An in-line polarimeter including phase retarder and linear polarizer was designed and 
commissioned on undulator beamline 7. 0 for the purpose of converting linear to circular 
polarization for experiments downstream. In commissioning studies, Mo/Si multilayers at 95 eV 
were used both as the upstream, freestanding phase retarder and the downstream linear polarizer. 
The polarization properties of the phase retarder where characterized by direct polarimetry and by 
collecting MCD spectra in photoemission from Gd and other magnetic surfaces. 

The resonant birefringence of transmission multilayers results from differing distributions of s- and 
p-component wave fields in the multilayer when operating near a structural (Bragg) interference 
condition. 1'

2 The resulting phase retardation is especially strong when the interference is at or 
near the Brewster angle, which is roughly 45° in the EUV and soft x-ray ranges. 

EXPERIMENT 

The polarimeter is shown schematically in Figure 1, and is conceptually similar to a device already 
in use at the ALS (described in ref 3). The new apparatus is installed between the exit slit and 
refocusing mirrors on bearnline 7.0, at a point where the beam is defocused. Following an 
entrance aperture and Io grid is the transmissiQn phase retarder, whose incidence angle 8R and 
azimuthal angle aR can be varied continuously. On a separate azimuthal stage rides the tunable 
linear polarizer formed by a multilayer with laterally graded period set to reflect at 45° into a Si 
diode detector. Continuous tuning of the polarizer is achieved by translating it along the period 

Figure 1. Schematic of the polarimeter. A free­
standing translnission multilayer forms the phase 
retarder, and a reflection multilayer acts as a 
linear polarizer. The polarizer can be translated 
out of the beam, allowing it to pass to downstream 
experiments. The entire apparatus can likewise 
be translated out of the beam when not in use, 
allowing the beam to transit the polarimeter 
uninterrupted. Translation 

y 

Pinhole 
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gradient. Additional translation of the polarizer stage has been added to the current design so the 
polarizer can be entirely withdrawn from the beam, allowing it to pass through the retarder only 
to downstream experiments. These motions occur inside of a vacuum chamber housing the 
optics. In addition, the entire chamber can be translated laterally to withdraw all optical elements 
from the beam, allowing it to pass uninterrupted through the device. In-line operation of the new 
apparatus is facilitated by side-mounted feedthroughs to actuate all motions; the earlier version 
introduces azimuthal rotations from the downstream end, thus precluding in-line operation. 

95 eV was chosen for initial operation of the phase retarder because Mo/Si multilayers perform 
very well just below the Si 4 3 edge at 100 eV. Mo/Si multilayers formed both the free-standing 
phase retarder (d = 87.4 A, N = 30) and linear polarizer (d = 92.0 A, N = 30). The calculated 
retardation showing the general form of the expected phase difference between transmitted s- and 
p-components for this retarder is shown in Figure 2a. The Bragg condition occurs just above 50°, 
and a resonance in retardation is clearly evident about this condition. 

RESULTS 

After initial alignment of the polarimeter to place the optical (azimuthal) axes of the retarder and 
polarizer along the beam direction, polarizer scans were made to analyze the polarization of the 
beam transmitted through the retarder at different incidence angles. Figure 2 shows two such 
scans, one with 8R near normal incidence and the other with 8R on the low angle side of the Bragg 

Figure 2. (a) shows calculated phase retardation of 
transmitted s- and p-components vs. incidence angle 
on the retarder. The resonance across the Bragg 
peak near 50° is used to convert linear to circular 
polarization. (b) shows intensity measured in a 
polarizer scan with 8R := 90°. (C) ShOWS data with 8R 
near the larger resonance peak. Circles are measured 
data points, and lines are fits to the data yielding the 
percentages of linear (PL

2
) and circular (Pc

2
) 

polarization. 
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resonance near the larger retardation peak. (Note that the large retardation peak near 15° occurs 
at the critical angle for total reflection and is not useful because of low transmission.) Following 
standard procedures to analyze rotating polarizer scans, 4 we fit the data to obtain the first 3 of 4 
Stokes parameters (So, s~, S2, S3) that provide directly the degree oflinear polarization PL = (Sl2 

+ Sl)112/So. The degree of circular polarization Pc = S3/S0 is obtained indirectly from PL2 + Pc2 
= 

1, assuming no unpolarized component. Polarization measurements at several beamlines at the 
ALS support the assertion that any unpolarized component is present at levels comparable to 
measurement uncertainty of about 0.01 in PL2 and Pc2

. 

The polarization of radiation transmitted through the retarder shows the expected behavior. Near 
normal incidence (Fig. 2b ), the transmitted radiation is predominantly linearly polarized. 
Incomplete linear polarization may result from residual birefringence near normal incidence or 
from imperfect optical alignment of the apparatus evident in the data. With eR near the Bragg 
peak (Fig. 2c ), the transmitted beam is predominantly circularly polarized. 

The sense of circular polarization can be changed from left- to right-circular by rotating the 
retarder in a prescribed manner keeping the incidence angle eR fixed. Data in Figure 2 were 
collected with the retarder azimuth at 45° with respect to the incoming linear polarization, thus 
resolving the incident linear beam into equal amounts of s- and p-components at the retarder. By 
rotation the optic azimuthally about the beam axis to -45°, equal amounts of s- and p-components 
are again incident on the optic, but the two components have exchanged roles resulting in 
helicities of opposite sense in the two different settings. 

Photoemission experiments downstream verify the performance of the phase retarder and have 
begun to use its circular polarization routinely. Figure 3 shows valence band photoemission from 
a clean gadolinium surface excited by circular polarization at 95 eV having opposite helicity. 
Large shifts in the 4flevel are seen, leading to the large MCD (difference) signal in the bottom 
panel. Under these operating conditions, a loss in flux by roughly a factor of 40 resulted from 
absorption in the multilayer together with losses in the grid and some occlusion of the beam by the 
entrance aperture. Even so, the intensity of circular polarization exceeds that available from out­
of-plane bending magnet radiation. 

Figure 3. Photoemission spectra (along normal) 
from an ultrathin Gd film grown on Y (000 1) 
taken with photons of opposite helicity is shown 
in the top. Changing the sense of circular 
polarization is accomplished by rotating the 
phase retarder about the beam to a symmetric 
position with respect to the incoming polarization. 
The MCD (difference) spectrum is shown in the 
bottom. Magnetization lies in-plane. 
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CONCLUSIONS 

This work demonstrates that phase-retarding optical elements can be useful for conversion of 
linear to circular polarization. To our knowledge this is the first dedicated, in-line phase retarder 
and polarimeter based on multilayer optics. Free-standing transmission Mo/Si multilayers perform 
well as retarders up to 100 e V, and it is expected that other multilayer materials will produce large 
retardation up to 150 eV or so. As energies increase into the soft x-ray the effects of 
imperfections significantly reduce the interference effects resulting in phase retardation, making 
near quarter-wave plate operation with multilayers impossible. Other means are currently being 
investigated to convert linear to circular polarization at higher energies in the soft x-ray range of 
undulator beamline 7. 0. 
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The brightness of the Advanced Light Source will be exploited by 
several new instruments for materials science spectromicroscopy 
over the next year or so. The first of these to become operational is a 
scanning transmission x-ray microscope with which near edge x-ray 
absorption spectra (NEXAFS) can be measured on spatial features of 
sub-micron size. Here we describe the instrument as it is presently 
implemented, its capabilities, some studies made to date and the 
developments to come. 
This work builds on many years of research [1], developing this 
technique at the National Synchrotron Light Source at Brookhaven 
National Laboratory. 

The Scanning Transmission X-ray Microscope makes use of a zone 
plate lens [2] to produce a small x-ray spot with which to perform 
absorption spectroscopy through thin samples. Figure 1 shows the 
main components of the microscope. The x-ray beam from ALS 
undulator beamline 7.0 emerges into the microscope vessel through a 
silicon nitride vacuum window 160nm thick and 300J..tm square. The 
vessel is filled with helium at atmospheric pressure. The zone plate 
lens is illuminated 1mm downstream from the vacuum window and 
forms an image in first order of a pinhole which is 3m upstream in 
the beamline. An order sorting aperture passes the first order 
converging light and blocks the unfocused zero order. The sample is 
at the focus a few mm downstream of the zone plate and mounted 
from a scanning piezo stage [3] which rasters in x and y so that an 
image is formed, pixel by pixel, by an intensity detector behind the 
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sample. Absorption spectra are measured point-by-point as the 
photon energy is scanned by rotating the diffraction grating in the 
monochromator and changing the undulator gap. 

Presently, the microscope performs as follows: 
The spectral resolution is typically 1 part in 3000, although the 
beamline can deliver photons at higher resolution (up to one part in 
8000). The zone plates now in use are 200J..Lm in diameter with an 
80nm wide outer zone .. The .. first order focal length of these zone 
plate lenses is 4mm at the carbon K edge (300eV). The measured 
spot size is approximately 150nm FWHM which is about 50% larger 
than the theoretical diffraction limit. Figure 2 shows a gold test 
pattern imaged with this scanning microscope. 

The instrument can operate with 107 photons s-1 in the focused spot. 
This flux is sufficient to allow the use of an analog silicon diode as a 
detector, the diode current (averaged over a time window of 10 or 
20 milliseconds per pixel) provides the pixel intensity in the image. 
An alternative photon-counting gas proportional counter with a 
silicon nitride window is provided. This is used at greatly reduced 
intensity (3 • 1 os photons s-1) for samples which are prone to 
radiation damage. Spectra are measured as the photon energy is 
scanned with a dwell of hundreds of milliseconds per energy point in 
order to average out the effects of beam intensity variations (a few 
percent at frequencies from about 5Hz to 20Hz). The photo-current 
from the metal order sorting aperture provides a normalization 
signal which can correct for slow changes in beam intensity from one 
scan to the next. The absorption spectra of a sub-micron region on 
the sample is measured by acquiring a spectrum through the sample, 
then repeating the spectral scan with the sample removed. At the 
carbon K edge the instrument delivers a spectrum with a 20% dip 
due to carbon absorption on the windows and mirrors. There is a 
small dip at the oxygen K edge. Nitrogen 1 s spectra can also be 
measured, at high beam intensity, despite the nitride windows which 
reduce the spectral signal by about a factor of ten at the nitrogen 
edge. 

The most difficult aspect of the microscope operation is the need to 
translate the zone plate along the direction of the photon beam in 
order to remain focused through the range of an absorption 
spectrum. This motion should occur precisely along the optical axis of 
the zone plate system, which is the line from the center of the 
pinhole through the center of the zone plate. Use of the beamline by 

Beamline 7.0.1 Abstracts • 89 



other experiments results in continued realignment of the beam into 
the microscope and the possibility of the pinhole being placed 
differently each run. The microscope control software includes a 
feature to compensate for misalignment by shifting the sample 
transversely to match the unwanted transverse motion of the zone 
plate with respect to the optical axis as it is translated along the 
beam direction during a spectral scan. By careful tuning of this 
algorithm, features can be measured as small as 0.5Jlm. 

Two areas of research seem promising at present. One is polymer 
science, measuring the distinctive absorption spectra of large organic 
molecules at the carbon, oxygen and nitrogen K edges. In these 
experiments great care must be taken to avoid the effects of 
radiation damage and NEXAFS is superior to electron energy loss 
techniques which cause more damage [4]. A second area of unique 
application is the study of the chemistry of hydrated species by 
absorption spectroscopy. Here we take advantage of the environment 
of the microscope, which is usually operated in helium at 
atmospheric pressure, so that it is possible to measure samples which 
contain water. Hydrated species are very common in environmental 
science and various trial programs are beginning. 

As an example, figure 3 shows some measurements made on 
sectioned Kevlar fibers at the nitrogen K edge. This illustrates the 
measurement of polymers in a controlled environment, where the 
removal of atmospheric nitrogen is essential in order to obtain 
reliable spectra. These measurements were made at full intensity 
through the nitride windows, which cause the intensity to drop about 
a factor of ten at the nitrogen edge, so that very careful 
normalization is required. 
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Figure 1. Geometry of the STXM. The helium vessel is shown closed 
over the microscope from the left and sealed against the vertical 
support bulkhead. 
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Fig2. Part of an image of a test pattern made by electron beam 
lithography in gold ori a silicon nitride membrane. The profile of 
image intensity across the etched edge of a silicon wafer is also 
shown and gives a measure of the size of the x-ray spot; 150nm 
FWHM. 
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Figure 3. Transmission NEXAFS images of a sectioned Kevlar fiber 
with radially oriented hydrogen-bonded sheets between adjacent 
polymer chains shows the sensitivity to the relative orientation 
between the x-ray polarization plane and the molecular orbitals of 
nitrogen in the molecule. Nitrogen ls electrons can be excited into 
these orbitals only when the orbitals are oriented parallel to the 
electric vector of the linearly polarized light. 1t* orbitals are sharp 
peaks, the cr* transition give broader peaks at higher energy. The 1t* 
and cr* orbitals are pependicular and each gives a cosine2 intensity 
distribution with opposite contrast around the fiber, with respect to 
the \lorizontal polarization plane. 

Principal Investigator: Tony Warwick, ALS , Mailstop 2-414, Ernest Orlando Lawrence 
Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, 
Email: warwick@lbl.gov Telephone: (510) 486 5819 
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INTRODUCTION 

The theory of electron bands, which arises from basic quantum mechanical principles, has 
been the cornerstone of solid state physics for over 60 years. Simply put, an energy band is an 
electron state in a solid whose energy varies with its momentum (similar to, but with a more compli­
cated dependence than, how a free electron's energy is proportional to its momentum squared). 
Much attention over the last 15 years has been given to the study of band structure of surfaces and 
interfaces, especially as the applications of these two-dimensional systems have become increasingly 
important to industry and science.l 

The ultraESCA endstation at bearnline 7.01 at the Advanced Light Source was developed for 
very high-energy- (-50 meV) and angular- (<1°) resolution photoemission studies ofmaterials.2 
The high flux (typically 1012 photons/sec) makes the detailed study of the evolution of bands pos­
sible. We are interested in learning how, when one forms a chemical bond between a metal and an 
overlaying atom or molecule, the resulting charge transfer to or from the adsorbate affects the sur­
face bands. In some cases of interest, intermediate coverages lead to different band structure than at 
the extremes of clean and saturated surfaces. Surfaces of tungsten are particularly interesting, as 
their atomic geometry has been shown to be exquisitely sensitive to both the surface vibrational and 
electronic properties. In this study, we looked at the surface bands of tungsten ((110) surface, Figure 
1), as a function both of coverage and mass of overlaying atoms. The adsorbed atoms were hydro­
gen and the alkali atoms lithium and cesium. 

EXPERIMENT 

The tungsten crystal was cleaned in ultrahigh vacuum using standard surface science tech­
niques. Care was taken to refresh the clean surface after about 20 minutes to ensure no residual 
gases contaminated the sample. The experimental geometry is discussed in another abstract in this 
report. Experiments were carried out at Bearnline 7.01; the electron spectrometer has an overall 
angular resolution was better than +1- 0.5 degrees, and the total energy width was kept less than 60 
me V; under these conditions spectra of adequate statistics could be acquired in about 30 seconds. 
Hydrogen exposure was carried out by backfilling the chamber with hydrogen molecules. Alkali 
exposure was from getter sources (SAES Getters). Coverage was calibrated according to the W 4f 
surface core-level shifts,J as well as from the alkali surface 
core-level shifts in the case of Li and Cs. 

RESULTS 

Figure 2 shows the basic idea of the experiment. A 
photoelectron spectrum (Fig. 2(a)) acquired at angle 8 from 
n~rmal emission is comprised of features, which are identi­
fied as either surface- or bulk-related. (For simplicity, we 
will refer to these features as "states" although some of the 
surface features are more properly termed "resonances.") 
The energy and the angle e of each point have been con­
verted to k11 , electron momentum parallel to the surface. 
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Figure 2. Basic types of spectroscopy used in this experiment. (a) Photelectron spectrum of the valence band for a 
particular emission angle e. (b) A mapping of many such spectra into an image relating electron band energy to momen­
tum parallel to the surface, called a band structure plot. (c) Angular map of electrons at zero binding energy (Fermi 
Level) . The intensity along the arrow in (c) is the same as the zero-energy intensity in (b) . 

When such spectra are repeatedly acquired over a range of angles, each peak's energy varies with its 
momentum, and the resulting energy vs. momentum data are plotted in an intensity map (Fig. 2b ), 
which immediately shows the electronic band structure along a particular azimuth angle ¢. An 
alternate way to probe the momentum space is to window the electron detector at the zero-energy, or 
Fermi-edge level (illustrated by the rectangle in Fig. 2(a)) while sampling both angles e and ¢. In 
this way, one gets a map (see Fig. 2(c)) of the Fermi-Level crossings of the bands in Fig. 2(b). The 
connection between Figs. 2(b) and (c) is that the intensity along the white arrow in (c) is the same as 
the intensity near zero energy of (b). In both (b) and (c), the white lines indicate directions of high­
symmetry in momentum space. 

Figure 3 compares (a) clean to (b) 112 and (c) 1 monolayer (ML) hydrogen on this surface 
band structure. Some bands are completely removed, some new bands are created, and others are 
modified only by an approximately rigid shift in the binding energy direction, which evolves 
smoothly with hydrogen coverage.4 The significance of 1/2 ML is that at this coverage, each W 
surface atom is accompanied on the average by one hydrogen atom. We observe that the bands 
which are removed by 1 ML hydrogen are essentially gone already at 112 ML. In a molecular 
picture, what's happening is that the bands that are eliminated are associated with tungsten dangling 
orbitals which bond directly with hydrogen; the new bands that are created are associated with these 
new hydrogen-tungsten orbitals, and the bands which shift are essentially unaltered orbitals whose 
occupation changes as charge is transferred from the hydrogen atoms into the substrate bonds. 
Complications with this simple interpretation will be discussed in greater detail in a future publica­
tion. One should remember that although the data may be interpreted through charge transfer (a real­
space property), we measure changes in momentum-space; theoretical modeling is needed to assert 
the spatial distribution of charge. 
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Figure 4 shows the effect of hydrogen and lithium adsorption on the Fermi level crossings. 
The small elliptical figure #1 (among others) in the clean sample's pattern (a) is removed upon 1 ML 
hydrogen saturation, while there are two surface states #2-3 which split off from the bright bulk­
tungsten-related feature in the center. The rate at which they move away from the center as a func-
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Figure 3. The effect of hydrogen on the band structure. (a) Clean 
tungsten (b) 112 ML hydrogen . (c) 1 ML H. 

tion of hydrogen coverage can be directly 
related to the rate that charge is transferred 
into the underlying bands. 

Chemically speaking, lithium is identical 
to hydrogen, so one expects similar results. 
The differences are striking however. The 
lithium coverage in (c) is only 113 that of 
hydrogen in (b), but already the surface 
bands have moved roughly the same 
amount. This suggests a much greater 
transfer of charge from Li to tungsten bands 
relative to H. In (d), the bands have moved 
even further out from the center. The 
excess charge transfer is associated with a 
corresponding lack of interaction with the 
elliptical figure #1, which survives Li 
coverage apart from only a small change in 
size. This shows that Li does not interact 
chemically with the same tungsten orbitals 
with which hydrogen interacts. Results for 
cesium, not presented here, come to similar 
conclusions, although with less overall 
band motion than in the lithium case. 

DISCUSSION 

We presented above some examples 
showing the rich information on chemical 
bonding and charge transfer one can extract 
from band structure measurements. In 
addition to information on electron charge 
transfer and bonding which we presented 
above, there are other issues as well, espe­
cially related to the exact nature of the 
Fermi level crossings in Fig. 4, for ex­
ample. For metals in general, many impor­
tant properties such as magnetism, vibra­
tions, superconductivity, etc., depend 
intimately on the response of electrons at 
the Fermi level to electromagnetic distur­
bances. This electron response is called 
screening, and its strength depends on the 
individual and relative momenta of the 
electrons involved. The precise shape of 
the contours in figure 4(b ), for example, are 
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Figure 4. The effect of hydrogen or lithium on the fermi level crossings. (a) clean tungsten (b) after saturating with 1 
ML of hydrogen. (c) after depositing -0.3 ML of lithium. (d) after depositing -0.6 ML of lithium. Note the images have 
slightly different intensity scales. 

vibrations of the interfacial tungsten atoms in the presence of hydrogen, an issue which we are 
currently examining. Such anomalies can be strong enough to force a dramatic surface reconstruc­
tion which has been suggested.5 

In the future, we hope to expand the study by correlating the electronic properties of these 
systems with structural studies using x-ray photoelectron diffraction.6 We also want to expand the 
study to other alkalis as well as atoms in other columns of the periodic table. 
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Polyurethane polymers are a versatile class of materials which have numerous 
applications in modern life, from automotive body panels, to insulation, to household 
furnishings. Phase segregation helps to determine the physical properties of several types 
of polyurethanes. Polymer scientists believe that understanding the connections between 
formulation chemistry, the chemical nature of the segregated phases, and the physical 
properties of the resulting polymer, would greatly advance development of improved 
polyurethane materials. However, the sub-micron size of segregated features precludes 
their chemical analysis by existing methods, leaving only indirect means of characterizing 
these features. For the past several years we have been developing near edge X-ray 
absorption spectromicroscopy to study the chemical nature of individual segregated 
phases. Part of this work has involved studies of molecular analogues and model 
polymers, in conjunction with quantum calculations, in order to identify the characteristic 
near edge spectral transitions of important chemical groups [1]. This spectroscopic base 
is allowing us to study phase segregation in polyurethanes by taking advantage of several 
unique capabilities of scanning transmission x-ray microscopy (STXM)- high spatial 
resolution ( -0.1 Jlm), high spectral resolution ( -0.1 e V at the C 1 s edge), and the ability 
to record images and spectra with relatively low radiation damage. 

286 287 

284 288 292 296 
Photon Energy (~V) 

286.2 eV 
dark=PIPA 
(urethane) 

lJlm -
286.7 eV 

dark =SAN 
(styrene acrylonitrile) 

Figure I. (left) C ls spectra of SAN and urethane (=carbamate) filler materials . (right) STXM images of a 
polyurethane polymer containing SAN and carbamate-based fillers. Spectral differences in the 286-287 eV 
region allow one to distinguish particles, which are indistinguishable at other energies in the C 1s region. 
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The beamline 7.0 STXM at ALS is being used to study microtomed sections or cast films 
of polyurethanes. Additional experimental details on the zoneplate microscope and 
beamline can be found elsewhere [2]. A related study of polyethylene terephthalate 
involving a direct comparison of STXM and electron energy loss spectroscopy in a 
transmission electron microscope (TEM-EELS) has shown that, for C ls spectroscopy, 
the STXM technique has 500 times less radiation damage than TEM-EELS carried out 
under similar spectral and spatial resolution [3]. However, experiments with the bright 
X-ray beam at the ALS STXM have shown that, although the radiation damage to beam 
sensitive polymers is lower than with other techniques, one still needs to be wary of 
damage [ 4]. The development of a high performance gas proportional counter has aided 
our polymer studies at the ALS. 

One method used both to reduce product cost and to control the microstructure and thus 
the physical properties of polyurethane polymers is the addition of filler particles of 
various types. Spectroscopic differences between various fillers in polyurethanes can be 
imaged with STXM by selecting the incident photon energy. Fig. 1 shows an example in 
which two chemically different segregated particles in a polyurethane are differentiated 
by imaging at characteristic transitions with highly monochromatized X-rays. There is 
only 0.5 e V energy difference between characteristic transitions for styrene acrylonitrile 
(SAN) (286. 7 e V), and PIP A, a carbamate-based filler (286.2 e V), but that is enough for 
STXM to distinguish these particles, even in the presence of a matrix that contributes 
signal in the region of interest. 

STXM can also be used to quantify the 
amounts of various components using 
spot analysis. The relative amounts of 
urea and carbamate (urethane) in 
polyurethanes is closely linked to 
formulation and processing, and thus it 
is an important quantity to measure. 
Analysis of this ratio is complicated by 
the presence of polyol (polyether chains) 
in the polymer which contributes signal 
in the same spectroscopic region. Using 
polymer reference standards with known 
chemical composition, we have isolated 
the spectral signal corresponding to the 
urea and urethane components (which is 
only about 20%) and then quantified the 
amounts of these two components as 
shown in Fig. 2. We have carried out 
validation checks on polyurethane 
standards at both the ALS and NSLS 
STXM facilities to confirm the 
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Figure 2. Correlation of peak heights of rt*(CO) signals 
from urea and urethane, with the urea and urethane content 
predicted from the formulation. Note the good agreement 

for results from NSLS and ALS. 
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reproducibility of these results. This has been a major accomplishment of our work. 
STXM provides a tool that allows chemical composition in complex materials to be 
studied for the first time at sub-micron scale with low radiation damage. 
The BL 7.0 STXM at the ALS is a powerful tool for measuring the microstructure of 
radiation sensitive organic polymers using spectromicroscopy. Presently we are: 
• extending our measurements to other core edges, including N Is, 0 1s and F 1s; 
• investigating alternative detection methodologies such as electron and fluorescence 

yield to complement the transmission detection; and 
• exploring the advantages of STXM spectromicroscopy for polymer characterization 

by investigating different classes of polymer materials. 

Based on the pioneering work of Ade, Kirz and collaborators at the NSLS X-I A STXM, 
as well as our work and that of others at the ALS BL 7.0 STXM, it is clear that scanning 
X-ray transmission microscopy using soft X-rays can provide information about the 
chemical origin of phase segregation in radiation-sensitive materials on a sub-micron 
scale. This information is difficult or impossible to obtain by other means. 
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The (7 x 7) reconstruction of the Si(lll) surface arises from a lowering of energy through the 
reduction of the number of dangling bonds. This reconstruction can be removed by the adsorp­
tion of atoms such as hydrogen which saturate the dangling bonds, or by the incorporation of 
atoms, such as arsenic which, because of the additional electron it possesses, can form three 
bonds and a nonreactive lone pair orbital from the remaining two electrons. Core and valence 
level photoemission [1,2] and ion scattering [3] data have shown that the As atoms replace the 
top silicon atoms. Previous core level spectra were interpreted in terms of a bulk and a single 
surface doublet [1]. Our present results demonstrate that the core level spectrum contains two 
more lines. We assign these to subsurface silicon layers which also experience changes in the 
charge distribution when a silicon atom is replaced by an arsenic atom. 

A representative spectrum of the Si 2p core level of Si(111)-(1 x 1):As is shown in Figure 1. 
The data were recorded on beamline 7.0, with Si(lll) wafers that were cleaned by a careful 
flashing procedure, and exposed to a beam of As4 at a temperature of about 300 C. The spectrum 

Si(111)·(1x1):As 
Sl2p 
nonnal emission 
hro= 178 eV 

A 

3 2 0 

As Sl surface 

• bulk bulk 

surtace 
B 

·1 3 2 0 -1 
binding energy rei. bulk Si 2p (eV) 

Figure 1: Si 2p core level spectrum of Si(lll)-(1 x l):As with a two-line (right) and 
four-line fit (left). Also shown are the residuals which clearly demonstrate that more 
than one surface core level line contribution is present. The lines in the residuum denote 
the scatter expected from the counting statistics. 

is cha:acterized by three sharppea~s, which ~rom their intensity dependence with kinteic energy 
contam bulk and surface contnbutwns. The nght-hand side shows a line shape analysis in terms 
of one bulk and one surface line, shifted to higher binding energies by about 0.75 eV such as 
pr?posed previously. The residual clearly shows that this model function cannot properly des­
cnb~ the spectrum .. The left-han~ side has a fit in terms of two additional lines (shown in grey). 
Alll!nes are num.encal convolutiOns of Lorentzians and Gaussians, and the parameters ( descri­
bed m more detail below) were optimized by a nonlinear least squares algorithm based on the 
Levenberg-Marquardt recipe. 
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While the weaker lines do not give rise to separate peaks or clear shoulders in Lhe spectra, their 
presence can be deduced in a straightforward way nevertheless. The (Lorentzian and Gaussian) 
width of the bulk peak can be derived unambiguously since the additional contributions have 
only a small contributions to this line. The width of the surface peak can likewise be deduced 
from the peak at highest binding energy which is hardly influenced by the bulk or the smaller 
lines. Thus the Gaussian and Lorentzian widths for the surface and bulk contributions are deter­
mined experimentally. Spin-orbit splitting and branching ratio are also derived from these in­
tense lines. Thus the only free parameters which remain are the intensities and the peak 
positions. As seen on the right -hand side of Figure 1, attempts to fit with a bulk and one surface 
lines leads to large (a factor 20 larger than the statistical deviations) and systematic oscillations 
in the residuum. These oscillations cannot be removed by the addition of one more line with the 
width and branching ratio of the surface component, such that we are forced to include two lines 
as shown in Figure 1. The positions of these lines were arrived at in the following way. First, 
the least squares were optimized simultaneously for two spectra recorded at photon energies 
where the surface sensitivity is different, such that the intensities of surface and near-surface 
components are different. Secondly, a set of 40 spectra recorded over a photon energy range of 
120 e V was fitted, and the peak positions for the smaller peaks were compared. This resulted in 
a set of stable fit parameters where the peak positions of the smaller peaks varied by only ± 20 
meV. The core level shifts with respect to the bulk line are then -0.75 eV for the line marked 
"surface", -0.49 eV for line "A", and -0.28 eV for line "B". 

Subsurface core level shifts are not unexpected since the modifications of the electronic struc­
ture and/or of photohole screening are likely to decay into the bulk and not just to affect the top­
most substrate atoms. However, their detection is difficult because of the strong bulk and 
surface lines, and the fact that they are weaker in view of the larger distance of the emitting 
atoms from the surface. To our knowledge the only case where subsurface core level shifts have 
been inferred from a precise analysis of high resolution core level spectra is the Ta(110) surface 
[4] . We assign the atoms giving rise to peaks "A" and "B" to the second Si layer. As the charge 
flow from the topmost silicon atom towards the As atoms as inferred from the direction of the 
core level shift, might continue into the second layer, a sequence of decreasing magnitude of the 
shift could be related to the increasing distance to the As atom. The line intensities, when aver­
aged over a large range of photon energies in order to average out diffraction effects, actually 
show that peak "B" is the more intense one throughout. This points towards a reverse assign­
ment, suggesting that the charge rearrangment occurs in an oscillatory manner; an observation 
important for line assignment which merits further investigation. 

The detection of subsurface components suggests that the adsorption of arsenic leads to charge 
flow also in the second double layer of the Si(111) surface. In view of the difference in atomic 
radius between As and Si, it was suggested that the (1 x 1):As surface is strained. The presence 
of charge rearrangement up to the second double layer implies that the atomic coordiantes also 
exhibit deviations from their ideal Si(111) counterparts, which might be detected through a 
LEED JJV or photoelectron diffraction analysis. 
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Element specific surface magnetometry remains a central goal of synchrotron radiation based 
studies of nanomagnetic structures. One appealing possibility is the combination of x-ray 
absorption dichroism measurements and the theoretical framework provided by the "sum rules." 
[1] Unfortunately, sum rule analyses are hampered by several limitations [2], including 
delocalization of the final state, multi-electronic phenomena and the presence of surface dipoles. 
An alternative experiment, Magnetic X-Ray Dichroism in Photoelectron Spectroscopy, holds out 
promise based upon its elemental specificity, surface sensitivity and high resolution. 
Computational simulations by Tamura et al. [3] demonstrated the relationship between exchange 
and spin orbit splittings and experimental data of linear and circular dichroisms. Now we [ 4] have 
developed an analytical framework which allows for the direct extraction of core level exchange 
splittings from circular and linear dichroic photoemission data. By extending a model initially 
proposed by Venus [5], it is possible to show a linear relation between normalized dichroism 
peaks in the experimental data and the underlying exchange splitting. Since it is reasonable to 
expect that exchange splittings and magnetic moments track together [6], this measurement thus 
becomes a powerful new tool for direct surface magnetometry, without recourse to time 
consuming and difficult spectral simulations. The theoretical derivation will be supported by high 
resolution linear and circular dichroism data collected at the Spectromicroscopy Facility of the 
Advanced Light Source. [7 ,8] 
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Double ionization of an atom by a single photon is the simplest and most fundamental 
many-electron process. The ejection of two electrons following the absorption of one photon is 
strictly prohibited in an independent electron approximation. Thus determining the 
probability of double photoionization alone is already a challenging test of our understanding 
of electron-electron correlation. Furthermore, in the slow breakup of a bound system into 
three charged particles, the final state wave function must represent a high degree of few-body 
Coulomb correlation involving the simultaneous interaction of all three particles. The case of 
double photoionization is again particularly well suited to study this problem as the energy 
and the angular momentum delivered to the system can be very well controlled. 

Helium, as the most basic three body system, has been the target of extensive studies over 
the past decades . The purpose of this project has been to study double and single ionization 
using cold target recoil ion momentum spectroscopy (COLTRIMS). This technique has been 
widely applied within the area of ion-atom collisions to study the dynamics of energy and 
momentum transfer in collisions between few-electron systems [1], and the entire technical 
machinery has been transferred to photon-atom collisions [2). The technique uses space- and 
time-imaging of He+ and He++ recoil ions created in photon-He collisions to measure the full 
momentum vector of each ion produced. Event-mode recording is used and a solid angle of 
nearly 47r is realized, allowing an extremely high data-collection efficiency. In order to reduce 
the initial momentum spread of the He target a precooled supersonic He jet is used. 

For the case of single ionization of He, determination of the He+ recoil momentum is 
equivalent to determination of the photoelectron momentum vector. Fig. 1 shows an image of 
a typical momentum distribution obtained at a photon energy of 80 eV. When double 
ionization occurs, the channel is uniquely identified by the production of a He++ ion but .a full 
determination of the final state of the system requires that in addition to the ion mnomentum 
the momentum vector of one of the photoelectrons also be determined. This is accomplished 
using a second imaging detector opposite the ion detector which performs the complimentary 
momentum vector measurement of one electron. The experiment is run in two-bunch mode, 
requiring a timing pulse from the beam clock to measure the electron and ion flight times. 

Two major projects have been completed to date and published in refs. [3) and [4]. 

Beamline 7.0.1 Abstracts • 103 



Summaries are given here. 

Ratio of Single to Double ionization of He be­
tween 80 and 4 00 e V 
The ratio of double to single ionization 
(R=u++ ju+) for He has been studied ex­
tensively in recent years (for a review, see 
(5]). In spite of this intense work, the vari­
ous data sets reported over the last 30 years 
from threshold (79 eV) to a few hundred eV 
above are in substantial disagreement. We 
have used COLTRIMS to remeasure this ra­
tio for photons between 85 and 400 e V. The 
technique allows the elimination of all known 
systematic errors discussed previously in the 
literature on this subject. A detailed discus­
sion about systematic errors can be found in 
(3]. The results are shown in fig. 2, where 
they are compared to previous experimental 
work and to current theoretical calculations 
(refs. 9-12 in (3]). Our results are about 25% 
lower than most of the earlier data (refs. 4-
7, 13-18 and 23 in (3]), but are in excellent 
agreement with the most recent calculations. 
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Figure 1: Momentum distribution of He+ ions 
produced by 80 eV photons. The X axis is the 
direction of the electric field vector of the lin­
early polarized light. The Y axis is the direc­
tion of the gas jet. The data are integrated over 
a momentum range of ±0.3 a.u. in the direction 
of the photon beam, the Z axis. 

200 200 400 200 
photon energy (eV) 

400 400 

Figure 2: R as a function of photon energy. Full circles: this work (ALS). The open circles in (b) are 
the same data as in (a) but scaled down by 1.3. V, A, L stand for results obtained in the velocity, 
acceleration or length form, respectively. The references for the theories and all the older experiments 
can be found in [3]. 
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Fully differential cross sections for double photoionization of He measured be recoil ion 
momentum spectroscopy 
Several previous experiments have reported differential cross sections for coplanar geometry 
and for selected cases of equal and unequal energy sharing (refs. 1-6 in (4]). In our work we 
have for the first time determined fully differential cross sections for double ionization of He 
near threshold. Here we understand the word fully to mean that, apart from electron spins, 
the final state of the system is completely kinematically determined and we sample the 
complete momentum space ( 471" solid angle) for the ion and one of the electrons. This means 
that the final momenta of all three particles are determined for every double ionization event, 
with no necessity to choose a priori a particular angle or energy for either electron. Thus the 
entire final five-dimensional momentum space of the escaping three particles is sampled 
without prejudice, and the physical process itself determines which parts of this space are the 
most important. 

The results (fig. 3) show that, at an energy of only 1 eV above threshold, the "collective" 
behavior of the outgoing system is evident in the correlated momenta of the outgoing 
electrons. The left and right parts of the figure show the data in terms of the Jacobi 
coordinates kr = k1 + k2 and kR = Hk1- k2), where k1 and k2 are the momentum vectors 
of the two electrons. The left figure shows that the recoil ion momentum, the negative of kr, 
has a dipole-like distribution, reflecting the dipole-dominated interaction operator. Departure 
from a pure dipole shape is caused by the absorption of angular momentum into the internal 
motion of the electron pair, the kR motion. The right figure shows the corresponding kR 
distribution. We emphasize that this shows the correlation between the motion of the two 
electrons, not the motion of the individual electrons. The data reveal that the electrons are 
preferentially emitted in a direction perpendicular to the recoil momentum. This can be 
intuitively explained as the result of the electrons trying to move in such a way that neither 
falls into the He+ potential, thereby producing single rather than double ionization. These 
data were found to be in good agreement with a fourth-order Wannier calculation and give an 
experimental basis for the choice of quantum numbers of the Wannier state populated in the 
photoionization. In our most recent experiment we obtained fully differential cross sections at 
20 eV above threshold. These data show that the Wannier description is still in good 
agreement with the experiment at this energy. Further detail is given in the publication. 

In the future we plan to probe the capabilities of COLTRIMS for the study of other systems. 
Initial projects include: 

1) double photo ionization of N e very near the double ionization threshold ( 62.5-64.5 e V 
photon energy). In this energy range only the ground state of the Ne++ ion can be populated, 
so the situation is similar to that in He. (Three J values can be populated, however). We wish 
to investigate to what extent the Wannier patterns observed for He remain for a system in 
which two of the three potentials are no longer pure Coulomb in nature. 

2) fully differential cross sections for the three body break up of H 2 --+ p + e- + H close to 
threshold. Our experimental technique allows us to measure the energy and angular 
distribution of the photoelectron with respect to the alignment of the molecular axis with 471" 
solid angle, delivering the most complete picture of the physical process possible. Such fully 
differential cross sections will show the details of the electronic motion from the bound to the 
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Figure 3: Density plots of projections of the momentum spectra from double ionization of He by 80.1 eV 
photons. The z and y components of the momentum are plotted on the horizontal and vertical axes, 
respectively, the polarization vector of the photon is in the z direction and the photon propagates in 
the x direction. Only events with -0.1< krx <0.1 are projected onto the plane. (a) The recoil (or - kr) 
momentum distribution. The outer circle indicates the maximum calculated recoil momentum, and 
the inner circle is the locus of events for which the kr motion has half of the excess energy. (b) The 
distribution of single electron momenta (k1 or k2). The circle locates the momentum of an electron 
which carries the full excess energy. (c) The relative electron momentum (or ka) distribution. The 
circle identifies the maximum possible value for ka. 

continuum state in the aligned molecular environment like the secondary scattering of the 
electron at the nuclei of the molecule. Our very high resolution for the ion momentum 
measurement allows to see the effects of the electron recoil on the nucleus. This will identify 
from which of the two centers the electron has originally been emitted. 

3) ratio of single to double ionization _probabilities for Mg. This is an extension of the He 
results discussed above to other systems. No other analogous two-electron system has been 
studied. We choose Mg because of the convenience of constructing an appropriate oven for 
producing the atomic beam target. We give up the very high momentum resolution in the 
direction of motion of the target beam which we have with the cold supersonic He jet, but 
believe the basic COLTRIMS geometry will remain useful, allowing control of such problems 
as scattered light, secondary processes, etc. in the same way as for He. 
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Synchrotron radiation spectroscopy and spectromicroscopy were applied, at the Advanced 
Light Source, to the analysis of materials and problems of interest to the commercial 
semiconductor industry. We discuss some of the results obtained at the ALS using existing 
capabilities, in particular the small spot ultra-ESCA instrument on beamline 7.0 [1] and the 
AMS (Applied Material Science) endstation on beamline 9.3.2 [2]. 

INTRODUCTION 

The continuing trend towards smaller feature size and increased performance for 
semiconductor components has driven the semiconductor industry to invest in the 
development of sophisticated and complex instrumentation for the characterization of 
microstructures. Among the crucial milestones established by the semiconductor Industry 
Association are the needs for high quality, defect free and extremely clean silicon wafers, 
very thin gate oxides, lithographies near 0.1 micron and advanced material interconnect 
structures. The requirements of future generations cannot be met with current industrial 
technologies. The purpose of this ALS-Intel CRADA (Cooperative Research And 
Development Agreement) is to explore, compare and improve the utility of synchrotron­
based techniques for practical analysis of substrates of interest to semiconductor chip 
manufacturing. The first phase of the CRADA project consisted in exploring existing ALS 
capabilities and techniques on some problems of interest We discuss here some of the 
preliminary results obtained on Intel samples. 

EXPERIMENTS AND RESULTS 

We performed a high energy resolution XPS study on thin blanket titanium nitride (TiN) 
films using the scanning ultra-ESCA spectromicroscope on beamline 7.0 [1]. In addition to 
its original use as an antireflection coating, titanium nitride has been recognized as an 
important materials component of metallization structures used in advanced microelectronic 
devices[3]. It improves adhesion and it is an excellent barrier against diffusion. TiN must 
conform to the extreme topographies used in devices in order to guarantee void-free plug 
formation and low junction leakage. It also needs to be very thin in order to reduce 
interconnect stack thickness and minimize contact and via resistance. However, deposition 
parameters influence the TiN electronic and chemical properties. Thus, it is important to 
understand the relationship between these deposition parameters and the electronic and 
chemical properties and ultimately the way TiN behaves as an adhesion layer and a 
diffusion barrier. It is also important to study the feature size dependence of its properties 
because step coverage will only become more challenging as feature sizes decrease and the 
aspect ratios increase. 
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Figure 1 shows XPS Ti 2p core level peaks 
from four different TiN films plus a TiN single 
crystal used as a reference after sputtering the 
first surface layers. The films were deposited 
by reactive sputtering at different N/ Ar ratio 
from 10/90 to 90/10. A low N/Ar ratio may 
give a better conformality associated to a low 
sputtering rate. However, the sputtering 
process may be too slow and inefficient and 
allow a higher impurity level. By contrast, a 
high N/ Ar ratio may result in a high sputtering 
rate with an excessively low conformality and 
undesired stoichiometry. The Ti2p structures 
in Fig.l are the convolution of at least two 
Ti2p components. The main component on the 
lower binding energy side has been identified 
as Ti2p in a TiNx bonding. We observe a shift 
of this component towards higher binding 
energy for increasing x values, whereas a shift 
in the opposite direction was observed in the 
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Figure 1. XPS Ti 2p peaks from TiN film 
with different N/ Ar ratios. The signal from a 
single TiN crystal is taken as a reference. 

corresponding Nls core levels. The observed shifts are consistent with the expected 
increase of ionicity in TiNx as nitrogen atoms are added to the TiNx compound. The higher 
binding energy side component should correspond to some Ti oxidation state (TiOx with 
0<x<2), since we found clear evidence for the presence of oxygen even after sputter 
cleaning the surface. Oxygen was also found in the TiN single crystal spectra after 
sputtering. 

The need of a good set of XPS data on a clean 
reference sample for a correct assignment of 
the XPS peak justified the experiments 
performed on beamline 9.3.2 using the 
Applied Materials Science chamber.[2] The 
main purposes of this experiment were to test a 
new cleaning procedure which reduces the 
oxygen and carbon signals and to see how 
valuable could be a valence band study of TiN 
films when used to probe the sample 
stoichiometry and composition. The TiN single 
crystal surface was first slightly argon etched 
to remove the natural protective titanium 
dioxide coating. Then, it was flashed at 
approximately 700 C for few seconds. Figures 
2 and 3 show the oxygen ls and the titanium 
2p XPS core levels. The oxygen peak signal 
was strongly reduced after the annealing and 
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Figure 2. XPS 0 ls peaks from a TiN 
single crystal. Heating the sample ~t = 70\fC 
has removed most of the oxygen signal. 
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the corresponding Ti 2p core levels show a 
strong change of the peak shape after 
sputtering and flashing. The second 
component at the lower kinetic energy side 
which appears after flashing the sample, may 
be attributed to a satellite feature as reported by 
Porte et al.[4] The authors performed a XPS 
analysis on contaminant-free TiNx samples for 
different stoichiometry (O<x<0.97). For 
x>0.75, they found a second component at the 
higher binding energy side of the Ti2p doublet 
line, which is almost completely absent for 
lower x values. This component was 
interpreted as a satellite structure related to the 
decreasing screening ability of the conduction 
electrons when the composition approaches the 
stoichiometric value. 

Another challenging experiment we performed 
on beamline 7.0, which took the advantage of 
the microscopic capabilities of the ultra-ESCA 
spectromicroscope and of synchrotron 
radiation, was a depth profiling analysis of a 
blanket multiple Al/Ti/TiN/Si02 interface. 
We needed to understand the chemistry of 
the interfaces involved, in particular the 
Al/Ti interface. Since the sample was a 
blanket multiple interface, one could 
simplisticly argue that there was no need for 
a microscopic XPS. However, an important 
point which should always be considered 
when doing depth profiling with a sputter 
gun, is the extreme difficulties in obtaining 
uniform sputtered areas over a millimeter 
scale. When XPS depth profiling is 
performed with a conventional source, the 
collected signal is integrated over all the 
probed areas and does not necessarily 
correspond to the chemistry under 
investigation. 

Our micro-XPS analysis showed evidence of 
the formation of a Ti3Al alloy at the Til Al 
interface when looking at the Ti2p core level 
peak (see Fig.4). Nitrogen was present in both 
Ti and TiN layers, but where there was the 

:::1 
cd -
~ ·en 
c 
Q) .... 
c 
c 
.Q 
CJ) 
CJ) .E 
Q) 

.9 
0 
.c a. 

100 

Ti2p 

after heating 

after sputtering 

TiN single crystal 
hv=600 eV 

120 140 160 

Kinetic energy (eV) 

Figure 3. XPS Ti 2p peaks from a TiN 
single crystal. 
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Figure 4. XPS Ti 2p peaks from a 
AVfi!fiN/Si02 multiple stack at the Al/Ti 
interface taken in two different x,y positions. 
The top spectrum corresponds to a region 
where the sputtering efficiency was higher. 
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evidence of Ti3Al alloy formation, no nitrogen was present. Although the corresponding AI 
2p core level binding energies were not consistent with the expected values for the Ti3Al 
alloy[5], this was expected since the escape depth for Al2p and Ti2p at the given photon 
energy (800 eV) is quite different and we were probably comparing different sample layers. 
The different behavior for the Ti2p and the A12p core levels at 800eV, in fact, suggests that 
the chemistry changes rapidly at the interface and it is very complex. 

Another topic of great interest for the semiconductor industry is the search for new low 
dielectric constants materials (low "k" dielectrics). The chip speed is limited by both the 
resistance of the metal line and the surrounding insulator. Reducing the metal resistance or 
the insulating capacitance both push towards the same direction: reaching a higher chip 
speed. Reducing capacitance also helps minimize crosstalk between adjacent metal lines, an 
increasingly severe problem.[6] 

The push to get to lower dielectric constants has led the industry to investigate two basic 
approaches. The most easily implemented one, which has the attraction of using existing 
tools, is to introduce fluorine into more or less standard plasma oxide deposition processes, 
resulting in fluorinated silicon oxides (SiOF). Although there is an important tradeoff 
between the amount of fluorine added and the stability of the film, dielectric constants of 
3.5 and also 3.2 seem to be achievable with acceptable film stability. The other approach is 
to use carbon based polymers with designer chemistries tailored to achieve the combination 
of low dielectric constant and high thermal stability. This approach may ultimately allow a 
more dramatic reduction of the dielectric constant to perhaps 2 or less. For all of these 
materials it is important to study their potential for performance improvement against 
thermal, electrical, chemical and mechanical stability issues which pose reliability risks and 
interfere with their incorporation into the interconnect system. In all cases, the integration 
of such materials will be a major development in materials science compared with the well 
understood integration of plasma and 
CVD (Chemical Vapor Deposition) 
Si02• In the case of the fluorinated 
silicon oxides, for example, the 
higher the fluorine content, the lower 
the dielectric constant. However, the 
higher the fluorine content, the higher 
their tendency to absorb water and 
release fluorine with a consequent 
monotonic increase of the dielectric 
constant and the potential to produce 
delamination, corrotion, and 
electromigration failures of the metal 
lines and vias. 
We recently performed a comparative depth 
profiling XPS study on two SiOF films 
produced by two different vendors and 
procedures (sample A and B). One SiOF 
film was capped after deposition in order to 
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Figure 5. Fluorine over oxygen ratio vs. 
sputtering time for two SiOF fllms produced 
by two different vendors and procedures. 
Sample b was also in situ annealed. 
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prevent water absorption. Figure 5 shows the fluorine over oxygen ratio as a function of 
the sputtering time for the two unannealed samples A and B and for sample B after 
annealing under UHV. Sample A shows the highest F/0 ratio and also the strongest 
variation as a function of the depth profile. The first point value, corresponding to the as 
received sample, is not surprising since sample A was nominally capped. However, the 
FlO ratio increases rapidly reaching a maximum after 50' sputtering and then it drops and 
remains quite constant. Different is the behavior of sample B for which the F/0 value is 
quite uniform throughout the film both before and after annealing. Although the sputtering 
process may have changed the original composition of the ftlm by disrupting some surface 
chemical bonds, the inhomogeneities observed in the film A should be intrinsic to the film, 
since the same process does not produce the same effect on the film B. 
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INTRODUCTION 

Uranium materials display a wide range of thermal, electrical and magnetic properties, often exotic 
[1]. For more than a decade there have been efforts to use photoernission spectroscopy to 
develop a systematic and unified understanding of the 5f electron states giving rise to this 
behavior. These efforts have been hampered by a paucity of systems where changes in transport 
properties are accompanied by substantial spectral changes, so as to allow an attempt to correlate 
the two kinds of properties within some model. We have made resonant photoernission 
measurements to extract the 5f spectral weight in three systems which show varying degrees of 
promise of permitting such an attempt, Y1-xUxPd3, U(PdxPtt-xh and U(PdxCUt-x)s. We have 
also measured U 4/ core level spectra. The 4f spectra can be modeled with some success by the 
impurity Anderson model (lAM), and the 5f spectra are currently being analyzed in that 
framework. The lAM characterizes the Sf-electrons of a single site by anjbinding energy £f, an 
fCoulomb interaction and a hybridization V to conduction electrons. Latent in the model are the 
phenomena of 5f mixed valence and the Kondo effect. 

EXPERIMENT 

Resonant photoemission measurements were performed near the U 5d edge on cleaved 
polycrystalline uranium-alloy samples at the Advanced Light Source Beamline 7 .0.1 .2. A large 
order-of-magnitude cross-section enhancement of U 5f at the U 5d edge allows the U 5f spectral 
weight to be isolated from alloy contributions by subtraction of on- and off-resonance valence 
spectra. Spectromicroscopy was used to verify the quality and homogeneity of the cleaved 
samples. First, the sample was aligned and characterized with a standard laboratory x-ray source 
using a raster-imaging capability of the spectrometer with a 400 Jlm analysis area. Then the 
surface was probed further with a 100 Jlm focused synchrotron beams pot using a 60 me V total 
instrumental resolution. 

The high flux delivered by the undulator beamline allows rapid characterization of the alloy 
surface with high resolution before appreciable impurities diffuse from the bulk to the surface. 
Sample homogeneity within the small probe spot is equally important to resolution and surface 
cleanliness in enhancing the sharpness of the spectra obtained. In addition the high flux allowed 
measurement of weak uranium intensities down to 1% dilution with good statistics in the 
Y 1-xUxPd3 system. With the higher resolution and strong signal intensities, new spectral features 
have been obtained in comparison to previous synchrotron measurements on these alloy systems 
with instrumental resolutions in the range 0.14 to 0.2 e V and greater. 
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RESULTS 

In Y1_xUxPd3 it is known from previous work [2,3] that well-defined U4+ ions are replaced by 
y3+ ions. The number of conduction electrons then decreases and the chemical potential is 
lowered, so that the main weight of the !-spectrum (and core levels) moves toward the Fermi 
energy Ep. Consistent with the Anderson model, this decrease of Ef leads for x<0.3 to Kondo 
effects which were found to show non-Fermi liquid departures from usual behaviors [4]. 
Movement of the central weight of the U Sf spectra shown in Figure 1 is consistent with previous 
lower resolution measurements. In addition, finer structures in the U Sf spectral shape are 
revealed, most importantly, a previously unobserved Ep peak which increases in relative spectral 
weight as x decreases. Such Ep weight growth correlated with Kondo behavior is expected in the 
lAM and has not been observed before in photoemission on uranium materials. 
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Figure 1. U Sf spectral weight for the Y1-xUxPd3 
system obtained from the difference spectra ofhv=108 
and 102 eV. Spectra were not measured for 0.5<x<0.9, 
which is a mixed phase region. 
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Figure 2. U Sf spectral weight for the U(PdxPtl-xb 
system obtained from the difference spectra ofhv=108 
and 102 eV. Mixed crystalline phases exist for x=0.5 
and 0.63. 
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The two endpoint materials of the U(Pd,Pth system are very different, including their crystal 
structures. UPt3 is a heavy Fermion superconductor with Sf spectral weight known to peak at Ep 
[6], whereas UPd3 is one of few uranium intermetallic compounds that shows a gap around Ep 
with smallf-electron density at Ep. A desired goal of studying this alloy system is to correlate 
core- andf-level spectroscopy to a continuous tuning of the conduction electron density contrib­
uted by Pd and Pt. Whereas qualitatively the shifting of the U Sf spectral weight in Figure 2 
looks very similar to that of (Y,U)Pd3 in Fig. 1, a more careful examination reveals a 
discontinuous jump between x=0.4 and x=0.5. This spectral discontinuity correlates with x-ray 
diffraction data on these samples that indicate a change from the UPt3 structure for x<0.4 to a 
significant mixture of crystalline phases for x=O.S and 0.63, and the UPd3 structure for x>0.77. 
This lack of a smooth transition between the different UPd3 and UPt3 crystal structures 
complicates interpretation of the observed spectral variations. The UPt3 Sf resonant 
photoemission pectrum, measured previously [S] at lower resolution, is resolved for the first time 
into two distinct peaks. The peak at Ep was observed previously [6] only at lower photon 
energies where the strength of the Pt emission obscures the deeper binding energy peak so that the 
complete U 5flineshape cannot be discerned. The relative weight of this sharp feature near Ep is 
seen to decrease upon Pd substitution, while still in the UPt3 phase. 
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Figure 3. U Sf spectral weight for the U(PdxCul-x)s 
system obtained from the difference spectra of hv= 108 
and 102 eV. A mixed crystalline phase exists for 
x=0.6. 

The same general behavior is seen also for 
U(PdxCul-x)s in Figure 3. Upon Pd substitu­
tion, the sharp U Sf peak nearest Ep decreases 
in relative weight to a higher binding energy 
peak that remains nearly constant in energy 
while in the UCus crystalline phase. Again, a 
mixed alloy phase occurs for x=0.6 (not 
measured), and the spectrum for UPc4Cu 
(x=0.8) begins to resemble that of UPd3. 

CONCLUSIONS 

Systematic variations in the U Sf spectral 
weight in three different U alloy systems have 
been measured with resonant photoemission. 
The growth of a narrow Sf peak at the Fermi 
level in (Y,U)Pd3, not previously observed, 
correlated with movement of the main Sf 
spectral weight towards Ep and the onset of 
Kondo transport behavior is generic to the 
impurity Anderson model and gives promise to 
its application to the understanding of actinide 
electronic structure. High resolution photo­
emission reveals new Sf spectral features in the 
U(Pd,Pth and U(Pd,Cu)s systems, but the 
presence of a discontinuity with stoichiometry 
does not allow a simple qualitative interpreta­
tion of the spectral variations. 

Beamline 7 .0.1 Abstracts • 114 



ACKNOWLEDGEMENTS 

The authors wish to gratefully acknowledge the support of D. K. Shuh and N. M. Edelstein of 
the Actinide Chemistry Group, Lawrence Berkeley National Laboratory, in establishing the 
protocols for radioactive sample handling at the ALS and Beamline 7.0. Also we wish to thank 
radiation safety monitors K. Heinzelrnann and J. Hayes for their support. 

REFERENCES 

1. G. R. Stewart, Rev. Mod. Phys. 56, 755 (1984). 
2. J.-S. Kang, J. W. Allen, M. B. Maple, et al. Phys. Rev. B 39, 13529 (1989). 
3. L. Z. Liu, J. W. Allen, C. L. Seaman, M. B. Maple, Y. Dalichaouch, J.-S. Kang, M. 

S.Torikachvili and M. L. Lopez de la Torre, Phys. Rev. Lett. 68, 1034 (1992). 
4. C. L. Seaman, M. B. Maple, B. W. Lee, S. Ghamaty, M. S. Torikachvili, J.-S. Kang, L. Z. 

Liu, J. W. Allen and D. L. Cox, Phys. Rev. Lett. 67, 2882 (1991). 
5. A. J. Arko, D. D. Koelling, B. D. Dunlap, A. W. Mitchell, C. Capasso and M. del Giudice, 

J. Appl. Phys. 63, 3680 (1988). 
6. A. J. Arko, C. G. Olsen, D. M. Wieliczaka, Z. Fisk and J. L. Smith, Phys. Rev. Lett. 53, 

2050 (1984). 

This work was supported at the University of Michigan by the Director, Office of Basic Energy Sciences, Materials 
Science Division, of the U. S. Department of Energy under Contract No. DE-FG02-90ER45416 and by the 
National Science Foundation Grant No. DMR-94-23741; and at UCSD by National Science Foundation Grant No. 
DMR-91-07698. 

Principal Investigator: James W. Allen, Department of Physics, University of Michigan. Email: 
jwallen @urnich.edu. Telephone: 313-763-1150. 

Beam line 7 .0.1 Abstracts • 115 



Fermi Surface Mapping: Techniques and Visualization 

Eli Rotenberg,*§ J.D. Denlinger,** S.D. Kevan,* K. W. Goodman,t J. G. Tobin,t 
G. J. Mankeyt 

*Department of Physics, University of Oregon, §Advanced Light Source, Lawrence Berkeley National Laboratory, 
MS 2-400, Berkeley CA 94720, **University of Wisconsin-Milwaukee, tLawrence Livermore National Labora­

tory, toepartment of Physics, Louisiana State University 

INTRODUCTION 

Angle-resolved photoemission (ARP) of valence bands is a mature technique that has 
achieved spectacular success in band-mapping metals, semiconductors, and insulators. I The 
purpose of the present study was the development of experimental and analytical techniques in 
ARP which take advantage of third generation light sources. Here we studied the relatively 
simple Cu surface2 in preparation for other metals. Copper and related metals themselves are of 
current interest, especially due to its role as an interlayer in spin valves and other magnetic 
heterostructures.3major goal of this study was the development of a systematic technique to 
quickly (i.e. in a few hours of synchrotron beamtime) measure the FS and separate it into bulk 
and surface FSs. Often, one needs to avoid bulk features altogether, which one can achieve by 
carefully mapping their locations in k-space. We will also show how we systematically map 
Fermi surfaces throughout large volumes of k-space, and, by processing the resulting volume 
data sets, provide intuitive pictures of FSs, both bulk and surface. 

Recently, imaging of the FS has been achieved by either scanning the photoelectron 
emission angle (either by rotating an angle-resolved detector4 or the sampleS) or using display­
type analyzers.6,7 Usually these experiments are done at only one or several discrete photon 
energies and for restricted ranges of emission angle and therefore only map the FS vs. kll. 
While some experiments have been done with continuously scanned photon energies, 8 which 
probes the FS along k.1., these have been performed at only a few discrete emission angles. In 
this paper, we present results for simultaneous photon-energy- and angle-dependent scans 
which probe ~uniformly in both ku and kJ... For sufficiently high photon energies (>60 e V or 
so), one can assume free-electron final states, which greatly simplifies data interpretation. 
However, this requires high angle- and photon energy-resolution. In addition, to acquire data in 
a reasonable amount of time requires the high brightness of an undulator bearnline. Taken 
together, these requirements can only be met by a third-generation synchrotron such as the 
Advanced Light Source. 

EXPERIMENT AND DISCUSSION 

A single-crystal Cu(OO 1) sample was cleaned with standard techniqes. Experiments 
were performed at the SpectroMicroscopy Facility (Bearnline 7 .0.1.2) of the Advanced Light 
Source.9,IO The instrument consists of a commercial, hemispherical electron analyzer and a 
five-axis sample goniometer mounted inside an ultra-high vacuum chamber. The angle be­
tween the photons and the electron analyzer was held fixed at 60° and the sample was rotated in 
azimuthal (</J) and polar (8) angles. The total angular acceptance, as measured by the FWHM of 

the Cu(001) surface state at X, was better than 1.3°. For FS mapping, the analyzer had a 0.4 
eV wide window centered at the Fermi edge. Reducing the energy window's width had little 
effect on the sharpness of the features observed. The data were taken within a 45° sector, 
which was then symmetrized using the known 4-fold rotational and mirror-plane symmetries of 
the Cu(001) surface. Note that this procedure only approximates the full 2rc emission, because 
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(b) 

Figure 1. Angle-resolved photoemission measurements of the Cu Fermi Surface at h V=83 e V. The normal 
emission direction [001] is upwards. (a) Schematic illustrating the constant k-surface (large hemisphere) intersect­
ing various Fermi Surfaces in the extended zone scheme. (b) Experimental intensity profile for -21t solid angle, 
mapped onto the constant-k hemisphere as described in the text. Light shading means high photoemission yield. 

the fixed photon polarization vector breaks the mirror plane symmetry, leaving only 4-fold 
rotational symmetry. This generally has -10-20% affect on intensities. 

Fig. 1 (a) shows a schematic of FS mapping for Cu(OO 1) at fixed photon energy. For 
sufficiently high photon energies, the final states are free-electron-like, and the initial state 
momentum kin is related to the measured kinetic energy KE and momentum kout by 

k{in [A-!]= 0.5124 KE{in [eV] 
out out 

(la;b) 

(1c) 

The parameter V0 is the experimentally-determined inner potential. Therefore an angular 
pattern obtained at constant kinetic energy appears in k-space as a hemisphere of constant 
radius kin (shown in Fig. 1(a) for photon energy hv::::::83 eV) cutting through the known bulk FS 
of Cu. This surface, shown in the extended Brillouin zone (BZ) scheme, consists of a bee­
lattice of approximately spherical-shaped structures. In this figure, normal emission is in the 
up-direction. The intersections of the constant-kin hemisphere with the FS is detected experi­
mentally using the configuration discussed above. The result of the experiment is shown in 

. Fig. 1 (b), which was mapped using V0 =8.8 e V. In this figure the bright lines correspond to high 
intensity at the Fermi level. The largest polar angle measured was e=soo, but due to the V0 

term in Eqn. 1(b), the largest polar angle within the crystal was closer to 70°. The various 
round features may be understood from Fig. 1(a) as due to various degrees of intersection 
between the constant-kin hemisphere and the -spherical FSs. The FS in the BZ marked by a 
square (•), for example, is cut nearly in half and results in a large, round cross section in Fig. 
1(b), while those labelled with a diamond (+)are only slightly intersected, resulting in smaller 
cross sections. The surface marked with a triangle (.A) is not intersected at all, while the surface 
marked with a circle ( •) is intersected tangentially across the top, resulting in high intensity at 
the top of Fig. 1 (b) . The sharp cusp-like features near normal emission at the top of Fig. 1 (b) 
appear to be images of the necks of some of the FSs, although some of the intensity may be due 

to the X surface state discussed later. 
By varying the photon energy, one can access values of kin within the two nested 
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Figure 2. Volume data set of Fermi Surface. (a) Schematic showing the volume of k-space which can be accessed 
in a typical experiment. (b) Volume data set obtained for Cu(001), with some interesting slices highlighted. (c) 
Various slices of constant k.L for extracted from the data set. 

hemispheres illustrated in Fig. 2(a). This entire volume was mapped out for Cu(001) (within a 
45° sector) for kout=4.0 to 7.7 A-1 in 0.1 A-1 steps. This corresponds to a photon energy range 
of -60 to 225 e V. Having acquired this data, transformed it according to Eqn. 1 into kin. and 
symmetrized it in the fashion of Fig~ 1(b), the data were interpolated into a uniform, 0.1 A-1 
spaced grid of kx, ky, and kz within the crystal. This volume data set may then be sampled with 
arbitrary cuts, as illustrated in Fig. 2(b). A computer animation was also produced, in which 
each movie frame corresponds to a slice of constant kz. Plotted in these fashions, one achieves 
very intuitive images of the FSs, which, especially for large polar angles, can be difficult to 
perceive from single-photon-energy images like Fig. 1. For example, the alternate stacking 
sequence (each "layer" of BZs stacked 45° with respect to each other) is clearly evident in 
Figs. 2(b,c). 

Finally, we consider the maps one obtains for constant</>, but variable e and hv.s Repre­
sentative examples are shown in Fig. 3. In these figures, up is the direction of normal emission, 
and </> is selected to include high-symmetry directions. The utility of acquiring these plots for a 
new system one is studying cannot be overestimated. They both show the FSs as well as 
highlight some of the limitations of the simple interpretation we have been using. Fig. 3(a) 
shows FS data for parts of 5 different BZs. The arrow indicates an instance of "Zone-Selec­
tion" rules, whereby the transition intensity near the arrow is much weaker than at the similar 
point across the BZ at -5.2 A-1. This is attributed to a final state effect. The white dashed line, 

which points along the [l 0 1] symmetry direction, indicates a direction in k-space where the 
transition intensity is weak. Since these regions extend over more than one zone, it appears to 
be a more strict symmetry-selection rule, probably to be understood with matrix-element 
calculations which will be reported elsewhere. This calculation should also apply to the other 
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(a) Cu (001) (c) Cu (001) 

:Z 4- :.2 ..,. 
k-poroll!4 (1{tll) h-p.7a!~ {11 !l) 

Figure 3. Polar-scan slices of Fermi Surface data for Cu(001) for kll pointing towards (a) [100] and (b) [110]. 
The features associated with arrows and lines are described in the text. 

intensity variations apparent in the figure. Similar effects at other directions in k-space are 
seen in the volume data set of Fig. 2, which covers a larger volume of k-space. In Fig. 2( c), at 
k1_ =3.2 A-1 for example, the dark and light intensity from Fig. 3(a) appear as dark and light 
circular bands. Other anomalies in these figures will be discussed later. II 

Fig. 3(b) shows another slice ink-space along ku=[llO]. The most prominent features 

are a series of vertical lines, which pass through the bulk L-points, or surface X points. These 
lines clearly resemble crystal truncation rods in x-ray diffraction and correspond to surface 
states. The immediate identification of these surface states in energy-dependent scans is one of 
the principle reasons to perform the experiments in Fig. 3, 

To summarize, we have developed a data acquisition system, together with online 
visualization and processing, for Fermi surface and band mapping of crystalline materials. 
While we presented details here for Cu, we have also undertaken studies of unrelated systems, 
some of which are presented elsewhere in this activity report. While the energy and angular 
resolution in this study were relatively modest, we have also pushed these to more demanding 
levels. 
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INTRODUCTION 

The development of photoelectron holography has promoted the need for larger photoelectron 
diffraction data sets in order to improve the quality of real-space reconstructed images (by 
suppressing transformational artifacts and distortions) [1-3]. The two main experimental and 
theoretical approaches to holography, the transform of angular distribution patterns for a coarse 
selection of energies or the transform of energy-scanned profiles for several directions, represent 
two limits to k-space sampling. The high brightness of third-generation soft x-ray synchrotron 
sources provides the opportunity to rapidly measure large high-density x-ray photoelectron 
diffraction (XPD) data sets with approximately uniform k-space sampling. In this abstract, we 
present such a photoelectron data set acquired for Cu 3p emission from Cu(001) [4]. 

Cu(OO 1) is one of the most well-studied systems for understanding photoelectron diffraction 
structure [5] and for testing photoelectron holography methods [6-8]. Cu(001) was chosen for 
this study in part due to the relatively inert and unreconstructed clean surface, and it served to 
calibrate and fine-tune the operation of a new synchrotron bearnline, electron spectrometer and 
sample goniometer [9]. In addition to Cu, similar 'volume' XPD data sets have been acquired for 
bulk and surface core-level emission from W(110), from reconstructed Si(100) and Si(111) 
surfaces [10], and from the adsorbate system of c(2x2) Mn/Ni(100) [11]. 

EXPERIMENT 

Measurements were performed at the SpectroMicroscopy Facility (Bearnline 7.0). The photo­
electron diffraction system consists of a high precision two-axis goniometer for sample rotations 
and a PHI Omni 4 hemispherical electron spectrometer with multi-channel detection and variable­
aperture input lens set for an angular acceptance less than ±1 °. For rapid scanned-angle XPD 
measurements of bulk Cu 3p, a 0.4 e V wide energy-window was used to take 'snapshots' of the 
peak and higher kinetic energy background intensities at each sample direction. With dwell times 
less than 1 second per angle, a 482 point angular intensity pattern could be obtained in less than 
15 minutes including -50% motor motion overhead. Angular distribution patterns were acquired 
within a 45° azimuthal sector and then mirror- and four-fold symmetrized for Cu(001) to display 
the full angle hologram. Uniform increments in polar angle to 80° from normal emission and · 
constant solid angle azimuth steps (inversely proportional to polar angle) were used to uniformly 
sample directions. Automated experimenter control of the undulator gap allows scanned-photon 
energy experiments to be routinely performed; however, the greater time overhead for undulator 
and monchromator exit slit motions make this data acquisition mode less efficient. For this reason 
the large Cu 3p XPD data set was acquired by sequential measurement of constant-energy 
angular distribution patterns. 
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RESULTS 

The full Cu 3p XPD data set is represented as a cylindrical volume in Fig. 1. The cylinder is cre­
ated by stacking 58 angular patterns acquired for an electron momentum range of 3.1 to 8.8 A-1 
with 0.1 A -1 steps (37-295 e V kinetic energy range). The full volume represents greater than 
185,000 intensities, resulting from the symmetrization of -28,000 measurements acquired in less 
than three 8-hour synchrotron shifts. The angles and energies in Figures 1-3 correspond to 
coordinates outside the crystal and have not been corrected for refraction at the surface due to the 
crystal inner potential. Cutaways in the cylindrical volume in Fig. 1 show the interior diffraction 
structure. To highlight the richly detailed intensity variations, contrast has been enhanced by (a) 
correcting each pattern for inelastic attenuation near grazing emission, (b) normalizing each pattern 
to a constant integrated intensity, and (c) saturating the intense low kinetic energy peak at normal 
emission. 

A second way of visualizing the data set is by playing a movie sequence of each diffraction 
pattern. Figure 2 shows a much coarser sampling of ten angular diffraction patterns extracted 
from the data volume. Energies with -0.7 A-1 separation have been chosen to maximally 
illustrate the wide variety of angular patterns. A third way of visualizing the data set is by 
extracting energy dependent slices at fixed azimuths. Figure 3 shows energy-polar angle slices in 
two high symmetry azimuths separated by 45°. The slices are additionally mapped into a kx-kz 
coordinates in order to illustrate the polar emission angle. 

Large intensity oscillations along the 45° polar emission angle in the { 100} planes are observed 
for energies greater than 100 e V. These energy oscillations are recognized as arising from 

Figure 1. Cylindrical representation of the full Cu(OO 1) Cu 3p volume XPD data set with cutaways to show 
interior diffraction structure. The vertical dimension is linear in electron momentum from k=3.1 to 8.8 A-1. The 
radial dimension is linear in polar emission angle from oo to 80°. 
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Figure 3. (above) Energy-dependent slices in the [110] 
(top) and [100] (bottom) emission planes mapped into 
k-space. 

Figure 2. (left) Sampling of ten angular distribution 
patterns with kinetic energies: 39, 52, 67, 84, 111, 
142, 176, 214, 250 and 295 eV. 

back-scattering from nearest-neighbor atoms [12] along the [101] crystal axis. The path length 
difference for back-scattered photoelectrons (twice the near-neighbor bond distance) determines 
the dominant k-space period of the oscillations. The (100) energy slice in Fig. 3 also illustrates 
the angular width ( -20°) of this cone of back-scattered intensity. For kinetic energies above 200 
e V, the angular patterns in Fig. 2 begin to show the consistent appearance of arcs resulting from 
emission from atoms in deeper layers below the surface and Kikuchi-like scattering from atoms 
lying in low-index crystal planes [5]. 
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Below 100 eV, rapidly varying diffraction structure is observed both in the dramatic changes in 
the angular patterns and in the outwardly sweeping intensity for decreasing energy in the energy 
slices. Additionally, an intense normal emission peak at 50 eV kinetic energy is observed. Con­
tributing factors to this low energy diffraction behavior include: (i) the enhanced importance of 
multiple-scattering, (ii) rapid changes in the electron scattering factor, (iii) increased surface sensi­
tivity, and (iv) the increasing effect of surface refraction. The detailed origins of these low energy 
features are being explored with single- and multiple-scattering calculations. 

CONCLUSIONS 

The continuous energy and angular variation of photoelectron diffraction intensities has for the 
flrst time been experimentally measured and visualized. The k-space range for the example 
presented, Cu 3p emission from Cu(001), illustrates the progression from low energies 
dominated by multiple-scattering to medium energies exhibiting strong back-scattering features. 
The detailed explanation of the rich diffraction structure will provide a test for scattering 
simulations. In addition, the data will be used as an experimental test bed for real-space 
reconstruction algorithms, where optimal k-space sampling, energy range selection, algorithm­
specific artifacts and other issues are of concern [8]. 
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Although Gabor originally proposed using electrons in holography to form atomic-resolution 
images [ 1 ], it is only very recently that photoelectron di.ffraction data have been discussed as a 
practical method for achieving this [2,3]. Such data enable recording both the amplitudes and 
phases of the scattered waves (relative to a direct reference wave), thus in principle permitting the 
holographic reconstruction of atomic positions [2,3]. Photoelectron holography thus holds much 
promise of at least providing approximate starting structures that can be refined by more 
conventional comparisons of multiple-scattering calculations with experiment via R-factors. 
Criteria for optimizing the taking of such data and their holographic inversion have recently been 
published [4]. In the present study, such holographic photoelectron diffraction patterns have been 
measured for surface and bulk core-level-shifted W 4/,12 photoemission from W(110) on ALS 
beamline 7.0, yielding a data set of unprecedented size and quality. These data have been 
compared to multiple scattering theory [5], and used as a test case, since the W(110) surface is 
knoWn not to exhibit significant relaxation in its interlayer spacings relative to the bulk [6]. We 
have analyzed these experimental and theoretical results holographically in order to demonstrate 
the capabilities and limitations of photoelectron holography as a structural probe. 

The experimental geometry at ALS beamline 7.0 is shown in Fig. 1(a). TheW 4j.,12 photoelectron 
peak can be resolved into surface and bulk core-level-shifted components, as shown in Fig. 1(b). 
For each energy E (or wavenumber k) and direction studied, theW 4/,12 peak was divided into 
surface and bulk emission intensities by integrating the areas under the higher-energy and lower­
energy flanks of the two W 4/,12 peaks, respectively, as shown by the shaded areas in Fig. 1(b). 
The brightness of the ALS undulator radiation permitted taking one of these spectra in ,..., 10 sec, 
and doing the simpler area integration over bulk, surface, and high-energy background in ,..., 1 sec. 

Figures 2 and 3 respectively show the raw surface and bulk J(k) data sets in k-space, for kinetic 
energies in vacuum of E = 39eV to 309eV (wavenumbers k = 3.2A-1 to 9.oA-1

), for a polar 
takeoff angle range of 10° ~ e ~ 90°(= surface normal). A total of ,...,20,000 unique intensities in 
the symmetry-reduced 1/4th of the solid angle above the sample was measured. 

Figures 4(a) and 5(a) show holographic images reconstructed from the normalized surface and 
bulk x.(k) data sets ofFigs. 2 and 3 in the vertical (112) plane, using the original multi-energy 
algorithm proposed by Barton [3a], and Tong and co-workers [3b]. The emitter position is 
indicated by a dashed square, and the ideal positions of the neighboring atoms are indicated by 
circles. 
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1. Experimental details 

(a) (b) 

hv=9oeV 
k = [111) 

-32.0 -31 .6 -31 .2 
binding energy (eV) 

Figure 1. (a) Experimental geometry, including the orientation of the sample (where n is the surface normal) 
with respect to the horizontal polarization vector ( e ) of the incident excitation radiation hv, and the exit 
photoelectron direction. (b) Typical W 4 ! 112 x-ray photoelectron spectrum from W(l10), indicating the surface 
and bulk core-level-shifted contributions used to generate the J(k) intensity data points of Figs. 2-3. 

2. Surface 3. Bulk 

· .. -7.4 A-1 

--3.8 A-1 

Figures 2-3. Volume representations of the normalized intensity data sets J(k) for W 4/712 emission: 2 = 

surface and 3 = bulk. The vertical scale is wavenumber varying from 3. sA -I to 7. 4 A -I (corresponding to 56 e V 
to 211 e V in energy) and each plane is a stereo graphic projection of a nearly full-hemisphere data set taken over 
0°!5:9!5:80° and ~ varying over 360°. The energies and polar angles have here all been adjusted to be inside the · 
surface, using an inner potential of V0 = 14e V. 
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Figures 4(b) and 5(b) show the equivalent images reconstructed from a fully-converged multiple 
scattering calculation [5]. There is in general good agreement between experiment and theory. 
Both surface images very well resolve the backscattering atom below the emitter, and reasonably 
well resolve the forward scattering atoms above the emitter. The two bulk images exhibit 
artifactual peaks near the emitter, but agree in the general elongated and slightly doubled shape of 
the forward scattering images, which are weaker in experiment as compared to theory. 

l 
:< ......... 
0 0 ..... .... 0 
=. .... -

0 6 0 6 
(i11] (A))---•., (i11] (A)I---•., 

Figure 4. W(llO) atomic images in the vertical (112) plane, as reconstructed from (a) the experimental W 4_h12 

surface-emission data set of Fig. 2; and (b) corresponding multiple scattering calculations. The surface emitter 

site at the origin is indicated by a dashed square, and the positions of the scatterers (assuming no surface 

relaxation) are indicated by circles. The nearest and next-nearest scattering positions have been labeled in panel 

(a). Axes are marked off in lA units. Image intensities for z ~ -3.5A have been rescaled, with the scale factors 
indicated on the figures. 
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Figure 5. As Fig. 4, but for the bulk emission data set of Fig. 3, (I 10) plane, and its corresponding multiple 

scattering simulation. Image intensities for z ~ -1. sA have been rescaled, with the scale factors indicated on 

the figures. 

Although encouraging in several respects, particularly for the case of the surface emitters, both 
the experimental and theoretical images ofFigs. 4-5 suffer from image aberrations and artifacts 
arising from anisotropies in the photoelectron reference wave and the resultant scattered waves, 
and possible residual multiple scattering effects. Several modified reconstruction algorithms have 
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been proposed to account for the anisotropies mentioned, and these are found to exhibit varying 
degrees of success in improving such holographic images [ 4a, 4b ], including those for the present 
data [7]. Although further research into improved imaging algorithms and more tests against 
experimental data for other reference cases would certainly be worthwhile, the present data and 
analysis indicate that photoelectron holography can provide good-to-excellent ab initio estimates 
of the positions of the atoms beside and below surface emitters, and fair-to-good estimates of the 
positions of the atoms above bulk emitters. Such estimates could then be refined, using R-factor 
comparisons of experiment with model diffraction calculations for various structures. 
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INTRODUCTON 

In recent years silicon nanostructures have gained great interest because of their optical 
luminescence [1], which immediately suggests several applications, e.g., in optoelectronic 
devices. Nanostructures are also investigated because of the fundamental physics involved in the 
underlying luminesecence mechanism, especially attention has been drawn to the influence of the 
reduced dimensions on the electronic structure. 

The forming of stable and well-defined nanonstructured materials is one goal of cluster physics. 
For silicon nanostructures this goal has so far not been reached, but various indirect methods 
have been established, all having the problem of producing less well defined and/or unstable 
nanostructures. Ion implantation [2, 3] and subsequent annealing is a promising new technique to 
overcome some of these difficulties. In this experiment we investigate the electronic structure of 
ion-implanted silicon nanoparticles buried in a stabilizing Si02 substrate. 

Soft X-ray emission (SXE) spectroscopy features the appropriate information depth to 
investigate such buried structures. SXE spectra to a good approximation map the local partial 
density of occupied states (LPDOS) in broad band materials like Si. This has already been used 
to study the size dependence of the electronic structure in porous silicon [ 4, 5]. The use of 
monochromatized synchrotron radiation (MSR) allows for selective excitation of silicon atoms in 
different chemical environments. Thus, the emission from Si atom sites in the buried structure 
can be separated from contributions from the Si02 substrate. In this preliminary study strong size 
dependent effects are found, and the electronic structure of the ion-implanted nanoparticles is 
shown to be qualitatively different from porous silicon. The results can be interpreted in terms of 
quantum confinement and chemical shifts due to neighboring oxygen atoms at the interface to 
Si02. 

EXPERIMENT 

Nanostructures (diameter= 30-SOA) were produced by implanting Si+-ions at an acceleration 
voltage of 35 kV into a quartz glass (Si02) matrix. A dose of 5x1016 Si cm-2 and subsequent 
annealing for 1 h. at 700°C produced small nanostructures (SampleS), and a dose of 7x1Ql6 
Si cm-2, followed by annealing for 1 h. at 900°C produced larger clusters (Sample L). 
Experiments were carried out using MSR (FWHM= 50 meV around the Si Ledge, E= 100 eV) 
from beamline 7.0 [6] and a grazing incidence Rowland spectrometer [7] (FWHM= 250 meV). 

Beam line 7 .0.1 Abstracts • 128 



I • 

I 

RESULTS 

The total fluorescence yield Si L absorption spectra of sample S and L and a crystalline silicon 
(c-Si) reference sample are shown in Fig. I. They derive their intensity from transitions where a 
2p electron is promoted to the first empty states, and are related to the density of unoccupied 
states of Si (s+d) symmetry. The most intense features in the absorption spectra of the implanted 
samples coincide with the absorption spectrum of Si02,(see inset) and can be attributed to the 
substrate. 
Such an interpretation is ruled out for the spectral features found below the Si02 absorption 
threshold (""' 104 e V) which we therefore assign to the nanostructures. 

These structures show an on-set close to the absorption edge of c-Si. The absorption edges in the 
spectra of the ion-implanted samples are, however, shifted to higher energies, a shift which is 
slightly larger for sample S than for sample L. In both samples the absorption structures are 
broadened and the sharp features are increasingly washed out when the cluster sizes are reduced. 

The broadening of the absorption spectra is principally ascribed to contributions from atomic 
sites in clusters of different sizes. The position of the absorption edges are influenced by the 
chemical surrounding and quantum confinement effects. A superposition of absorption spectra 
would hence lead to the observed broadening. 

The SXE spectra of high-energy excited ion-implanted samples are dominated by the emission 
from the Si02 substrate. By tuning the excitation energy below the Si02 absorption threshold the 
silicon nanoparticles can be selectively excited. The excitation energies chosen for the emission 
spectra are indicated as dashed vertical lines in Fig. I. The lowest excitation energy used for the 
SXE spectra shown in Fig.2, selects the nanostructures exhibiting the lowest absorption 
threshold. 

The intense emission peak at around 100.2 eV in both panels is mainly due to diffuse reflection 
of the primary beam. Its intensity depends on the reflectivity of the sample, which varies with the 

100 110 

99.0 1 00.0 1 01.0 . 1 02.0 
Photon excitation energy (eV) 

Figure 1. The SXA spectra of sampleS (open 
circles); sample L (filled circles) and a silicon 
reference sample (line) measured with total 
fluorescence yield. The dotted vertical lines in­
dicate the energies where emission spectra were 
recorded. 
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Figure 2. The SXE spectra of sampleS (open 
circles) and sample L (filled circles) excited 
at 100.2eV. 
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Figure 3. SXE spectra of sampleS excited at 
three different energies below the Si0.2 absorp­
tion threshold. 
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Figure 4. The shift of the Emission band 
maximum with increasing excitation energy 
is displayed for sampleS (open circles) and 
sample L (filled circles). The dashed hori­
zontalline indicates the location of the VB 
maximum for a crystalline Si reference sample. 

roughness of the surface. The broader structures at lower energies to a good approximation map 
the LPDOS of Si (s+d)-symmetry of the nanostructures selectively excited at the lowest energy. 
The spectrum of sample Lin Fig.2 shows three pronounced structures at 89 eV (A), 92 eV (B), 
and 96 eV (C). The spectrum of sampleS has a similar structure, but the maximum (B) has 
decreased in intensity relative to (A) and intensity is added in the region between (B) and (C). 

In both spectra the high-energy cut-off is shifted towards lower energies relative to crystalline Si, 
and this shift is larger for sample S than for sample L. The quantum confmement model predicts 
an opening of the band gap with decreasing size. Hence, the observation of the edge shifts in the 
absorption and emission spectra are in agreement with this model. 

The samples inherently contain several inequivalent Si atom sites, e. g., where the oxygen 
coordination changes from Si in the bulk of the nanostructures to Si at the Si02 interface. The 
lowest excitation energy selects Si atoms without nearest oxygen neighbors, and as a first Ansatz 
we fit the spectra with spectra from known phases of pure silicon. We find that a superposition of 
the spectra of crystalline (54%) and amorphous silicon (46%) is in good agreement with the 
spectrum of sample L. Hence, this sample may contain a mixture of the two phases. No 
multiphase model is, however, applicable to the spectrum of sample (S). Note that this spectrum 
also substantially disagrees with spectra of porous Si [4, 5], and it therefore must reflect a 
modified local structure of silicon, which has earlier not been investigated. 

Fig.3 shows the excitation energy dependence of the SXE spectrum of sample S. When the 
excitation energy increases the peaks (A) and (B) separate, the peak (C) and notably the emission 
band maximum shifts to higher energies with increasing excitation energy. This shifting effect 
appears in sample L as well, but is not as pronounced as in sample S. The development of this 
shift can be seen in Fig.4, where the location of the emission band maximum determined by 
linear extrapolation to zero is plotted versus excitation energy. The maximum moves almost 
linearly with a slope of 0.5 for sample S and 0.3 for sample L. 
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These shifts cannot be attributed to dynamic effects alone, but must be due to emission from 
different atomic sites in the sample. In the following we develop a simple model in terms of 
LPDOS to account for this observation. 

The quantum confmement model predicts an opening of the bandgap with increasing 
confinement. When the size of a structure is reduced the CB minimum is shifted to higher 
energies and simultaneously the VB maximum must shift to lower energy. Assuming the Si 2p 
core level energy independent of structure size, smaller structures are excited with increasing 
excitation energy. These smaller structures can thus only contribute to the emission spectra at 
energies below the energy maximum of the spectra excited at lower energies. Thus the quantum 
confinement model alone is not sufficient to explain the shift of the VB maximum. 

To understand the observed. excitation energy dependence a chemical shift of the Si core level 
must be taken into account. When a Si atom is replaced with an oxygen atom as a nearest 
neighbor the Si 2p core level is shifted by approximately 1 e V to higher binding energy. If the 
VB edge locally at these Si atoms is less shifted than the core level, they contribute to the 
emission spectra at energies above the emission band maximum of the crystalline bulk Si. The 
shift of the emission band maximum recorded in our spectra can then be assigned to interface 
regions between the silicon nanostructures and the Si02 substrate. A detailed analysis of the 
excitation energy dependence is in progress. 

CONCLUSIONS 

Using chemically selective excitation the LPDOS of ion-implanted buried silicon nanostructures 
in a Si02 matrix have been studied. A band gap opening in agreement with the quantum 
confinement model was observed. The spectra cannot be described in terms known silicon 
phases, (including porous silicon) but map a modified LPDOS which has earlier not been 
studied. The excitation energy dependence is related to oxygen terminated regions in the sample, 
and contains information about the electronic structure of the interface between the silicon 
nanostructures and the Si02 substrate. 
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Lifetime-Vibrational Interference Effects in Resonantly Excited 
X-Ray Emission Spectra of CO 
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Physics Dept., Uppsala University, Box 530, S-751 21 Uppsala, Sweden 

INTRODUCTION 

The parity selection rule for resonant X-ray emission as demonstrated for 02 and Nz [1] (see 
other abstract in this annual report) can be seen as an effect of interference between coher­
ently excited degenerate localized core states. One system where the core state degeneracy is 
not exact but somewhat lifted was previously studied at ALS, namely the resonant X-ray 
emission of amino-substituted benzene (aniline) [2]. It was shown that the X-ray fluorescence 
spectrum resulting from excitation of the C 1 s at the site of the "aminocarbon" could be de­
scribed in a picture separating the excitation and the emission processes, whereas the spec­
trum corresponding to the quasi-degenerate carbons could not. Thus, in this case it was neces­
sary to take interference effects between the quasi-degenerate intermediate core excited states 
into account in order to obtain agreement between calculations and experiment. 

The different vibrational levels of core excited states in molecules have energy splittings 
which are of the same order of magnitude as the natural lifetime broadening of core excita­
tions in the soft X-ray range. Therefore, lifetime-vibrational interference effects are likely to 
appear and influence the band shapes in resonant X-ray emission spectra. Lifetime-vibrational 
interference has been studied in non-resonant X-ray emission [3], and in Auger spectra [4]. In 
this report we discuss results of selectively excited soft X-ray fluorescence spectra of mole­
cules, where we focus on lifetime-interference effects appearing in the band shapes. 

EXPERIMENT 

The experiments were made at the soft X-ray fluorescence end station at beamline 7.0 [5]. A 
compact grazing incidence grating spectrometer [6] was used to record soft X-ray emission 
spectra, excited with monochromatized radiation from the SGM monochromator at this un­
dulator beamline [7]. The spectrometer can detect emission either horizontally or vertically, 
i.e. parallel respectively perpendicular to the polarization vector of the synchrotron radiation. 
In order to allow gas phase samples to be studied a gas cell was used, which was provided 
with a silicon nitride input window of diameter 0.2 mm and thickness 1000 A. A second win­
dow made of polyimide, with about the same thickness, was used as exit window for the fluo­
rescence. 

RESULTS 

Fig.1 shows resonantly excited 0 K emission of CO in the gas phase [8], excited at different 
positions within the 27t* absorption band. The second spectrum from bottom, 534.2 eV, corre­
sponds to the 27t* peak maximum. Plotted in the figure are also the calculated spectra where 
interference has been omitted respectively included (direct respectively total). One observes 
that there are significant deviations between experimental spectra and the ones calculated 

Beamline 7.0.1 Abstracts • 132 



co 
0-K emission 

.,. ... 

• experiment 
-total 
---- direct 

:" 
~ ,; 
'-" __.,;..-

~ ..... 
~ 
.El 

-· 

520 525 530 
Emission energy (eV) 

535 

Fig.2 Lifetime-vibration interference effects in 
the 0 K emission of CO. 

without interference, whereas quite good agree­
ment is obtained when interference is taken into 
account. 

The appearance of interference effects in the 0 K 
emission is not surprising· in view of the ratio of 
lifetime width and vibrational splitting. However, 
also in cases where one might not expect signifi­
cant effects due to a small ratio between lifetime 
width and vibrational splitting one might have to 
consider such effects, since tail effects can be 
substantial. In the corresponding C K emission, 
the situation is different from that of oxygen, see 
Fig.2. Here essentially no interference effects are 
observed when exciting to the v=O vibration of the 
2n* absorption peak. However, when tuning the 
excitation to the higher vibrational levels effects 
start to appear. This can be understood in the fol­
lowing way. The equilibrium bond length of the 
Cls-2n* state is not very different from that of the 

co 
C-K emission 

ground state, and thus the 0-0 transition is domi­
nating. Also, the lifetime width of the C ls state is 
smaller than that ofOls, and therefore the inter-
ference effects are small. Going to higher vibra- ......... 
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tions the very large difference in absorption cross ·a 
= section between the 0-0 transition and the 0-n tran- · 
~ sitions will give rise to significant effects, since ....... 

the tail of the 0-0 peak has significant amplitude at -~ 
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CONCLUSIONS 
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The presented examples show that it is necessary 
to include vibrational-interference effects in order 
to understand the details of resonant soft X -ray 
emission of molecules. Also in cases where one 
might not expect significant effects due to a small 
ratio between lifetime width and vibrational split­
ting one may have to consider such effects, since 
tail effects can be substantial. 

Fig.l Lifetime-vibrational interference effects in 
the C K emission of CO. 
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Low-Energy d-d Excitations in MnO Studied by Resonant X-Ray 
Fluorescence Spectroscopy 

S.M. Butorin; J. Guo; M. Magnuson; P. Kuiper, and J. Nordgren 
Physics Dept., Uppsala University, Box 530, S-751 21 Uppsala, Sweden 

INTRODUCTION 

Resonant soft X-ray emission spectroscopy has been demonstrated to possess interesting 
abilities for studies of electronic structure in various systems, such as symmetry probing, 
alignment and polarization dependence, sensitivity to channel interference, etc. (see other 
abstracts in this Annual Report). In the present abstract we focus on the feasibility of resonant 
soft X-ray emission to probe low energy excitations by means of resonant electronic X-ray 
Raman scattering .. 

Resonant X-ray emission can be regarded as an inelastic scattering process where a system in 
the ground state is transferred to a low excited state via a virtual core excitation. The energy 
closeness to a core excitation of the exciting-radiation enhances the (generally) low probabil­
ity for inelastic scattering at these wavelengths· [ 1]. Therefore soft X -ray emission spectros­
copy (in resonant electronic Raman mode) can be used to study low energy d-d excitations in' 
transition metal systems. The involvement of the intermediate core state allows one to use the 
selection rules of X-ray emission, and the appearance of the elastically scattered line in the 
spectra provides the reference to the ground state. 

EXPERIMENT 

The experiments were made at the soft X-ray fluorescence end station at beamline 7.0 [2]. A 
compact grazing incidence grating spectrometer [3] was used to record soft X-ray emission 
spectra, excited with monochromatized radiation from the SGM monochromator at this un­
dulator beamline [ 4]. The spectrometer can detect emission either horizontally or vertically, 
i.e. parallel respectively perpendicular to the polarization vector of the synchrotron radiation. 
Sample preparation can be made in a separate chamber with transfer capabilities, and a load­
lock system allows rapid sample introduction. 

RESULTS 

Resonant excitation produces dramatically energy dependent spectra when applied to local­
ized systems, such as in the case of the 2p absorption edges of manganese in MnO, see Fig. I 
[5]. In its ground state, the five 3d electrons ofMn2+ have their spins parallel, forming a 6S 
state. When a 2p electron is excited into the 3d shell, it can decay by X-ray emission to its 
electronic ground state, producing a line at the excitation energy. One also observes a peak 
3.5 eV below the excitation energy. This peak is due to processes in which a majority spin 
electron falls into the core hole. The final states are then quartet states with four spins up and 
one spin down. Many of these states have an energy about 3 e V above the ground state. At 
higher excitation energies in the L2,3 manifold, the intermediate states contain more quartet 
states, which explains the increase of quartet and doublet states in the final state spectrum. 
Quantitatively, the relative intensities of the final states as a function of excitation energy can 
be calculated by atomic multiplet theory. 
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Fig.l Resonant Lz.J emission spectra ofMnO. 
Inset shows Lz.J absorption spectrum. 
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CONCLUSIONS 
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Magnetic X-Ray Dichroism in Ultrathin Epitaxial Films 

J.G. Tobin, I K.W. Goodman,! T.R. Cummins,2 G.D. Waddi11,2 S. Mishra,3 J. Gammon,3 D.P. 
Pappas,3 P.O. Schumann,4 S. Wu,4 G. Mankey,4 R.F. Willis,4 J.D. Denlinger,5 E. Rotenberg;5 

A. Warwick, 5 J. Kortright, 5 and N. V. SmithS 
!Lawrence Livermore National Laboratory, Livermore, CA 94550 

2university of Missouri-Rolla, Rolla, MO 65401-0249 
3virginia Commonwealth University, Richmond, VA 22284 
4Pennsylvania State University, University Park, PA 16802 

5Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

We have used Magnetic X-ray Linear Dichroism (MXLD) and Magnetic X-ray Circular 
Dichroism (MXCD) to study the magnetic properties of epitaxial overlayers in an elementally 
specific fashion. Both MXLD and MXCD Photoelectron Spectroscopy were performed in a high 
resolution mode at the Spectromicroscopy·Facility of the ALS. Circular Polarization was obtained 
via the utilization of a novel phase retarder (soft x-ray quarter wave plate) based upon transmission 
through a multilayer film. Our samples were low temperature Fe overlayers, magnetic alloy films 
ofNiFe and CoNi, and Gd grown on Y. Our results include a direct comparison of high resolution 
angle resolved Photoelectron Spectroscopy performed in MXLD and MXCD modes as well as 
structural studies with photoelectron diffraction. 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under contract number W-7405-ENG-48. The Spectromicroscopy Facility and the 
Advanced Light Source were constructed and are operated under support of the U.S. Department of Energy. 

Principal investigator: James G. Tobin, Lawrence Livermore National Laboratory. Email: tobin I @llnl.gov. 
Telephone: 510-422-7247. 
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Magnetic X-Ray Linear Dichroism in Resonant and 
Non-Resonant Gd 4/ Photoemission 

S. Mishra,l W.J. Gammon,l D.P. Pappas,I K.W. Goodman,2 J.G. Tobin,2 F.O. Schumann,3 
R.F. Willis,3 J.D. Denlinger,4 E. Rotenberg,4 A. Warwick,4 and N.V. Srnith4 

loepartment of Physics, Virginia Commonwealth University, Richmond, VA 23284-2000 
2Lawrence Livermore National Laboratory, Livermore, CA, 94550 

3oepartment of Physics, Pennsylvania State University, University Park, PA 16802 
4Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

The enhancement of the magnetic linear dichroism in resonant 4f photoernission (MLDRPE) is 

studied from a 50 monolayer film of Gd/Y(OOOl}. The ALS at bearnline 7.0.1 provided the source 

of linearly polarized x-rays used in this study. The polarized light was incident at an angle of 30 
degrees relative to the film plane, and the sample magnetization was perpendicular to the photon 

polarization. The linear dichroism of the 4f core levels is measured fas the photon energy. is tuned 

through the 4d-4f resonance. We find that the MLDRPE asymmetry is strongest at the resonance. 
Near the threshold the asymmetry has several features which are out of phase with the fine 
structure of the total yield. 

This work was done under the auspices of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under contract number W-7405-ENG-48. This work is based on work supported by the National 
Science Foundation under grant No. DDMR-9458004. Additional support from Research Corporation under 
grant No. CC3778 and the Jeffress Trust, No. 1338 is also acknowledged. 

Principal investigator: James G. Tobin, Lawrence Livermore National Laboratory. Email: tobin 1 @llnl.gov. 
Telephone: 510-422-7247. 
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Magnetic X-Ray Linear Dichroism of Ultrathin Fe-Ni Alloy Films 

F.O. Schumann,1 R.F. Willis,1 K.W. Goodman,2 J.G. Tobin,2 

J.D. Denlinger,3 E. Rotenberg,3 and A. Warwick3 

1Department of Physics, Pennsylvania State University, University Park, PA 16802 
2Lawrence Livermore National Laboratory,· Livermore, CA 94550 

3 Advanced Light Source, Accelerator and Fusion Research Division, Ernest Orlando Lawrence Berkeley 
National Laboratory, Berkeley, CA 94720 

We have studied the magnetic structure of ultrathin Fe-Ni alloy films as afunction of Fe 
concentration by measuring the linear dichroism of the 3p-core levels in angle-resolved 
photoernissionspectroscopy. The alloy films, grown by molecular-beam epitaxy on Cu(OOl) 
surfaces, were fcc and approximately four mono layers thick. The intensity of the Fe dichroism 
varied with Fe concentration, with larger dichroisms at lower Fe concentrations. The implication of 
these results to an ultrathin film analogue ofthe bulk lnvar effect in Fe-Ni alloys will be discussed. 
These measurements were performed at the Spectrornicroscopy Facility (Beamline 7.0.1) of the 
Advanced Light Source. 

The Spectromicroscopy Facility and the Advanced Light Source were constructed and are operated under the 
support of the U.S. Department of Energy. This work was performed under the auspices of the U.S. Department 
of Energy by Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48. 

Principal investigator: James G. Tobin, Lawrence Livermore National Laboratory. Email: tobin I @llnl-gov. 
Telephone: 510-422-7247. 
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Photoelectron Diffraction k-Space Volumes of the 
c(2x2) Mn/Ni(lOO) Structure 

S. Banerjee1
, S. Ravy1

•
2

, J. Denlinger1
, X. Chen1

, D. K. Saldin1 and B. P. Tonner1 

1Department of Physics, University of Wisconsin-Milwaukee, P.O. Box 413 Milwaukee, WI 53201, U.S.A 
2Laboratoire de Physique des solides (CNRS URA 2), Universite Paris-Sud 91405 Orsay, France 

Traditionally, x-ray photoelectron diffraction (XPD) studies have either been done by scanning 
the diffraction angle for fixed kinetic energy (ADPD), or scanning the kinetic energy at fixed exit 
angle (EDPD). Both of these methods collect subsets of the full diffraction pattern, or volume, 
which is the intensity of photoemission as a function of momentum direction and magnitude. 
With the high intensity available at the Spectromicroscopy Facility (BL 7.0) "ultraESCA" sta­
tion, we are able to completely characterize the photoelectron diffraction patterns of surface 
structures, up to several hundred electron volts kinetic energy. This large diffraction 'volume' 
can then be analyzed in many ~ays. The k-space volume contains as a subset the energy depend­
ent photoelectron diffraction spectra along all emission angles. It also contains individual, hemi­
spherical, diffraction patterns at specific kinetic energies. Other 'cuts' through the data set are 
also possible, revealing new ways of viewing photoelectron diffraction data, and potentially new 
information about the surface structure being studied. 

In this article we report a brief summary of a structural study being done on the c(2x2) 
Mn/Ni(100) surface alloy. This system is interesting for both structural and magnetic rea.Sons. 
Magnetically, the Mn/Ni(lOO) surface alloy exhibits parallel coupling of the Mn and Ni mo­
ments, which is opposite to the reported coupling for the bulk, disordered, alloy. Structurally, the 
Mn atoms are believed to lie well above the surface plane. This rumpling of the Mn atoms is 
contrary to expectations based on free atom sizes, since the Mn atom should be smaller than the 
Ni substrate atoms, leading to an expected contraction. If the Mn atoms have a large local mag­
netic moment, however, this may lead to an effectively large atomic radius, which could explain 
the outward motion. Our XPD measurements are being used to test various structural models for 
this surface. 

The experiments were performed on the SpectroMicroscopy PRT beamline at the Advanced 
Light Source, which is optimized for photon energies in the range from 60 e V to about 1000 
eV[1]. A custom designed photoelectron diffraction system was employed, which has a computer 
controlled five-axis manipulator, and a high angular resolution, 16 channel detector hemispheri­
cal energy analyzer. The energy resolution of the electron analyzer was 0.06 eV, and had an an­
gular resolution of less thim ±1°. The energy resolution of the x-ray beam was less than 0.04 eV, 
for an overall energy resolution of less than 72 meV. The photon beam is incident in the hori­
zontal direction, with p-polarization and a 30° grazing angle of incidence, and the electron detec­
tion axis is in the horizontal scattering plane, with an angle of 60° to the incident photon beam. 
The axis of rotation for polar angle scans is horizontal, which gives perfect symmetry around 
normal emission and makes it easy to identify absolute emission angles in the XPD data. This 
geometry is also optimized for signal intensity at grazing angles of incidence for the photon 
beam, and grazing exit angles for the electron beam[2]. 

Photoelectron diffraction patterns were acquired by measuring the photoemission spectrum from 
the Mn 3p, Ni 3p, and inelastic background at each setting of emission angle and incident photon 
energy. At each photon energy, a diffraction pattern was measured by stepping through a se­
quence of emission angles in· a 90() azimuthal sector. The angle scan pattern consisted of a se-
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quence of azimuthal scans of a quadrant, after which the polar angle of emission is increased and 
the next azimuthal scan implemented. The range of polar angles collected was from 8=0 (normal 
emission) to 8=80 degrees. The polar (8)'and azimuthal(<!>) angular steps were chosen to uni­
formly sample the quarter-hemisphere of emission angles. The total number of distinct emission 
angles in the quarter hemisphere was 550, with precision in setting angular positions of 0.2°, 
from which the hemispherical diffraction pattern was created by a four-fold rotation {no mirror 
symmetry is applied). 

60.0 63.2 66.4 69.7 73.1 
!::.. <111> 

76.6 80.1 83.8 87.4 91.2 

95.1 99.0 103.0 107.1 111.2 
• <110> 

115.4 119.7 124.1 128.6 133.1 
• <112> 

137.7 142.4 147.2 156.9 167.0 0 <100> 

Fig. 1: Experimental diffraction patterns from a c(2x2) Mn/Ni(OOl) surface alloy for the Mn emit­
ter. 25 diffractograms are shown for Kinetic Energy=60eV to 167eV, equispaced in total momen­
tum by O.lk1 from k=4.0 to 6.2 A-1 and by 0.2 A-1 from k=6.2 to 6.6 A-1

• 

Beamline 7.0.1 Abstracts • 141 



Linearly polarized soft x-rays with photon energies ranging from 50 eV to 550 eV were used to 
measure XPD patterns from both the valence band and core-levels, spanning a range in electron 
kinetic energy from very surface 
sensitive at low energy to a 
forward-scattering limit at high 
kinetic energy. In addition, a 
series of 25 diffraction patterns 
from the Mn and Ni core-levels 
were accumulated as a function 
of incident photon energy, with 
the photon energies selected to 
produce constant differences in 
total electron momentum from 
pattern to pattern. This 
'diffraction volume' can be 
used for direct inversion tech­
niques (holography) with a 
complete experimental data set. 
Finally, energy dependent pho­
toelectron diffraction (EDPD) 
curves were taken at several 
different emission angles. These 
EDPD curves matched the syn­
thetic EDPD curves which can 
be extracted from the diffrac-
tion volume. 

k 

167 eV. 6.6 A-t 

60eV 4.0 A-t 

· Fig. 2: Photoelectron diffraction k-space volume assembled from the data 
of the previous figure. Planar horizontal cuts'are individual diffraction pat­
terns at a fixed energy, plotted as an orthographci projection. Vertical 
planes show energy-dependent diffraction at various emission angles, 
scaled to momentum space. 

An electropolished Ni(OO 1) substrate was used, which was cleaned by alternating cycles of Ar 
ion bombardment followed by electron-beam annealing at 600 °C. The surface was examined for 
absence of S, 0 and C impurities by surface-sensitive XPS, and for surface order by LEED. 
Overlayers were prepared by evaporating Mn from an aluminum oxide crucible which was resis­
tively heated. Ordered c(2x2) Mn/Ni(lOO) surfaces were found after deposition of one-half 
monolayer equivalents of Mn, followed by annealing to 400 °C. Thicker surface alloy films, up 
to 4 ML in thickness, were also studied by XPD and these results will be reported elsewhere. 

A sample of the individual Mn emitter experimental diffraction patterns is shown in Fig. 1, for a 
range of kinetic energy from 60 e V to 167 e V. The patterns show a high level of fine structure, 
and a strong dependence on kinetic energy, particularly at the lowest kinetic energies. The repro­
ducibility of the fine structure was explicitly tested by repeating several of the diffraction patterns 
on different surface preparations. The data shown is a composite of results from three separate 
runs, in which data from different runs is interlaced in energy. The continuity of change in the 
diffraction patterns as a function of energy is indicative of the reproducibility achieved. 

The inset to Fig. 1 shows a high energy, forward scattering diffracifon pattern from the substrate 
Ni. The location of some of the low index directions of the substrate are marked with symbols; 
these correspond to rows of atoms in the crystal. These directions would produce forward scat­
tering peaks at high kinetic energy in the Mn diffraction patterns, if there were buried Mn atoms. 
In both these experiments, and other experiments using conventional x-ray sources, we do not 
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see forward scattering features associated 
with Mn in sub-surface sites, so we conclude 
that this preparation technique produces only 
surface Mn atoms. 

The diffraction features in Fig. 1 primarily 
arise from the interference of backscattered 
electrons (as opposed to forward scattering at 
higher kinetic energy). The patterns show that 
changes of only a few electron volts can pro­
duce large differences in the observed dif­
fraction patterns. This sensitivity was used to 
optimize the theoretical value of the inner 
potential and electron energy in the calcula­
tions. 

The individual diffraction patterns are assem­
bled into a k-space diffraction 'volume' by 
numerical interpolation to span the 'missing' 
data between the sampled energies. In order 
to improve the reliability of this interpolation, 
the original data set is acquired at kinetic en­
ergies chosen to produce equal steps in total 
electron momentum for the Mn core-level 
emission line. The diffraction volume can be 
displayed in a number of ways. A convenient 

Fig. 3: Reconstructed atomic image of the Ni atoms sur­
rounding a Mn surface atom, by direct inversion of the 
diffraction volume data from the previous figure. Two 
sets of 4 Ni atoms are visible; the outward motion of the 
Mn atom is correctly reconstructed. 

format that we often use has a mixed coordinate system, shown in Fig. 2. The horizontal planes 
in this figure are orthographic projections of the hemispherical diffraction pattern at fixed kinetic · 
energy; that is, the same as in Fig. 1. Vertical planes show energy-dependent photoelectron dif­
fraction features at various emission angles. The scaling in the vertical axis is chosen to be linear 
in momentum, rather than energy, since this is the relevant scale for viewing EDPD oscillations. 

Full multiple scattering simulations have been performed on several of the diffraction patterns in 
Fig. 1, with good agreement. The subtle changes from one energy to the next are reproduced 
theoretically, as well as the more obvious changes in peak appearance and disappearance over 
wide energy changes. 

We have also performed a direct inversion of the diffraction data, using a straightforward, pho­
toelectron holographic Fourier-like integral[3]. Because the data set covers a large range of mo­
mentum space in three directions (two angles and magnitude of lkl), the reconstructed image, 
shown in Fig. 3, shows very few artifacts, without any need for correction factors. 
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Probing Structure-Property Relationships in Perpendicularly 
Magnetized Fe/Cu(OOl) Using MXLD and XPD 
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J.D. Denlinger,3 E. Rotenberg,3 and A. Warwick3 

1University of Missouri-Rolla, Rolla, MO 
2Lawrence Livermore National Laboratory, Livermore, CA 94550 

3Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

Magnetic X-ray Linear Dichroism (MXLD) in Photoelectron Spectroscopy and X-Ray 
Photoelectron Diffraction (XPD) of the Fe3p core level have been used to probe the magnetic 
structure-property relationships of perpendicularly magnetized Fe/Cu(OO 1 ), in an ~lement-specific 
fashion. A strong MXLD effect was observed in the high resolution photoelectron spectroscopy of 
the Fe3p at "normal" emission and was used to follow the loss 9f perpendicular ferromagnetic 
ordering as the temperature was raised toward room temperature. In parallel with this, "Forward 
Focussing" in XPD was used as a direct measure of geometric structure in the overlayer. These 
results and the implications of their correlation will be discussed. Additionally, an investigation of 
the effect of Mn doping of the Fe/Cu(OO 1) will be described. These measurements were performed 
at the Spectromicroscopy Facility (Beamline 7.0.1) of the Advanced Light Source. 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract Number W-7405-ENG-48. The Spectromicroscopy Facility and the 
Advanced Light Source were constructed and are operated under support of the U.S. Department of Energy. 

Principal investigator: James G. Tobin, Lawrence Livermore National Laboratory. Email: tobinl @llnl-gov. 
Telephone: 510-422-7247. 
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Probing Symmetry and Symmetry Breaking in Resonant Soft-X-Ray 
Fluorescence Spectra of Molecules 
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INTRODUCTION 

Conventional non-resonant soft X-ray emission brings about information about electronic 
structure through its symmetry and polarization selectivity, the character of which is governed 
by simple dipole rules. For centro-symmetric molecules with the emitting atom at the 
inversion center these rules lead to selective emission through the required parity change. For 
the more common classes of molecules which have lower symmetry or for systems with 
degenerate core orbitals (delocalized over identical sites), it is merely the local symmetry 
selectivity that provides a probe of the local atomic orbital contribution to the molecular 
orbital. For instance, in X-ray spectra of first row species the intensities essentially map the p­
density at each particular atomic site, and, in a molecular orbital picture, the contribution of 
the local p-type atomic orbitals in the LCAO description of the molecular orbitals. 

The situation is different for resonant X-ray fluorescence spectra. Here strict parity and 
symmetry selectivity gives rise to a strong frequency dependence for all molecules with an 
element of symmetry. In addition to symmetry selectivity the strong frequency dependence of 
resonant X-ray emission is caused by the interplay between the shape of a narrow X-ray 
excitation energy function and the lifetime and vibrational broadenings of the resonantly 
excited core states. This interplay leads to various observable effects, such as linear 
dispersion, resonance narrowing and emission line (Stokes) doubling. Also from the point of 
view of polarization selectivity, the resonantly excited X-ray spectra are much more 
informative than the corresponding non-resonant spectra. 

EXPERIMENT 

The present experiments were made at the soft X-ray fluorescence end station at beamline 7.0 
[1]. A compact grazing incidence grating spectrometer [2] was used to record soft X-ray 
emission spectra, excited with monochromatized radiation from the SGM monochromator at 
this und~lator beamline [3]. The spectrometer can detect emission either horizontally or 
vertically, i.e. parallel resp. perpendicular to the polarization vector of the synchrotron 
radiation. In order to allow gas phase samples to be studied a gas cell was used, which was 
provided with a silicon nitride input window of diameter 0.2 mm and thickness 1000 A. A 
second window made of polyimide, with about the same thickness, was used as exit window 
for the fluorescence. 

RESULTS 

Resonant x-ray emission is useful for investigations of symmetry problems. This is because 
the discrete nature of the core-excitation prepares the symmetry for the emission step, and the 
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dipole character of the emission then leads to simple selection rules for the full absorption­
emission process. For inversion symmetric systems the paritY selection rule connects initial 
and final states either as gerade-gerade or ungerade-ungerade. If the inversion symmetry 
would be broken upon the core electron excitation, the parity selection rule evidently does not 
hold. For the 0 2 molecule, it was recently shown that ungerade tinal states indeed were 
absent in the X-ray emission resulting from excitation to the first absorption state, which is of 
ungerade symmetry, reflecting an unbroken symmetry throughout the entire X-ray 
fluorescence process [4]. 

Experimental verification of strict symmetry­
selective character of resonant X-ray emission 
spectra has also been demonstrated for N2 [5], 
which is a molecule with only one totally symmetric 
vibrational mode as well. In Fig.l is shown N K 
emission ofN2 excited at different discrete 
absorption state energies, and also above ionization 
threshold. The lowermost spectrum is excited at the 
"white line" energy, i.e. promoting a ls electron to 
the lowest unoccupied molecular orbital (LUMO), 
ln8. Apart from the recombination line 
(participator) only one line is observed, and the 
same thing occurs for excitation to a higher 
absorption state of gerade symmetry. For excitation 
at an energy corresponding to an ungerade state, the 
3pnu, two lines appear, and finally when exciting at 
high energy three lines appear. It turns out that the 
observed behavior reflects strict symmetry selection 
of the resonant soft X-ray scattering. Exciting to a 
gerade state probes gerade occupied orbitals, and 
vice versa. No deviation from the rule is observed, 
in agreement wi~h the observations for 0 2• 

The presence of non-totally symmetric vibrational 

N2 
N-Kemission 

Non-resonant 

Resonant 
Nls -3p 1t

0 

P-""'~""·_,·_.v.;~~> .. i.:--.-~,....,...,..;.,. ... ....;; 

Nls -3s o
8 

: :· -::,:: .\:':·/·/~~~--·:.}')::.': 
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Emission energy ( e V) 

Fig.l N K emission of N2 excited to the v=O, 
vibration of the Cls-12x" state, to a grade 
resp. ungerade Rydberg state, and above 
the ion~ation threshold. 

modes, as in polyatomic molecules, could introduce dynamical symmetry breaking through 
vibronic coupling into forbidden symmetries. This would manifest itself by the appearance of 
forbidden spectral lines. In the following we discuss deviation from the strict selection rules 
due to dynamical symmetry breaking. 

The addition of a carbon atom between the two oxygen atoms of 0 2 introduces an 
antisymmetric stretch mode which can couple the "allowed" lcr8-

12nu and the "forbidden" 
lcru-12n11 oxygen core-excited states in the X-ray excitation process and, therefore, break the 
parity selection rule in the resonant X..:ray emission. The relative intensity of the x-ray 
emission: resulting from the "forbidden" state gives a measure of the strength of the symmetry 
breaking [6]. 

In the upper part of Fig.2 is shown the 0 K emission of C02 excited at the 2nu resonance and 
above ionization threshold, respectively. One observes that the "forbidden" ln8-

1 2nu final 
state appears in the resonant spectrum, although with reduced relative intensity compared 
with the 1tg line for non-resonant excitation. This shows that the parity selection rule is not 
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valid, which indicates that inversion 
symmetry is broken in the core excited state, 
in contrast to the case of 0 2. 

At the time of primary excitation (t = 0) the 
core hole is equally distributed over the two 
oxygen centers keeping the inversion 
symmetry, which for both 0 2 and C02 can be 
described as a superposition of two states with 
left and right hole localization. The vibronic 
coupling via the antisymmetric stretch mode 
between the close lying gerade and ungerade 
electronic core hole states of C02 leads at 
time t = r to an effective shift of the 
molecular equilibrium with the inversion 
symmetry broken and to localization of the 
core hole to one of the terminal oxygen atoms. 
For the 0 2 or N2 molecule, the totally 
symmetric vibrational motion cannot break 
the electronic symmetry, and the core-excited 
state remains a superposition of two hole 
states with retained inversion symmetry at all 
times. 

The symmetry breaking process is not 
instantaneous and the degree of symmetry 

.., .I • 
4o -1 : ··~lt. . 

& ... .: .. , i \ Non-resonant 

~------~ ~ '-------------· 

2o-1 
u 

.... 
: ... 

Resonant 
Ols- 2lt

0 

: ~ : ~ ,... 
\._; ....____,. ' ___ ...._. 

(spectator) (participator) 

llru-1 

3 ·I _' : 
o, : : llt -1 

.?.i X _,...., 1 Non-resonant 
~--~----- ~ ~--------1 

-~ . ·. 
f · Resonant 

j ' Ols-llt
1 

1-----; '-......___! \.'------1 

515 
I 

520 

(opect4tor) (participator) 

I I 
525 530 

Energy (eV) 

I 
535 540 

Figur 2 Oxygen K emission spectra ofC02 and 0 2, 

excited on the first X-ray absorption resonance 
and at energies above ionization threshold. 

breaking therefore critically depends on the duration of the X-ray scattering process and the 
vibrational frequency. If the duration time is much smaller than the vibrational time period, 
the molecule has not enough time to execute the antisymmetric vibration that introduces 
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Fig.3 Oxygen K emission of C02 excited 
at first X-ray absorption resonance, 
and at increasingly lower energies. 

forbidden parity in the electronic wave function through 
the vibronic coupling. 

One can introduce a time concept related to the 
excitation energy by considering the extreme cases of 
exciting on resonance, respectively far from resonance 
(in analogy with resonant and nonresonant 
photoemission). In the latter case we are dealing with a 
prompt process (Raman scattering), whereas on 
resonance the lifetime of the resonant state determines 
the interaction time (Resonant Raman scattering' 
Tuning away from resonance shortens the duration of 
the process, and one probes preferentially transitions 
associated with shorter lifetimes, and vibronic 
symmetry breaking will be less and less effective. Thus, 
by detuning the excitation of resonant X-ray emission 
one can tune the effective interaction time of the 
scattering process (7]. In Fig.3 is shown a series of 0 K 
emission spectra of C02 excited at the Ols-2nu 
resonance energy ~nd at downwards increasingly 
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detuned energies. One observes that the "forbidden" ln8-
12nu line decreases in intensity with 

increased detuning, in agreement with the discussion above. The larger the detuning, the 
shorter the effective interaction time and thus the lower the intensity of the emission line that 
requires symmetry breaking to pick up intensity. At significant detuning the time is too short 
to permit the carbon atom to move enough to cause appreciable symmetry breaking. By 
studying emission excited at detuned energies in this way one can thus obtain a "clock" which 
operates in the femtosecond and sub-femtosecond range. 

CONCLUSIONS 

The present report demonstrates the symmetry selectivity of resonant soft X-ray fluorescence 
spectra for molecules. It shows how the soft X-ray process singles out emission valence band 
states of the same symmetry as the X-ray absorption state in molecules with inversion 
symmetry. In cases where vibronic coupling can lower the symmetry of the core excited state 
deviations from this rule are observed. By detuning the excitation away from resonance one 
can restore the symmetry by virtue of a shortening of the effective scattering time. This 
finding might offer a new means to study molecular dynamics in the sub-femtosecond range. 
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INTRODUCTION 

Resonant x-ray emission spectroscopy (RXES) has proved to be a powerful tool for studying the 
electronic structure of condensed matter. Over the past few years it has been used mainly for 
studying the valence bands of solids [1,2] and condensed molecules [3,4]. Very recently the 
advent of high brightness photon beams provided by third generation synchrotron radiation source 
undulators, associated with efficient x-ray emission spectrometers [5] has made it possible to 
perform experiments on free diatomic molecular systems [6-8]. RXE spectra of free molecules are 
of prime importance to gain insight into their electronic structure and bonding as they reflect the 
symmetry of orbitals engaged in the two-electron, two-step process with the l = 0, ±2 parity­
conserving selection rule, and are free from solid state effects which can introduce difficulties in 
the interpretation. They provide information (more so than XAS) on the core excited states, and, 
when performed at fixed incident photon energy as a function of the emitted photon energy, on the 
electronic excitation (charge transfer, multiplet states). Moreover the anisotropy of the angular 
distribution of resonant x-ray emissiQn affects the relative intensity of the emission peaks and 
provides information concerning the symmetries of final states [8]. 
This is a preliminary report on what are the first RXE spectra of a 3d transition metal complex in 
the gas phase. The experiment concerns the Ti 3d~2p emission spectrum ofTiCl4 over the 450 to 
470 eVregion. 

EXPERIMENT 

The experiment was performed on beam line 7.0 at ALS, using the Uppsala x-ray emission 
spectrometer and gas cell [9].The experimental resolution depends on the monochromator and 
spectrometer settings. Both were set to approximately 1 eV. Spectra for three typical values of the 
incoming photon energy are shown in figure 1. Just below the L3 absorption resonance, at 
456.8 eV, the spectrum consists of a single peak corresponding to the L3 emission (figure la). It 
reaches its maximum intensity referred to that of the elastic peak at this energy i.e., -2 e V below 
the L3 resonance. At the L2 resonance (figure lb) the spectrum displays a multiplet structure with a 
giant resonance -7 e V above normal ~ emission. At higher energies the intensity of this strong 
emission line becomes comparable to other x-ray emission structures. This giant resonance is 
probably associated with an extra valence hole (Coster-Kronig transition). 
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Figure 1. Ti L2 3 resonant x-ray emission spectra taken at three different incident photon energies: a) The excitation 
energy is -2 eV'below the~ threshold; b) excitation energy to~ threshold; c) excitation well above~ threshold 
(corresponds to normal fluorescence). The insets show the~ 3 thresholds and intensities relative to the elastic peak. . 
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DISCUSSION 

The 2p absorption spectrum of TiC14 has already been studied using ISEELS[lO], but the c~nt 
theoretical models [11, 12], dealing with electronic structure of transition metal complexes (crystal 
field theory, and molecular orbital theory) fail to fully explain the branching ratio of the Ti ~ and 
~ multiplets. This branching ratio, is far from the statistical value of 2/1 because of a combination 
of spin-orbit coupling, 2p-3d correlations, and correlations within the 3d band (multiplet effects) 
inducing a strong mixing of the j=3/2 andj=1/2 configurations and a rearrangement of the spectral 
shape incompatible with a single-particle picture. 

The ground state is approximated as 3JJ + 3d1L (3d2L2 configurations are neglected here). The 
intermediate 2p-hole state is given as 2p53d1+2p53tfl.L. and the resonant XES process decays 
back to 3tfJ+3d1L. Excitation to the~ edge (not shown) gives a strong elastic peak plus a satellite 
approximately 6 f?V below the excitation energy. Following the picture emerging from the analysis 
ofRXE spectra of cerium [13], this 6 eV satellite is expected to be of the charge-transfer type, 
related to 3d1L character, or more accurately to the anti-bonding combinations of3JJ and 3d1L. 
The excitation energy of this satellite (with respect to the elastic peak) increases while scanning 
through the L3 edge from 5.5 eV to 6.5 eV, in accord with the .theoretical simulations, and related 
to the energy-differences between Eg and T 2g satellites. From this analysis the charge-transfer 
picture seems appropriate for TiC14 too. However this picture is strongly challenged by the 
observation ofthe RXES structure when exciting at the charge-transfer satellites in the X-ray 
absorption spectrum. Following ref. 13 charge-transfer satellites in XAS are expected to strongly 
enhance inelastic scattering. In contrast experiment shows essentially only elastic scattering (plus 
non-resonant scattering) and virtually no inelastic resonant scattering. This observation challenges 
the assignment of the XAS satellites. 

An alternative assignment to these structures in the XAS spectrum is to assume they are transitions 
to 4s-states. Because these states are rather delocalised, this would also explain their stronger non­
resonant XES contributions. However, it does not change the charge-transfer interpretation of 
excitation to the main peaks. This emerging dilemma might in fact be very important to further 
interpretation into the nature of the satellites in XAS and also into the nature of the ground state for 
transition metals in molecules and ionic solids. Work is in progress to investigate this in more 
detail. We also intend to extend our measurements to gas phase vanadium complexes (VOC13, 
C5H5 V(C0)4, VC14). 

CONCLUSION 

The, at present, unique characteristics of the Advanced Light Source, make it possible to 
investigate gas phase RXE processes for the first time with satisfactory resolution. This is proving 
to be a new challenge to the theorist even in the case of a "textbook example" such as this 
nominally JJ transition metal complex. 
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INTRODUCTION 

In the· present work we focus on two particular properties of resonant X-ray emission, namely 
core hole screening of the excited electron, and anisotropy caused by the polarization of the 
exciting synchrotron radiation. The screening of the core hole by the excited electron causes 
energy shifts and intensity variations in resonant spectra compared to the non-resonant case. 
The linear polarization of the synchrotron radiation and the dipole nature of the absorption 
process create a preferential alignment selection of the randomly oriented molecules in the 
case of resonant excitation, producing an anisotropy in the angular distribution of the emitted 
X-rays. We have chosen CO for this study because this molecule has previously served as a 
showcase for non-resonant X-ray emission, mapping the valence electronic structure 
differently according to the local selection rules. With the present work we take interest in 
how this characteristic feature of the spectroscopy is represented in the resonant case. 

EXPERIMENT 

The experiments were made at the soft X-ray fluorescence end station at beamline 7.0 [1]. A 
compact grazing incidence grating spectrometer [2] was used to record soft X-ray emission 
spectra, excited with monochromatized radiation from the SGM monochromator at this 
undulator beamline [3]. The spectrometer can detect emission either horizontally or 
vertically, i.e. parallel respectively perpendicular to the polarization vector of the synchrotron 
radiation. In order to allow gas phase samples to be studied a gas cell was used, which was 
provided with a silicon nitride input window of diameter 0.2 mm and thickness 1000 A. A 
second window made of polyimide, with about the same thickness, was used as exit window 
for the fluorescence. 

RESULTS 

By studying the angular dependence of X-ray emission spectra from ordered systems of non­
. cubic symmetry one can obtain information about orbital symmetries and bond directions. 
This is a useful property for instance in the study of molecular adsorbates, a class of problems 
that has recently become accessible for soft X-rayemission spectroscopy [4]. 

Resonant X-ray emission allows studies of polarization effects also for systems that are not 
ordered, in contrast to e.g. X-ray absorption spectroscopy, which is often applied for 
polarization studies of ordered systems. In previous investigations ofK13 X-ray emission of 
gaseous samples polarization effects were observed when monochromatized synchrotron 
radiation was used for the excitation and the state of the polarization of the emitted radiation 
was detected. Correspondingly, the polarization manifests itself also in the angular 
distrubution of the emission [5]. 
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Fig.l illustrates how anisotropy comes about in X-ray emission 
of free carbon monoxide molecules [ 6]. If excitation is tuned 
to a resonance of a symmetry, there will be a preferential 
selection of excited molecules which happen to be aligned 
with their molecular axes along the polarization vector. Since 
the lifetime associated with X-ray emission is short compared 
to molecular rotation times the emitted X-ray spectrum will 
reflect a frozen picture of the ensemble of molecules as they 
happened to be oriented at the excitation. The emitted 
radiation is then distributed with respect to the frozen 
orientation, thus with preference for a certain direction. At 
emission angles along the molecular axis for CO, we will then 
preferentially see emission associated with 1t orbitals, and in 
perpendicular directions both 1t and a orbitals contribute. 

Excitation 
Cis-> cr 

Fig.llllustration of the angular 
dependence of resonant X-ray 
emission of gaseous molecules 

In Fig.2 are plotted a series of C K emission spectra of gaseous 
CO, excited at various energies, as indicated in the figure, and separating between emission 
recorded parallel to the exciting radiation polarization (0°), respectively perpendicular (90°). 
(En passant we note that there is a substantial difference between the two spectra 
corresponding to core exciting to the ground vibration respectively to the first excited 
vibration. As seen in the figure this is well reproduced by the simulation of the profiles.) The 
observed anisotropy is in qualitative agreement with the discussion above, and, furthermore in 
excellent agreement with calculations, shown as solid thin or thick lines in the figure. 

co ~-· 
C-K emission 

-a= 90" 
-e=o· 

·· .. ·:.· .. ...... ·:: ... ... 
·. ·... .··· ...... ·.: .. ·· .. ·'"--: 

270 275 280 285 290 
Emission energy (eV) 

Fig.2 Angular dependent carbon K 
emission of gaseous CO excited to 
the 3scr (v=O) and 3pn (v=O and v=l) 
Rydberg resonances. 

One observes that there is a shift in emission energy 
between the resonantly excited spectra and the spectrum 
excited above ionization threshold (uppermost spectrum i 
figure 2). An even larger shift appears when comparing 
with the emission corresponding to the first X-ray 
absorption state or LUMO, the 1L+ state, see Fig.3. The Sa 
line in the regular C K emission (top spectrum) has its 
counterpart in the 1I1 line at 2.9 eV lower energy in the 
spectrum excited to the first X-ray absorption state. The 
l1t band is split into three bands going from the non­
resonant case to the resonant case, and two of those, the 
1~ and 1L-, appear as shown, whereas the third, 1L+ is 
expected to be very weak. In this case the shift is 0.6 eV 
as measured to the cent~r of gravity of the 1~ I 1L- b?!ld. 

The X-ray energy shifts observed can be explained by the 
screening brought about by the excited electron. Exciting 
to the LUMO results in a substantial X-ray emission shift 
compared to non-resonant emission because the excited 
electron is likely to penetrate the valence electron orbitals 
appreciably. For Rydberg excitations the situation is niore 
like ionization as seen in the figure, since the Rydberg 
orbitals should have minor penetration. 
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Fig.J. Non-resonant (top) and resonant 
(bottom) C K emission spectra of gaseous 
CO. Solid lines are simulated band profiles. 

It is interesting to compare the LUMO-~xcited C K 
emission of CO with the spectrum from CO 
adsorbed on a Ni(lOO) surface [4]. In the adsorbate 
case there is also a substantial shift of the 5cr peak, 
which is in accordance with the notion of the 
population of the empty 1t* orbital upon binding to 
the metal surface. The low energy shift of X-ray 
emission excited below the ionization threshold, 
compared to non-resonant X-ray emission, is a 
general phenomenon of electron screening. One can 
understand the sign of the screening effect by 
considering the difference between the energies of 
the core excited respectively the core ionized state 
in comparison with the difference between the 
corresponding valence states, see Fig.4. The shift is 
greater between the 
core s~tes, since the 
ionization energy for 
a valence electron is 
larger in this case 
due to the core hole 
attraction. 

The difference between shifts occurring in the carbon 
respectively the oxygen X-ray emission spectra (see the full 
publication for details [6]) depend on the localization of the 
orbitals. This is also the case for the differences that appear 
between the 5cr and 1t orbitals. 

Fig.4 Diagram of states involved 
in resonant and non­
resonant X-ray emission. 

CONCLUSIONS 

As shown here non-resonant and resonant X-ray spectra of CO are quite similar when the 
resonant core excitation involves a Rydberg orbital. The interaction of a spectator electron in 
a Rydberg orbital with the remaining electron cloud is thus not sufficiently large to change 
neither energies nor intensities in the X-ray emission spectra to any appreciable extent. We 
find that the relative intensities and vibrational band shapes can be simulated with good 
agreement using the same potential curve parameters and relative intensities as used to 
simulate the non-resonant carbon spectrum. The energy shifts in the Rydberg-excited spectra 
are found to be 0.5 eV or less. 

In the LUMO excited spectra, on the other hand, the spectator transitions have large energy 
shifts in comparison to their corresponding transitions in the non-resonant spectra, which can 
be attributed to the screening nature of the penetrating excited electron. Because of the 
localization of the orbitals involved in the RXE process, with respect to the core-hole site, the 
screening effects are different when the core hole is situated on the carbon or oxygen site and 
whether a 5cr or a l1t electron fills the core hole. Energy shifts calculated by multi­
configuration self-consistent field theory were found to compare well with experimental data. 
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Regarding the angular distributions we find that the discrete nature of the core excited states 
prepares favored directions for the X-ray emission, and that the dipole character of the 
absorption/emission then leads to a specific angular distribution pattern (specific polarization 
anisotropy, specific parity selection) with no counterpart in non-resonant emission spectra. In 
the non-resonant case the core electron is excited to the continuum, which is infinitely 
degenerate representing all symmetries. This makes the non-resonant process much less 
selective with respect to any of the processes here mentioned. 
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INTRODUCTION 

This report covers the results of our first experimental run, in May 1996, conducted to explore the 
advantages offered by the high spectral resolution available at the SpectroMicroscopy Facility on 
beam line 7.0 to conduct scanned-energy mode photoelectron diffraction (PhD). This technique is 
now a well-established method for the determination of local structure of atomic and molecular 
adsorbates on well-characterised surfaces [1]. The directly-emitted component of an adsorbate core­
level photoelectron wavefield interferes coherently with components of the same wavefield elastical­
ly scattered by surrounding atoms, leading to a modulation in the photoemission intensity as a func­
tion of kinetic energy in any specific emission direction. A .series of such PhD modulation spectra, 
each typically covering energies from 50-500 e V, for a series of different emission directions, pro­
vides the basis for a quantitative structure determination of the emitter-scatterer geometry. Within the 
last years we have developed an integrated approach to extract the structural information from these 
photoelectron diffraction (PhD) spectra in a quantitative way [2]. A direct data inversion technique 
(the so-called Projection method [3]) provides a first-order estimate of the local adsorbate geometry 
in the form of an 'image' of the scatterer atoms which are nearest neighbours to the emitter. This 
information is then used as a starting model for optimisation of the structural parameters by compar­
ing the experimental PhD spectra with the results of multiple scattering simulations using a code 
developed by Fritzsche [4]. The optimisation uses an automated trial-and-error procedure by mini­
mising a reliability factor which provides an objective measure of the quality of agreement between 
experiment and theory. We have successfully applied this approach to the structure determination of 
about 30 adsorption systems. 

A particular strength of PhD is its elemental and chemical specifity. PhD spectra recorded from core 
level photoemission from the different elements within a molecular adsorbate allow the local sites of 
the component atoms to be determined independently. Atoms of the same element which reside in 
chemically different environments can also be investigated separately by utilising the induced chem­
ical shift of the core levels of these atoms. This potential for Chemical Shift PhD has so far been 
limited, however, by the relatively low spectral resolution (E/Llli- 300) available to us on the high 
energy toroidal grating monochromator (HE-TGM 1) beamline at BESSY, the second generation 
storage ring light source in Berlin. Demonstration experiments, for example on coadsorbed PF

3
, PF

2 
and PF on Ni(l11) [5], for which large ( -3 eV) chemical shifts occur, have been possible, but such 
shifts are more typically around 1 e V or less, and the combined requirements of high flux and high 
resolution require a high resolution monochromator coupled to an undulator at a third generation 
light source such as the ALS. Our first run at the ALS was undertaken to explore the potential of 
beamline 7.0 for such studies. Our results identified several issues which will influence our future 
work (including the need for a special low-temperature manipulator - now being constructed) but 
also provided clear evidence of the advantages offered by this station for our future work, including 
improved ability to remove substrate Auger peaks and thus work with a wider range of substrates. 
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AUGER ELECTRON PEAK BACKGROUND REMOVAL 

One problem with the scanned-energy mode of the photoelectron diffraction technique is the role of 
(fixed-energy) Auger electron peaks in the electron energy spectrum background. Separating the 
photoemission peak from these background features can be particularly troublesome when strong 
Auger peaks from the substrate occur in the 50-500 e V energy range. A recent example we have 
encountered in our work at BESSY is the case of CO adsorbed on Pd( 111) [ 6]. The problem is rather. 
generally bad for second row transition metal substrates, many of which are of chemical interest. 
Our preliminary PhD results for CO on Pd( 11 0) obtained at the ALS show that the higher spectral 
resolution enables us to separate the photoemission and Auger emission peaks far more effectively, 
and thus to remove the usual artifacts from the PhD spectra. Fig. 1a shows an example of PhD data 
measured at a low energy resolution (average 3.5 eV) measured in normal emission from 
Pd( 111 )c( 4x2)-CO using the HE-TGM 1 bearnline in Berlin. This raw PhD spectrum comprises a set 
of C 1s photoemission energy spectra recorded at different photon energies; the full data set com­
prised 210 single C 1s spectra taken at photon energies from 320 to 740 eV in 2 eV steps; the figure 
shows only every fourth such spectrum. Each individual spectrum was fitted with a sum of a Gaus­
sian peak, a step function and a background function. Fig. 1 b shows the intensity of the Gaussian 
line (and thus of the C 1 s core level photoemission signal) as a function of electron kinetic energy, 
normalised by a smooth polynomial. This modulation function is the PhD spectrum which is to be 
used for the structure determination described above. At 240, 270 and 330 e V the modulation func­
tion shows strong artifacts induced by the MNN Auger lines of the Pd substrate. Fig. 2a shows an 
enlarged section of the spectrum in fig. lain the region around the strongest Auger line together with 
the corresponding section of the modulation function. By contrast, fig. 2b shows the same energy 
range for the measurement of CO on Pd( 11 0) at bearnline 7.0 of the ALS, together with the modula­
tion function belonging to it. These data were recorded from a surface likely to several adsorption 
sites [7] obtained by dosing the surface with 20 L CO at approximately 300 K; attempts to prepare 
the (2xl)p2mg-CO structure which has an associated coverage of 1 ML with all CO molecules in 
symmetrically equivalent sites were unsuccessful due to inadequate sample cooling. Nevertheless, 
the C 1s lines are clearly much narrower due to the better energy resolution (0.7 eV in average), and 
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Fig.l: a): raw PhD spectrum from the C ls core level of Pd(lll)c(4x2)-CO measured with an average energy resolution 
of 3.5 eV at the Berlin synchrotron BESSY I. The spectrum consists of a series of EDC~ around the C ls line, one of 
which is shown bold. b): modulation function extracted from a) (see text). 
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Fig.2: a) gives an enlarged section of the spectrum from fig. 1 together with the corresponding section of the modulation 
function. b) shows the same region of a PhD spectrum measured at beam line 7.0 for CO on Pd( 11 0). 

can now be far more easily separated from the substrate Auger peak which is intrinsically broader, 
leading to far more reliable PhD spectra. These measurements show the clear advantage of high 
resolution, such as that available at beamline 7.0 of the ALS, for PhD studies from adsorbates on an 
important range of substrates which display strong Auger electron emission in the key 50-500 e V 
kinetic energy range. 

CO DISSOCIATION ON Ni(lOO) 

In addition to measurements on the Pd(110)/CO system, a study ofNi(100)/CO was also undertaken. 
Our original objective was a study of the Ni(l00)c(5..J2x..J2)-CO structure, a system where the CO 
molecules are believed to reside in different adsorption sites [8], aJ;Id which should therefore be 
interesting for C 1s and 0 1s chemical shift PhD studies. However, the results of our first prepara­
tions indicated that the Ni( 1 00) crystal we used was dissociating a large portion of the adsorbed CO 
even at room temperature. One potential hazard, of course, of very high incident photon flux densi­
ties on molecular adsorbates is the possibility of photon stimulated dissociation or desorption, and 
the small focal spot on bearnline 7.0 could make this a particular problem. In fact we did see evi­
dence for beam-induced dissociation of CO on Ni(lOO) on the timescale of minutes, but we also 
found what appears to be spontaneous dissociation on this surface. Fig 3 shows photoelectron spec­
tra in the binding energy region of the C 1s and 0 1s core levels measured immediately after dosing 
0.7 L CO at room temperature. Each spectrum clearly shows two peaks, separated by 2.8 eV and 1.8 
eV for C 1s and 0 1s, respectively. We assign the peaks at lower binding energies to atomic C and 0 
and those at higher binding energies to intact CO molecules. The relative intensity of the atomic and 
molecular peaks was found to depend strongly on the position of the photon beam on the crystal. The 
observed high probability of spontaneous dissociation at room temperature is unexpected and has not 
been reported previously in the literature, although such an effect has been found to occur at surface 
steps [9]. Even though the crystal showed a clear ( 1 x 1) LEED pattern, we suppose that the atomic C 
and 0 arise from CO molecules which dissociated at surface defects. An important feature of the 
high resolution spectra demonstrated by these results is that they provide a level of surface charac­
terisation well beyond that available in more conventional studies, and also permit PhD structural 
studies to be made of individual species in complex coadsorption systems. The results suggest that a 
future study of CO adsorption on a vicinal Ni surface would be of considerable interest, particularly 
if the measurements could be made at a sufficiently low temperature to detect CO step-edge adsorp-
tion prior to dissociation. · 
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Fig.3: C ls and 0 ls photoelectron spectra from 0.7 L CO dosed onto Ni(lOO) at room temperature, measured directly 
after preparation. 

In summary, our first photoelectron diffraction measurements in scanned energy mode at bearnline 
7.0 have provided several examples of the advantages of high energy resolution for PhD structural 
studies of molecular adsorption studies on a wider range of adsorbate and substrate systems. Future 
work, particularly with a capability to work at lower sample temperatures, should capitalise on this 
potential. 
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INTRODUCTION 

The time scale for carrier relaxation in semiconductors is on the same order of magnitude as the life 
time of shallow core hole states (a few femtoseconds). Resonant Inelastic soft X-ray scattering 
(RIXS) which involves (virtual) excitations of core levels consequently contains information about 
the time development of the electronic structure on this time scale. In many cases one can treat the 
scattering in an absorption (SXA) -followed-by-emission (SXE) picture, where simply the rates for 
various processes can be compared with the intermediate core hole state decay rate as an internal 
"clock". 

By variation of x (0<x<1) in LaxSq -x Ti03, the amount of Tid electrons in the system can be 
controlled. SrTi03 (x = 0) is an insulator with an empty Tid band. With increasing x, electrons are 
doped into the Ti d-band, and LaTi03 (x = 1) is a Mott Hubbard insulator with a Ti 3d 1 
configuration. 

In this work we demonstrate that the rate forTi 2p core hole screening in LaxSrt-xTi03 is doping 
dependent. The screening rate increases with the availability of Ti 3d electrons, and we estimate it 
to be 3.8*1013/s in Lao.ossro.95Ti03. 

EXPERIMENT 

Monochromatized synchrotron radiation (FWHM = 0.4 eV)from beamline 7.0 [1] was used for 
excitation and the emission was analyzed in a grazing incidence spectrometer [2] (FWHM = 0.7 
e V). The samples were poly crystalline ingots prepared in an inert gas arc furnace. 

RESULTS 

The TiL absorption spectra ofLaxSrt-xTi03 (x = 0.01 and x = 0.05) in·Fig. 1a are very similar to 
the absorption spectrum of stochiometric SrTi03. This spectrum is well-described within a quasi­
atomic approach as the excitation from a 3d0 ground state to 
2p-13d final states [3]. The 2p spin-orbit and the crystal field interactions give rise to four 
dominating states, which in a simplifying picture can be denoted 2p3/2-1t2g, 2p3/2-1eg, 2p1/T 
1t2g, and 2p1f2-1eg in order of increasing energy. 
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Fig. l. (a) The SXA and SXE spectra of 
LaxSrt-xTi03 (x = 0.01 and x = 0.05) 

excited below the ionization threshold. 

(b) SXE spectra excited above the ionization 

threshold. The calculated DOS is shifted 457 

e V to compare to the emission spectra. 
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Fig. 2. Energy scheme for illustration of the 

determination of the 2p ionization energy, and the 

exciton binding energy. It is assumed that the same final 

states are reached. Energies are given in eV. 

In Fig. 1 a we also show the SXE spectra of the 
two compounds when the excitation is tuned, 
below the ionization limit, to the first (2p3/T 
1 t2g) resonance. The spectra are dorriinated by 
a 3 e V wide peak at 450 e V, which is assigned 
to transitions from states of primarily oxygen p 
character. These states are the most intense in 
the spectra due to their overlap with d­
symmetry on the Ti sites, and due to the low 
occupancy of the non-bonding Ti d states. The 
energy position of the sharp peak at 456.7 e V 
coincides with the excitation energy. We assign 
this peakto atomic-like recombimi.tion and 
diffuse reflection, although the relative 
contributions of the two processes cannot be 
separated. The small difference between the two 
spectra in this energy region may thus be due to 
a different contribution of diffuse reflection, 
which is dependent on the surface roughness. · 
In all other respects the two spectra are identical 
within the measurement accuracy. 

We now tum our attention to the spectra exci~ed 
at 458.8 eV, on the 2p3f2-leg resonance (upper curves of Fig. lb). The sharp peak at the · 
excitation energy is, again, due to recombination and diffuse reflection. The main peaks are shifted 
1.2 eV relat~ve to the spectra in Fig. la, leaving the maxima at 451.2 eV. This shift does not 
directly correspond to a Raman shift because the primary energy is shifted across the ionization 
limit. Assuming that the same final states are reached at the two excitation energies, i. e., neglecting 
the coupling between the initially excited electron and the oxygen p states which dominate the 

Beamline 7.0.1 Abstracts • 162 



spectra, we can construct the energy scheme in Fig. 2. From this scheme the 2p3/2 core level 
binding energy and the 2p3/2-1t2g exciton binding energy can be estimated to be 457.9 eV and 1.2 
eV, respectively. 

At 456.5 e V, a peak appears in the spectrum of the compound with the higher doping, which is 
virtually absent in the spectrum of the lower doped compound. A closer inspection of the spectra 
also reveals that the main peak in the x = 0.05 spectrum is slightly broader than in the x = 0.01 
spectrum. The differences are shown in the center part of Fig. 1 b. The difference spectrum shows 
similarities to the spectrum excited belowthe ionization limit (plotted as a dashed curve): It has a 
broad maximum around 450 eV, and a double structure between 455 the 460 eV. The feature at 
456.5 eV almost coincides with the sharp peak in the spectrum excited below the ionization 
threshold. 

This observation leads us to interpret the spectrum of the x = 0.05 compound, excited above 
threshold, as a superposition of transitions in the neutral and the ionized system [4]. It indicates a 
core hole screening mechanism where doping electrons are captured in the excitonic 2p3/T 1 t2g 
state. The rate of this process can now be directly compared to the core hole decay rate. Adopting a 
multi-step picture (Fig. 3), and assuming that the X-ray decay rates are the same for the ionized and 
the excitonic states, the screening rate is simply 

!(neutral) 
r screening = . . . r A (neutral)' 

l(wnzzed) 

where !(neutral) and !(ionized) are the measured intensities. The lifetime width of the Ti 2p3/2 hole 

state, r A(neutral), has been estimated to be 0.1 e V in titanium metal [5], which 
is also the parameter for the Lorentzian broadening used to fit the 2p3/T 1 t2g absorption peak in 
various titanium oxides [ 6]. 

A: 
Below Threshold 

Excitation 

CB 

B: 
Above Threshold 

Excitation 

C: 
Above Threshold 

with Screening 

Fig.3 ~nergy scheme illustrating the screening process. In (A) emission is measured from the directly excited 

excitonic state. In (B) the system is ionized, and emission from the ionized system is observed, as well as (C) 

emission from states populated via screening from the Ti d"states. 
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To estimate the intensity ratio we fit the x = 0.05 spectrum excited above threshold as a 
superposition of the spectrum excited below threshold (neutral), and the x = 0.01 spectrum excited 
above threshold. The latter is assumed to represent the emission from ionized unscreened states. 
The best fit (Fig 2c) is achieved with weighting factors corresponding to the intensity ratio 
I(neutral)/l(ionized)=l/4 which gives a screening rate of 3.8*1013/s. This corresponds to the 
increase in screening rate due to the 0.04 additional Tid electrons, going from x = 0.01 to~= 
0.05. 

The recombination peak, after ionization and screening, is broadened and shifted relative to the 

directly excited 2p3/2-1t2g-7Ground State recombination. This is due to vibrational excitations 
associated with the changes in charge state. Vibrations may also have an impact on the main 

structure in the spectrum, which introduces an uncertainty in the determination of rscreening· 

CONCLUSIONS 

RIXS can be used to study relaxation processes on the time-scale of the core hole lifetime. In 
lightly doped titanates we have separated transitions from screened and unscreened core hole states, 
and estimated the core hole screening rate. This result will be followed up by a systematic study of 
series of doped titanates. 
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INTRODUCTION 

Clays are ubiquitous crystalline particles found in nature that are responsible for contributing to a 
wide range of chemical reactions in soils. The structure of these mineral particles changes when 
the particle is hydrated ("wet"), from that when it is dry. This makes a study of the J?icroscopic 
distribution of chemical content of these microcrystals difficult using standard techniques that 
require vacuum. In addition to large structural changes, it is likely that chemical changes accom­
pany the drying process. As a result, spectroscopic measurements on dried clay particles may not 
accurately reflect the actual composition of the material as found in the environment. In this 
wor~, we extend the use of the ALS Spectromicroscopy Facility STXM to high spectral and 
spatial resolution studies of transition metal L-edges in environmental materials. 

We are studying mineral particles of montmorillonite, 
which is an Fe bearing clay which can be preprared 
with a wide distribution of Fe concentrations, and 
with Fe occupying different substitutional sites. The 
reactivity of these particles in the environment is re­
lated to the charge state of the active Fe sites, and to 
the distributiqn of these charge states in the particles 
themselves (basal surface, edges, or interior sites). 
This article reports the initiation of a new research 
direction in high resolution soft x-ray spectroscopy of 
environmental materials. It relys on the new capabil­
ity demonstrated at BL7-STXM, to image and per­
form soft x-ray spectroscopy on wet cell samples, 
with an energy resolution sufficient to resolve the fine 
structure in absorption spectra of transition metals. 
The L-edges of transition elements contain a rich 
structure of 2p-3d transitions, which can be used to 
identify the transition metal atom charge state distri­
bution. The methods we developed here for mont-
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Fig. 1: BL7-STXM image ofSWA-1layered mineral 
crystallites of clay. 

morillonite, which is important both practically and as a model system in environmental science, 
will be applicable to many related problems in soil science, as well as in studies of the basic 
physical chemistry of geological problems. 

EXPERIMENT 

Recent test experiments at the ALS SpectroMicroscopy Facility have demonstrated that high 
resolution soft x-ray absorption spectroscopy can now be extended to include systems in hy­
drated, aqueous, environments (examples are shown here). This is done by placing the specimens 
into "wet cells", which are sealed, x-ray transparent, membranes containing the specimen and a 
thin layer of water. The transmission of soft x-rays through this cell is large enough to obtain 
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spectra with high energy resolution, sufficient to distinguish between various chemical valences 
of transition elements in the sample. Although spectroscopy of wet samples has been done before 
at very high x-ray energies, wet-cell spectroscopy in the soft x-ray region is-a recent develop­
ment. In the case of some transition-metal compounds, the line-widths and chemical specificity is 
better with soft x-rays (L-edges) than for hard x-rays (K-edges). The wet-cell STXM experiments 
allow us to look at samples which change their chemistry and shape from wet preparations to dry. 
In environmental applications, this is of key importance. 

An example of such systems are,clay particles, which are layered crystalline minerals that play an 
important role in chemical reactions (both inorganic and biologically mediated) in soils. The 
catalytic properties of these particles depends on the chemical state of various substituted atoms 
in the crystal structure, and on the interlayer spacing of the particles which determines which 
sites are in contact with the fluid medium. The interlayer spacing and surface chemistry of clay 
particles is very sensitive to hydration. Although 'dry' studies are valuable, we expect to make 
new discoveries with 'wet cell' spectra-microscopy. 

A brief trial experiment has been done to check the fea­
sibility of this research. An image, taken on the BL 7 
scanning transmission x-ray microscope (STXM) is 
shown in Fig. 1. This is an Fe-substituted clay particle, 
montmorillonite, in which we are attempting to deter­
mine the lateral distribution of Fe concentration and va­
lence using spectromicroscopy. The particle sizes occur 
in a wide range. We show 5-10 micron particles in Fig. 
1, and we can study them down to the micron range with 
a spatial resolution of about 0.2 microns. The spectrum 
of the Fe L-edge from the center of a particle is shown 
in Fig. 2. The Fe concentration in this specimen was 
initially 17%. We believe that this sample was only par­
tially hydrated, and therefore the signal from the Fe is 
reduced. 

GEOCHEMISTRY OF CLAYS 

Fig. 2: Spectrum from center of clay particle 
in previous figure, showing Fe L-edge ab­
sorption peaks. 

The immediate purpose of this study is to investigate the process of electron exchange in iron 
bearing montmorillonite. Numerous studies have established the redox lability of these clay 
minerals. Stucki, et al., [1] reviews oxidation and reduction reactions of montmorillonites . 

. Various chemical reductants are known, including hydrogen sulfide, sodium dithionate, hydra­
zine, sodium sulfide and sodium thiosulfate [2,3,4]. In addition, bacterial reduction has been re­
ported [5]. The exact mechanism of electron transfer remains unclear. Essentially all structural 
iron in montmorillonite is found in the central octahedral layer, therefore electrons must be trans­
ferred across the tetrahedral layer or at edge sites where the octahedral layer is in contact with the 
solution. Electron transfer at edge sites requires electron mobility through the octahedral layer. 
Electron mobility of this sort is possible in ordered Fe(II-ID) structures such as magnetite [6], but 
is difficult to envision in montmorillonite in which less than 113 of the octahedral sites contain 
iron .. Electron transfer across the tetrahedral layer requires a long range interaction between the 
aqueous reductant (or bacteria) and iron in the montmorillonite structure. 

The mapping of iron distribution and charge state before and after reduction will help elucidate 
which reduction mechanism is operative. Montmorillonites are very sensitive to drying and 
therefore require spectroscopy to be performed under environmental (as opposed to high vac-
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uum) conditions. A better understanding of electron transfer and tran~port in montmorillonites 
could have important ramifications in their industrial use as catalysts and will improve the under­
standing of their chemistry in natural environments where redox reactions are cyclic. 

We expect that this study of fully hydrated Fe bearing clays to be useful as a model for studies of 
environmentally relevant materials, including soils. The planned experiments in the near term 
will concentrate on the following problems: 

1. Determine the particle size range for which spectro-microscopy is now practical. Particles of 
5-10 micron in size were imaged in a short test run. We will dedicate some time to method­
ology of imaging smaller, 1 micron size, particles. This means developing methods for lo­
cating sparsely deposited particles of small size in the STXM. 

2. Measure high resolution Fe L-edge spectra for natural and artificial clay samples, both fully 
hydrated, and. in the dry state, to identify the chemical changes that accompany drying. 

3. Measure distributions of Fe density and line-shape changes as a function of position in parti­
cles, to determine if there are differences between the Fe oxidation state at the edges of the> 
particles and that in the center. 

4. Measure changes in Fe charge state distributions and lateral distributions in the particles as 
factors such as pH of the water are changed, or as other solvated ions are added or removed 
from the water. 

Other related projects (ie. studying the electron movement in and out of clays) that will require 
the use of spectroscopy under environmental conditions include: · 

• The role of electron donor-acceptor surface complexes in the adsorption of nitroaromatic 
pollutants to clay minerals. 

• The mechanisms behind surface mediated reduction of nitroaromatic pollutants by aqueous 
Fe(m .at montmorillonite surfaces. 

• The selective dissolution of structural Fe(ll) out of montmorillonites upon exposure to mildly 
acidic conditions (pH 2-3). 
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Spectromicro~copy of Self-Assembled Protein Clusters 
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The aim of this project is to use synchrotron radiation as a tool to study 
biomedical questions concerned with the thyroid glands. 
The biological background is outlined in a recent paper [1]. In short, Thyro­
globulin (TG), the precursor protein of the hormone thyroxine, forms large 
( 20 - 500 microns in diameter ) clusters in the extracellular lumen of thyro­
cytes. The process of the cluster formation is still not well understood but 
is thought to be a main storage mechanism of TG and therefore thyroxine 
inside the thyroid glands. 
For human thyroids, the interconnections of the proteins inside the clusters 
are mainly disulfide bondings. Normally, sulfur bridges are catalyzed by an 
enzyme called Protein Disulfide Bridge Isomerase (PDI). While this enzyme 
is supposed to be not present in any extracellular space, the cluster formation 
of TG takes place in the lumen between the thyrocytes. A possible explana­
tion is the autocatalysis of TG. 
As shown by immunoflourescence microscopy there is a clear lateral variation 
concerning protein - packing inside the clusters, which can be interpreted as 
some kind of hysteresis effect sho~ing the history of hormone production and 
demand along time. It is suspected that the disulfide bridge density varies 
as well inside the clusters. The knowledge of the chemical environments of 
sulfur in the TG clusters could be helpful to understand the building mecha­
nism and could be different for pathological thyroids. 
Using the ALS Spectromicroscopy Facility at Beamline 7.0.1 we try to get 
sulfur images of ultrathin sections of TG clusters with high lateral resolution 
and local micro - XANES of different regions inside the clusters. 
In our first shifts (November 13 to 18, 1996) we operated the Scanning Trans­
mission X-Ray Microscope (STXM) for the very first time at energies as low 
as 160 eV (Sulfur L-edge). Running the STXM at very low energies showed a 
so-called shadowing effect resulting from a slight misalignment of the Order 
Sorting Aperture (OSA). Besides, the short focal distance makes a cautious 
operation of the microscope inevitable. · 
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It should be pointed out that it was possible to get low energy photons 
through the samples and to take micro - XANES spectra of good quality. 
For the well established energy region of Oxygen and Nitrogen the contrast 
between the TG proteins and the embedding material in the thin sections is 
only very slight. As the sulfur concentration in the focus point is very low, 
it is necessary to locate the cluster before the sulfur micro - XANES measu­
rements. Therefore we used special "TEM - letter- grids" and tried to get 
some optical images to select the right locations for STXM measurements. 
As the optical contrast between proteins and embedding material is small as 
well, immunoflourescence marking will be used in the future. 
So far it hasn't been possible to get reliable sulfur images and spectra. In our 
next shifts (January/February 1997) we plan to improve the sample prepara­
tion and to use reference samples with higher and well-known sulfur contents. 
We will also work on improving the capabilities of the STXM at low energies. 
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ABSTRACT 

We have performed angle-resolved x-ray photoelectron diffraction (XPD) from aSi(l00)­
c[4x2] surface to study the structural origin of Si-2p core-level shifts. In the experiment, the 
highly resolved surface Si-2p core-level spect~a were measured as a fine grid of hemisphere 
and photon energies, using the SpectroMicroscopy Facility "ultraESCA" instrument. By care­
fully decomposing the spectra into several surface peaks, we are able to obtain surface-atom 
resolved XPD patterns. Using a multiple scattering analysis, we derived a detailed atomic 
model for the Si(100)-c[4x2] surface. In this model, the asymmetric dimers were found tilted 
by 11.5±2.00 with bond length of 2.32±0.05A. By matching model XPD patterns to experi­
ment, we can identify which atoms in the reconstructed surface are responsible for specific 
photoemission lines in the 2p spectrum. 

1. INTRODUCTION 

The Si(lOO) crystal surface has a complex surface reconstruction [1-5], which leads in tum to 
a complex core-level photoemission spectrum. The fundamental interest in the basic physics 
of this surface has resulted in many publications on both experiments [ 6-9] and theories [ 10-
14]. Due to the surface sensitivity and unique feature of chemical specificity, high resolution 
x-ray photoemission spectroscopy (XPS) is well suited for the study of this surface. By com­
bining photoemission technique with diffraction, it becomes a even more powerful tool as x­
ray photoelectron diffraction'(XPD) [15-
16], which thus allows us to explore the 
atomic arrangement around emitters of 
interest. The challenge of this experi­
ment is to measure, with very high sta­
tistics and spectral resolution, the Si-2p 
core level spectrum as a function of 
emission angle. This technique, which 
may be called "spectral XPD", makes it 
possible to separate out the unique dif­
fraction patterns of atoms of the same 
element, but in different sites . . 
A surface core-level shift of Si-2p at the 
lowest binding was studied by a prior 
work of Bullock et al [15] and was as­
signed to Si upper dimer atoms on the 
Si(lOO) surface. In their study, one azi­
muth curve of XPD at hv= 130 e V has 

hv= 144 eV 

-100.5 

Binding Energy [eV] 

Fig.l: High resolution Si-2p core-level photoemission 
spectrum from Si(100)-c[4x2] surface. The spectrum is 
decomposed into 6 components. 

been measured to confirm the present of asymmetric Si dimers on the surface as proposed by 
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a theoretical work of Northrup et al [11]. 
However, the structural origins of other sur­
face core-level. shifts still remain unknown. 
In this study, we have measured XPD pat­
terns with spectral quality sufficient to re­
solve 4 main surface Si 2p peaks, to explore 
the structural origin of other surface core­
level shifts. 

2. EXPERIMENTAL 

A mirror-polished Si(100) crystal was 
cleaned by etching followed by cycles of in­
situ resistive heating up to 1160°. The sur­
face was checked by XPS measurements and 
low energy electron diffraction (LEED). A 
sharp two-domain c[4x2] LEED pattern with 
well-defined quarter order spots a:nd low 
background was found. Spectral XPD meas­
urements were made at BL 7.0. High resolu­
tion Si-2p photoemission spectra were 

[llO] 

L 
[1l0] 

Top 
View 

[100] 

L 
[liO] 

Side 
View 

Fig.2 Schematic model for a reconstructed Si(100)­
c[4x2] surface. Shaded region represents a unit cell. 

measured over the emission hemisphere on fine angular grids, at 29 different photon energies. 
Overall more than 20,000 spectra were taken for photon energies from 115.2 eV to 286.6 eV 
with fine polar angles from 8=00 up to 80° and azimuth angles from <1>=00 to 900. A typical 
high resolution Si-2p photoemission spectrum from this experiment is shown in Fig.1. 

The decomposition of the Si-2p photoemission spectra is done by a quantitative least-squares 
fitting procedure, where a spectrum is decomposed into 6 components consisting of spin­
orbit split (double peak). In the fitting, all the components were assigned to have the same 
spin-orbit split with Lorentzian-Gaussian type, but freely relaxed in peak ratio. In Fig.1, com­
ponent S~> S2, S3, S4, and S5 are the surface peaks with binding energy shifted by -0.50, -0.23 
0.06 0.22, 0.42 e V relatively to the position of the bulk component, B. Therefore, in order to 
study the core-level shifts separately, we may obtain the surface-resolved XPD' s, which are 
labeled as S1-XPD, SrXPD, SrXPD, S4-XPD, and S5-XPD. It is found that these diffraction 
patterns vaiy significantly from one to another, indicating differences in their structural ori­
gin. 

3. MULTIPLE SCATTERING CLUSTER SIMULATIONS 

The multiple scattering (MS) cluster method we used in simulating .thes~ XPD patterns is 
based on an efficient and accurate concentric-shell-algorithm (CSA), developed by Saldin et 
al [17]. For simulating XPD, we choose a surface model, as shown in Fig.2, where buckled 
dimers are arranged in a c[4x2] periodicity on an almost intact Si(lOO) surface. In this model, 
we assume that dimers are buckled alternatively in the same row (along [110]) and adjacent 
dimer rows are in an anti-phase configuration. 

For a simple_ and quick approach to the problem, simulations were to focus on a single energy 
S1-XPD pattern at hv=l60 eV where the emitters are assumed to be the top dimer atoms. 
During the optimization procedure, we vary all the coordinates of the surface atoms in the 
model except those restricted by the c[4x2] symmetry. A trial-and-error method is used to 
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minimize the reliability factor (R-factor) [18] 
which is an indicator of the goodness of fitting 
between the experiments and simulations. 

Specifically, we vary one atomic coordinate at a 
time while keeping others unchanged until a lo­
cal minimum of R-factor is reached. Then we 
repeat the same procedure on one of other pa­
rameters in tum until any changes in those pa­
rameters will result in an increase in R-factor. 
An R-factor of 5.8% is obtained for the opti­
mized c[4x2] model. After the optimization, the 
buckled dimer is found to be tilted by an angle 
of 11.5±2.0° with bond length of 2.32±0.05 A. 
In addition, the bond lengths between top dimer 
atom and its two substrate neighbors are found 
to be 2.44±0.05 A. 

I 

Fig. 3: St-XPD (left) and MS simulations (right) 

at hv=140 (top) and 160 eV (bottom). 

Furthermore, we have extended our MS simulations on other photon energies (120- 170 eV) 
using the same optimized c[4x2] model. It is found that our simulations can reproduce the 
experimental patterns of S1-XPD reasonably well on those energy energies. We show in Fig. 
3 two S1-XPD patterns at hv=140 and 160 eV (left) and the MS simulations (right). It is seen 
in the figure that the agreement between experiment and theory is fairly good for both ener­
gies. 

In the MS simulations, cluster radii of 7- 8 A, which includes 5 shells of total40 Si atoms, 
were chosen. The phase shifts of silicon atoms were obtained from muffin-tin potential cal­
culation with input atomic wave-function obtained from a Herman-Skillmann calculation. 
The maximum angular momentum number of phase shifts is set to be Lmax=5. The calculated 
patterns are symmetrized to account for a major/minor domain ratio of 80/20, which is 
roughly in accordance with the observed LEED patterns. 

To check if the diffraction pattern is due to down dimer atoms, we have carried out MS for 
down dimer atoms using a c[4x2] model, and found an R-factor of 20.5% which is quite large 
and indicates that S1 component originates solely from upper dimer atoms. 

4. CONCLUSION 

As studied by Bullock et al. [15], the core-level shift, St. was found to be originating from 
top dimer atoms. But other surface components are still unknown. In the earlier study, the 
buckled Si dimers were found to be tilted at 19.0° with bond length of 2.24A where only one 
azimuth XPD scan data at hv= 130 e V were measured. In the current study, a much larger data 
set of spectral diffraction patterns was measured. Due to the largely improved signal to noise 
ratio in our XPD measurements, it is possible for us to determine more accurately the atomic 
arrangement on the surface and to further explore the structural origin of other components. 

Since the surface peak S1 is farther away from the main b~lk of the Si-2p spectrum, and 
hence can easily be resolved from the spectrum, the optimized model of c[4x2] structure ob­
tained from MS study of S1-XPD should be reliable and a good starting point in tracking 
down the origin of other surface components. We have carried out MS simulations including 
all emitters from the surface atoms to a depth of 3A under the surface. MS simulations from 

Beamline 7.0.1 Abstracts • 1 72 



various emitters were then used to compare with experimental patterns of SrXPD, SrXPD, 
S4-XPD and S5-XPD. It was found that there is a good agreement between the patterns of the 
S4-XPD and MS simulations of a substrate silicon atom. This substrate atom is labeled as 
atom 4 in Fig.2 and is 2.7 A below top dimer atoms. 

In summary, synchrotron radiation surface Si-2p spectral XPD patterns from Si(100)-c[4x2] 
surface have been obtained for the study of this surface. In this study, we have confirmed the 
structural origin of surface core-level shift, St. which is due to the upper Si atoms. We also 
take advantage of our large number of data acquisition to obtain a detailed c[4x2] atomic ar­
rangement for the surface, and found that the bond length and tilting angle of buckled dimers 

on this surface are 2.32A and 11.5°. Through further comparison of our MS simulations using 
our established c[4x2] model, we are able to identify the structural origin of another core­
level, S4, which results from atoms in the substrate. 
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INTRODUCTION 

Surface alloys are two-dimensional metallic systems that can have structures that are unique to 
the surface, and have no counterpart in the bulk binary phase diagram. A very unusual structure 
was reported for the Mn-Ni system, based on a quantitative LEED structure determination, which 
showed that the Mn atoms were displaced out of the surface by a substantial amount[1,2]. This 
displacement was attributed to a large magnetic moment on the Mn atoms. The structure of the 
Mn-Ni surface alloy was proposed to be based on a bulk termination model. Magnetic measure­
ments on the Mn-Ni surface alloys, however, showed conclusively that the magnetic structure of 
these surface alloys is completely different from the bulk alloy analogs[3,4]. For example, bulk 
MnNi is an antiferromagnet, whereas the surface alloy is ferromagnetic. This suggests that the 
proposed structure based on bulk termination, may not be correct. X-ray Photoelectron Diffrac­
tion (XPD) techniques were used to investigate this structure, using both a comparison to multi­
ple scattering calculations .and photoelectron holography. In this article we present some of the 
results from the quantitative analysis of individual diffraction patterns by comparison to theory. 

Earlier structural studies of both Mn/Ni(OOl) [1,2] and Mn/Cu(OOl) [5] at half-monolayer cover­
age by LEED reported a surface structures which consisted of Mn atoms in the substitutional 
sites, shown schematically in Fig. 1. A .displacement of the Mn atoms out of the surface plane 
was determined, with a somewhat larger value of displacement for Mn on Cu(OOl), 0.3A, than on 
Ni(OOl), 0.25A. This is unusual, since the atomic radius of a Mn atom is similar to that of both 
Cu and Ni, leading to possibly a small buckling of the Mn atoms, but not to a large outward dis­
placement. 

We have studied the structure of c(2x2) Mn/Ni(OOl) using photoelectron diffraction from the Mn 
and Ni 3p core-levels. The core-level selectivity of XPD is an advantage in a structural study like 
this, where the scattering strength of the two 3.52 A Mn 

components in the surface is similar. The • .. A~ • Ni 

study was completed using synchrotron ra- Q 0 0 0 o.2s A 0 0 
diation, which provides the additional flexi- 0 0 O 1

"
76 O O 

bility of be~ng able to vary the electron kinetic 0 0 0 0 0 O O 
energy. This can be used to enhance the cross 
section of the surface atoms, improving the 0 0 .,0 0 0 0 0 
signal to background ratio, and increasing the 0 0 0 Q 0 0 0 ·0 0 
sensitivity of the technique to structural 
changes right at the surface layer. The syn­
chrotron experiments collected full hemi­
sphere XPD patterns at more than 25 different 
electron kinetic energies. This large set of dif­
fraction data corresponds to a measurement of 
photoelectron diffraction intensity as a func-

a) b) 
Fig. 1: The,structure of 0.5 ML Mn!Ni(001) c(2x2) surface 
alloy. (a) Top view showing Ni and Mn (black) atoms in 
the surface layer and first subsurface layer (small white 
circles) of the substrate. (b) Side view along the dashed 
line in (a), [110] direction, showing two adjacent planes of 
atoms (large and small circles). 
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tion of three momentum space directions; we call such data sets 'diffraction volumes' for this 
reason. The data set was analyzed using a full multiple scattering cluster calculation, summarized ' 
here, as well as a direct (holographic) inversion technique. 

The structure of Mn/Ni(OO 1) for coverages from one-half monolayer up to four mono layers cov­
erage was also studied by conventional, laboratory x-ray source XPD. These results will be re­
ported elsewhere. 

EXPERIMENT 

These exPeriments were performed on the SpectroMicroscopy Facility bealnline 7.0 at the Ad­
vanced Light Source, which is optimized for photon energies in the range from 60 e V to about 
1000 e V[6]. A custom designed photoelectron diffraction system was employed, which has a 
computer controlled five:-axis manipulator, arid a high angular resolution, 16 channel detector 
hemispherical energy analyzer. The energy resolution of the electron analyzer was 0.06 e V (3 e V 
pass energy), and had.an angular resolution of less than ±1°. The energy resolution of the x-ray 
beam was less than 0.04 e V, for an overall energy resolution of less than 72 me V. The photon 
beam is incident in the horizontal direction, with p-polarization and a 30° grazing angle of inci­
dence, and the electron detection axis is in the horizontal scattering plane, with an angle of 60° to 
the incident photon beani. The axis of rotation for polar angle scans is horizontal, which gives 
perfect symmetry..around normal emission and makes it easy to identify absolute emission angles 
in the XPD data. This geometry is also optimized for signal intensity at grazing angles of inci­
dence of the photon beam,· and grazing exit angles for the electron beam[7]. 

Photoelectron diffraction patterns were acquired by measuring the photoemission spectrum from 
the Mn 3p, Ni 3p, and inelastic background at each setting of emission angle and incident photon 
energy. At each photon energy, a diffraction pattern was measured by stepping through a se­
quence of emission angles in a 90° azimuthal sector. The range of polar angles collected was 
from 9=0 (normal emission) to 9=80 degrees. The polar (9) and azimuthal($) angular steps were 
chosen to unifonnly sample the quarter-hemisphere of emission angles. The total number of dis­
tinct emission angles in the quarter hemisphere was 550, with precision in setting angular posi­
tions of 0.2°, from which the hemispherical diffraction pattern was created by a four-fold rotation 
(no mirror symmetry is applied). 

Linearly polarized soft x-rays with photon energies ranging from 50 e V to 550 e V were used to 
measure XPD patterns from both the valence band and core-levels, spanning a range in electron 
kinetic energy from very surface sensitive at low energy to a forward-scattering limit at high ki­
netic energy. In addition, a series of 25 diffraction patterns from the Mn and Ni core-levels were 
accumulated as a function of incident photon energy, with the photon energies selected to pro­
duce constant differences in total electron momentum from pattern to pattern. This 'diffraction 
volume' can be used for direct inversion techniques (holography) with a complete experimental 
data set. Finally, energy dependent photoelectron diffraction (EDPD) curves were taken at 3 dif­
ferent emission angles. These EDPD curves matched the synthetic EDPD curves which can be 
extracted from the diffraction volume. 

THEORY 

The large data set we have accumulated can be analyzed in a number of ways. For the present, we 
have chosen to calculate theoretical simulations of individual diffraction patterns at specific 
electron kinetic energies, for a subset of the total data set. We expect that the low kinetic energy 
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diffraction patterns will be most sensitive to the structural parameters of the outermost c(2x2) 
layer, while the higher kinetic energy patterns may be simpler to calculate since the effects of 
multiple scattering become less pronounced. 

a) b) 
Fig. 2: Comparison of experimental pattern to optimized theoretical simulation at 60eV Kinetic Energy. (a) Ex­
perimental pattern at 60eV from the Mn emitter for the c(2'2) Mn/Ni(OOl) surface alloy. (b) Optimized diffraction 
pattern at 60e V shows the surface alloy to have surface Ni atoms displaced inward to have an interlayer spacing of 
1.6A from the subsurface layer whereas the surface Mn atoms are displaced outward by 0.4A. 

Our calculation uses a full multiple-scattering cluster method, known as the concentric shell al- . 
gorithm, CSA [8]. This is a real-space Green's function method, which makes use of the fact that 
electron attenuation results in a finite size of the cluster used to model scattering from a solid. In 
the CSA scheme, the cluster of atoms is divided into shells of atoms that lie at approximately the 
same radius from the photoemitter atom (which is not generally at the center of the cluster). For a 
single site model of c(2x2)Mn/Ni(001), only one emitter atom is needed to model the diffraction 
pattern for the Mn 3p level. For the Ni XPD pattern, a calculation is needed for Ni atoms in each 
layer of the cluster. 

The model cluster was a half-hemisphere of atoms with a radius of sA, which intersects five lay­
ers of the sample, including the surface layer, for a total of 115 atoms. The surface layer of the 
cluster contains 8 c(2x2) unit cells. Full multiple scattering is calculated in a series of steps. The 
scattering of all atoms within a specific shell is calculated as a scattering matrix centered on the 
emitter atom. Then, the scattering matrices for all shells are combined to include inter-shell scat­
tering to all orders. The cluster consisted of seven shells of atoms. At each atom, scattering phase 
shifts up to 1=6 were included at 60 e V kinetic energy; for the final, emitter-centered scattered 
wave matrix spherical waves up to 1=34 were used. 

The experimental geometry is incorporated into the calculation through the dipole matrix ele­
ments, which include all allowed s- and d-wave final states for the 3p initial state. The scattering 
phase shifts were calculated starting from the atomic potential of Hermann and Skillman[9], 
which is input to a self consistent muffin-tin potential approximation (MUFPOT). In this first 
stage of data analysis, we concentrated on the diffraction pattern from Mn 3p at a photon energy 
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of 111.2 eV, corresponding to an electron kinetic energy of about 60 eV. The inner potential, De­
bye temperature of the Mn and Ni atoms, mean free path, and cluster size were 11 e V, 41 OK, 
450K, 3A and sA, respectively. 

RESULTS 

The experimental diffraction pattern for 60 eV kinetic energy electrons from the Mn surface at­
oms is shown in Fig. 2a. This pattern is one of more than 25 diffraction patterns measured over a 
range of 100 eV in kinetic energy. The individual patterns show a strong sensitivity to kinetic 
energy; a change of only a few electron volts is enough to cause strong features to completely 
disappear. This sensitivity is matched in the theoretical calculations, and it places stringent con­
straints on the values of the inner potential and other non-structural parameters used in the cal­
culation. 

Two basic types of structural models were considered. In the first, the Mn atoms were placed as 
adatoms in four-fold hollow sites at the surface. In the second model,-the Mn atoms were in sub­
stitutional sites in the outer layer of Ni atoms, with the possibility for different heights of the Mn 
and Ni atoms in this layer. 

We find that the greatest sensitivity to the difference between these two structures is found at the 
lower kinetic energies where backscattering is strongest, and multiple scattering effects must be 
included in the simulation. The adatom model gives very poor agreement with experiment The 
in-plane, substitutional model gives good agreement between theory and experiment, as is seen in 
the comparison shown in Fig. 2. The principle characteristics of the patterns is the presence of 
two nested square arrays of peaks, one rotated by 45° with respect to the other. These structures, 
which appear only at 60 eV kinetic energy, are found only in the in-plane Mn model, and fur­
thermore are only correctly reproduced with an outward displacement of the Mn atoms (as in Fig. 
1). 
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Application of High-Resolution Photoelectron Spectroscopy: 
Vibrational Resolved C ls and 0 ls Spectra of CO 

Adsorbed on Ni(lOO) 
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N. W assdahll, 0. Karis 1, J. St0hr3 and M. Samant3 
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There are various effects which determine the line shape of a core-level electron spectrum [1]. 
These are due to the fmite life-time of the core hole, inelastic scattering of the outgoing 
photoelectron, electronic shake-up and shake-off processes and vibrational excitations. For free 
atoms and molecules the different contributions to the observed line shapes can often be well 
separated. For solids, surfaces and adsorbates the line shapes are in general much broader and it 
has in the past been assumed that no separation of the various contributions can be made. In the 
present report we will show that this is indeed not the case. Surprisingly the vibrational fme 
structure of CO adsorbed on Ni(lOO) can be resolved in the Cls and Ols electron spectra (fig. 1). 
This was achieved by the combination of highly monochromatized soft X-rays from B1.8.0 with 
a high resolution Scienta 200 mm photoelectron spectrometer. X-ray photoelectron spectroscopy 
(XPS) with tunable excitation energy yields as a core level spectroscopy atomic and site-specific 
information. The presented measurements allow for a· determination of internuclear distances and 
potential energy curves in corehole ionized adsorbed molecules. 
Our analysis of the c(2x2) phase CO/Ni(lOO) on "top" yielded a vibrational splitting of 217 ± 2 
meV for Cls ionization. For Ols ionization a splitting of 173 ± 8 meV was found (fig. 1). 
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Figurel. Vibrationally resolved photoelectron spectra of CO adsorbed on Ni(100) c(2x2) "on top". Excitation 
energy for C1s ionization 426 e V, for 01s ionization 700 eV. Vibrational splitting for C1s ionization 217 me V, for 
01s ioniztion 173 meV. Shown are datapoints with the individual peaks of the least square fit. 
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At sufficiently high excitation energy (sudden limit) the nuclear co-ordinates remain unmodified 
on the timescale of the photoionization process (Born Oppenheimer approximation). If the 
equilibrium geometry of the molecule changes upon ionization vibrational motion will be excited 
to accomodate the difference between initial and fmal state geometry. In a Franck Condon 
picture vibrational fine structure in XPS results from the electronic transition between the 
molecular potentials associated with the initial, ground state and the core ionized fmal state. Core 
ionized CO is seen in the equivalent core approximation (Z+l) as electronically equivalent to NO 
for Cls ionization and to CF for Ols ionization. 

When a molecule is adsorbed on a surface new vibrational modes appear which are related to the 
translational and rotational degrees of freedom in the free molecule. In CO adsorbed "on top" on 
Ni(100)c(2x2) one fmds in the ground state the CO strech with 256 meV [6], the substrate 
molecule strech with 59 meV [6], 2 frustrated translational modes with ca. 3.5 meV [7] and 2 
frustrated rotations with 35 meV [6]. The low energy frustrated translational and rotational 
modes do not much contribute to the broadening unless they are thermally excited in the ground 
state. 

The experiments were performed on beamline 8.0 with approx. 50 me V bandwidth of the soft X­
r ray monochromator and the Scienta SES 200 photoelectron spectrometer. The direction of 
photoelectron detection was parallel to the polarization of the exciting radiation. All 
measurements were performed at 80 K. The Ni(lOO) substrate was. cleaned by standard 
procedures (Oxygen treatment, sputtering). Preparation of CO on top, bridge and hollow 
adsorption sites has been presented and characterized in Ref. [2] 

In order to extract the vibrational splitting a curve analysis was undertaken. The employed least 
square fit used a lineproftle composed from a lorenzian with Doniach Sunjic asymmetry 
convoluted with a gaussian. For all vibrational quantumnumers v'=O,l,2,3 the same lineprofile 
was assumed (linked parameters). The lifetime broadening of the Cls core hole was estimated to 
be92meV. 

A comparison of the vibrationally resolved Cls and Ols main lines with respect to overall 
lineproflle and vibrational splitting reveils large differences between XPS taken on 
CO/Ni(100)c(2x2) and on CO in gas phase [3,4](fig.2). However, XPS taken on the adsorbate 
system has striking similarities with XAS measured on CO in gas phase [5](fig.2). 
These fmdings can be understood comparing the initial and final states of the different 
.spectroscopies and employing the final state rule which states that the shape of a spectrum is 
determined by the final state of the spectroscopy (fig.3). The initial state of XAS and XPS on 
CO in gas phase are identical. In the adsorbate system the surface chemical bond leads to a 
mixing of the Ni spd-band and the CO x-system in the initial state. Upon ionization charge from 
the Ni spd-band is transfered into the 27t* molecular orbital. This relaxation effeet, called 
metallic screening, leads to a final state which is very similar to the ls -> 2x* core excited fmal 
state of XAS in gas phase. The fmal state of XPS in gas phase is given by the fully core ionized 
molecule with no population of the 27t* orbital . 
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Figure 2. Comparison of XPS on CO/Ni(100)c(2x2) 
adsorbed on "top" to gas phase measurements taken from 
references #[3], ##[4],**[5]. Strong similarities between 
XPS on adsorbate and XAS in gas phase due to similar 
ftnal states. 
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Figure 3. Scematic depiction of initial and final states 
for the corresponding measurements in ftg.2. Metallic 
screening in the adsorbate system leads to a 
comparable fmal state than XAS in gas phase. 

Comparison of the CO phase on top with CO adsorbed on bridge and hollow reveils interesting 
differences. The disordered COIH/Ni(lOO) phase on "bridge" exhibits a vibrational splitting 
energy of 195 ± 6 meV for Cls ionization. The vibrational splitting for Cls ionization of the 
COIH/Ni(100)c(2..J2x2..J2)R45° phase "hollow" was found to be158 ± 7 meV. Determination 
of the vibrational splitting for 0 ls ionization in the "bridge" and "hollow" systems seemed not 
appropriate as the observed structllres were too washed out · 

The observed dependency of decreasing vibrational splitting energy for Cls excitation versus 
increasing coordination number can be understood as increasing hybridization between the Ni 
spd-band and the molecular 21t* leading to a weakening of the internal CO bond which is in the 
core ionized fmal state electronically equivalent to NO. The stronger the CO bond, the larger is 
the vibrational splitting of the CO strech. On "top" the CO molecule interacts mainly with one 
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Figure 4: Vibrationally resolved Cls ionized 00 on three different adsorption sites. top, bridge and 
hollow. Excitation energy 426 eV 

Ni-atom. on "bridge" with two and on "hollow" with four. In this order the hybridization 
.increases and the CO bond is weakend. therefore leading to smaller vibrational splitting ~ 
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An Atom-Specific Look at the Surface Chemical Bond Using 
X-Ray Emission Spectroscopy 
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CO and N2 adsorbed on the late transition metals have become prototype systems regarding the 
general understanding of molecular adsorption. It is in general assumed that the bonding of 
molecules to transition metals can be explained in terms of the interaction of the frontier HOMO 
and LUMO molecular orbitals with the d-orbitals. In such a picture the other molecular orbitals 
should remain essentially the same as in the free molecule. For the adsorption of the isoelectronic 
molecules CO and N2 this has led to the so called Blyholder model i. e. a synergetic a (HOMO) 
donor and 1t (LUMO) backdonation bond [1]. Our results at the ALS shows that such a picture is 
oversimplified. 

The direct observation and identification of the states related to the surface chemical bond is an 
experimental challenge. For noble and transition metal surfaces, the adsorption induced states 
overlap with the metal d valence band. Their signature is therefore often obscured by bulk 
substrate states. This complication has made it difficult for techniques such as photoemission and 
inverse photoeniission to provide reliable information on the energy of chemisorption induced 
states and has left questions unanswered regarding the validity of the frontier orbitals concept 

In the following contribution we will show how x-ray emission spectroscopy (XES), in spite of 
its inherent bulk sensitivity, can be used to investigate adsorbed molecules [2]. Due to the 
localization of the core-excited intermediate state, XE spectroscopy alllows an atom specific 
separation of the valence electronic states. Thus the molecular contributions to the surface 
chemical bond can be separated from those of the substrate. Furthermore, angle dependent 
measurements make it possible to determine the symmetry ,of the molecular states, i.e. the 
separation of 1t and a type states [3]. In all we can obtain an atomic view of the electronic states 
involved in the formation of the chemical bond to the surface. 

It is important not only to observe new electronic states related to the surface chemical bond but 
also to study changes in the contribution from different atoms to the molecular orbitals upon 
adsorption. The upright adsorption geometry of the N2 molecule on Ni(lOO) in on top site leads 
to two chemically inequivalent N atoms. If a separation between the two atoms can be made it is 
an ideal case to study how the electronic states redistribute in a homonuclear molecule upon 
a~sorption. 

The experiments were performed on beamline 8.0 at the ALS. The x-ray spectrometer, which can 
be. rotated around an axis parallell to the incoming beam, is based on three interchangeable 
grazing incidence gratings in combination with a movable multichannel detector [ 4]~ It was 
operated with a resolution of about 0.5 eV. 
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Previous work has shown that the x-ray absorption spectrum for N2 on Ni(lOO) exhibits two ls to 
27t* resonances at 400.6 and 401.0 eV [5] corresponding to the outer and inner N atoms, 
respectively. Hence, by using different excitation energies, site-specific XE spectra can be 
recorded. The resulting XE spectra for the outer and inner N atoms are shown in Fig. 1. The 
spectra are plotted on a common binding energy scale relative to the Fermi level, obtained by 
subtracting theN ls core-level photoemission binding energies of the two atoms (outer atom: 
399.4 eV; inner: 400.7 eV) from the emission energies. The figure is divided in an upper part, 
displaying states of a symmetry (obtained by suitable linear combinations of the normal and 
grazing emission spectra) and a lower part, displaying states of 1t symmetry (the normal emission 
spectra). · 
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Figure 1. Symmetry resolved XE spectra for the inner 
and outer N atoms for N2/Ni(lOO). 

The novel information contained in Fig. 1 is the 
large difference in the states located on the inner 
and outer N atoms and the clearly resolved 
structures within 5 e V binding energy, i.e. in the 
Ni d band region. All spectral peaks, representing 
the 2p atom-projected molecular orbitals, exhibit 
different intensities or shapes for the inner and 
outer N atoms. Even the 3a, located about 25 e V 
below the Fermi level, shows an intensity 
difference for the two atoms demonstrating that 
the chemisorption bond affects even the inner 
valence levels. Other interesting fmdings are the 
localization of the 4a state to the inner N atom, 
with no visible spectral intensity from the outer N 
atom, and the larger 5a localization to the outer N 
atom. Near the Fermi level we find the molecular 
states which are important for the surface 
chemical bond. These states arise from interaction 
of molecular 1t states with the Ni d states. The 
state located on the outer N atom is centered at 
about 2.5 e V binding energy while the state 
located on the inner N atom is centered at about 1 
eVdenoted 1tout and 1tin ., resectively. These states 
are non-bonding with respect to the N-N bond and 
do not have much resemblance with the original 
orbitals of the free molecule. We can only 
generate these states through a linear combination 
of the originall1t and 27t* orbitals. We picture the 
1tin state to be strongly Ni-N bonding whereas the 
1tout state is essentially a N 2p lone pair. It may 

contain some non-bonding Ni contribution. 

In the spectra we do not see any new occupied states of 5cr symmetry and in previous XA spectra 
of adsorbed N2 there are no indications of any new states above the Fermi level [6]. Thus we do 
not observe any bonding and anti-bonding states indicating a significant 50' contribution to the 
surface chemical bond. This supports the cluster calculations of Bagus et al. [7], which show the 
0' contribution to be mainly repulsive. Our spectra show the repulsion effects as a redistribution 
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of the molecular <1 system upon formation of the surface chemical bond. The 4<1 state becomes 
polarized on the inner- and the 3a and 50' states on the outer nitrogen atoms. Surprisingly, all 
valence states, down to the 30' state around 25 e V binding energy, are affected by the formation 
of the chemisorption bond. Despite the relative weakness of the chemisorption bond ( = 0.4 e V) 
relative to the intra-molecular bond(= 8 eV) the intra-molecular bonding is completely changed. 
upon chemisorption. 

1t 

x8 

30 

CO/Ni(lOO) c(2x2) 
XES 

l.n: 

SG 
/ 

"'· 

25 20 15 10 

Binding Energy (eV) 

Figure 2. Symmetry resolved XE spectra for the Catom 
and 0 atom for CO/Ni{lOO) 

The isoelectronic CO molecule adsorbs in the 
same way as N2 in an on top site with the 
carbon end down. In this case the 
chemisorption bond is much stronger(= 1.5 
e V). Fig. 3 shows the XE spectra for the 
carbon and oxygen atoms on a common 
binding energy scale relative to the Fermi 
level . The upper part shows states of <1 

symmetry while the lower part shows states of 
1t symmetry. We observe that the 50' state is 
mainly located at the inner carbon atom and 
the 40' on the outer oxygen atom. At frrst sight 
this appears to be the reverse situation com 
pared with N2. However, the distribution of 
the molecular orbitals in the free molecule is 
very different In the oxygen XE spectrum of 
free CO the intensity of the 4a state is about 5 
times larger than the 50' [8]. From Fig. 4 we 
can observe that upon adsorption the intensity 
of the 50' state becomes slightly larger than the 
4a. The 50' slightly redistribute itself in the 
same manner as seen in adsorbed N2 due to 
the repulsive interaction with the substrate. 
The 4a state stays completely localized on the 
outer oxygen atom as in the free molecule. In 
the 1t system we also observe two new states, 
1tc (C-Ni bonding state) on the inner carbon 
atom and 1t0 (0 lone pair state) on the outer 
oxygen atom similar to N 2· The energy 
splitting between the two states is larger in CO 

than in adsorbed N2, 3 eV and 1.5 eV, respectively. This can be attributed to the energy 
difference of the atomic 2p levels in carbon and oxygen. As can be seen in the oxygen XE 
spectrum, the 1tc state is not entirely localized on the carbon atom. The observed changes in the 
1t system upon chemisorption resemble those between free CO and H2CO.When two hydrogen 
atoms are added to CO to form H2CO one of the 1t orbitals breaks up into a local C-H bonding 
orbital (lbt) and an 0 2p non-bonding lone pair orbital (2bt), in analogy to the inner 1t and outer 
1t states in both adsorbed CO and N2. 

Beamline 8.0.1 Abstracts • 186 



The two adsorption examples above nicely demonstrate how oversimplified a frontier orbital 
concept is in the description of surface chemical bonding. The bond is not only related to the 
appearance of new orbitals. It is also important to consider changes in the complete molecular 
orbital framework. The resulting electronic structure of the chemisorption complex is well 
described in an atom-based picture which x-ray emission spectroscopy (XES) provides. 
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The dynamics of near-threshold 
photoionization is a complex phenomenon 
in which the many-electron character of the 
wavefunctions plays an important role [1]. 
According to generalized time-independent 
resonant scattering theory [2], the transition 
matrix element from an initial state to a final 
state is the summation of the amplitudes of 
direct photoionization and an indirect term 
in which intermediate states are involved 
and the resonant behavior is embedded. 
Studies of the interference effects of 
intermediate states have been explored in 
the cases where the direct term is negligible 
[3,4]. 

In the present work, electron time-of-flight 
spectra of the Ar 2p satellites were 
measured at two angles. (magic and 0°) in 
the dipole plane with the exciting photon 
energy tuned in the vicinity of the Ar 2s 
threshold. For excitation far below or 
above the 2s threshold, the 2p .satellites 
spectrum is dominated by 3p to np shakeup 
contributions upon t;he ionization of a 2p 
electron [5]. On the other hand, the same 
[2p3p ]n 'p final states . can also be reached 
via spectator LrLzM2,J Coster-Kronig 
transitions following 2s to np excitations. In 
~ddition, because the life time width of 2s 
is larger than the energy separation between 
the 2s to np resonant states individual 
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Figure 1. Photon-energy and angular dependence of the 
Ar 2p satellites. The spectra were taken at both the magic. 
and 0° in relative to the beam-polarization vector in the 
dipolar plane, tuning the photon energy across the Ar 2s 
threshold. The spectra are normalized to the satellites 
total intensity: 
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resonances cannot be excited separately. Furthermore, because the final states 
[2p3s]nse'l' are embedded in the [2p3p] el e'l' continuum and the latter is enhanced 
strongly above the 2s threshold because of Coster-Kronig transitions, in addition to 
direct double photoionization, interference between these fmal states also may occur. 
Therefore, the Ar 2p satellites excited in the vicinity of the Ar 2s threshold are examples 
of a more general case in which interferences between direct and indirect channels, 
between different intermediate states, and between 'discrete' and continuous fmal states 
are intermingled. 
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INTRODUCTION. 

The band width may be considered the single most important parameter 
characterizing the electronic structure of a solid. The ratio of band width and Coulomb 
repulsion determines how correlated or delocalized an electron system is. Some of the 
most interesting solids straddle the boundary between localized and delocalized, e.g. the 
high-temperature superconductors. The bulk of the band calculations available today is 
based on local density functional (DF) theory.' Even though the Kohn-Sham eigenvalues2 

from that theory do not represent the outcome of a band-mapping experiment, they are 
remarkably similar to the bands mapped via photoemission. Strictly speaking, one should 
use an excited state calculation that takes the solid's many-body screening response to the 
hole created in photoemission into account. · 

Angle-resolved photoemission experiments have become accurate enough to see 
many-body effects on the band width by comparing the data with DF and Quasi-Particle 
(QP) calculations. For sodium, a prototype metal, the measured occupied band width was 
found smaller than DF calculations but close to QP results.3

• On the other hand, the band 
width in a prototype insulator, such as LiF, was found to be larger than in the DF result, 

. but in agreement with the QP results.4 One might also consider many-body effects on the 
band width of semiconductors. Because their band structures are intermediate between 
those of metals and insulators, it is not even clear whether such effects will be negative or 
positive. Diamond is a useful prototype semiconductor because of its low atomic number 
and large band width, which has made it a long-time favorite for testing band theory. Yet, 
the two experimental values of the band width of diamond have error bats of ±1 e V and 
differ by 3.2 e V.5

• 
6 

To obtain an accurate valence bahd width for diamond, we use a band-mapping 
method that collects momentum distributions instead of the usual energy distributions. 
This method has undergone extensive experimental and theoretical tests in determining the 
band width of lithium fluoride.4 An efficient, imaging photoelectron spectrometer7 is 
coupled with a state..:of-the-art undulator beam line at the Advanced Light Source (ALS) 
to allow us collecting a large number of data sets. Since it takes only a few seconds to 
take a picture of the photoelectrons emitted into a 84° cone, we can use photon energies 
as high as 350 e V where the cross section for photoemission from the valence band is 
already quite low, but the emitted photoelectrons behave free-electron-like. This makes it 
much easier to locate the origin of the inter-band transitions in momentum space. 

The result of our band mapping is a band width of 23.0 ±0.2 eV, which agrees 
well with QP results by Hybertsen and Louie (23.0 e V) and by Rohlfing et al. (22.88 e V). 
The band widening of 1.5 eV (7%) compared to the DF band width (21.67 eV by 

a Present address: Instituto de Ciencia de Materiales de Madrid (CSIC). Cantoblanco, E-28049, Spain. 
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Hybertsen and Louie, 21.35 eV by Rohlfing et al.) is clearly visible. The origin of this band 
widening might be understood as an increasing localization of the electronic states 
towards the bottom of the band. The energy of such localized, correlated states comes out 
consistently too high in DF calculations. 

II. EXPERIMENT 

The imaging electron spectrometer used for this work is an improved version of a 
display analyzer described previously. It combines an ellipsoidal repelling mirror as low­
pass with a spherical retarding grid as high-pass. Photoelectrons emitted within ·a 84° cone 
around the sample normal are imaged onto a channel plate with optical readout. A new 
feature is a segmentation of the ellipsoidal mirror into five elements with three slightly 
different bias voltages, which compensates for 'the change in angle of incidence along the 
elliptical direction of the electron mirror. This produces a three times higher resolving 
power or, alternatively, better homogeneity of the band pass across the field of view. The 
instrument is operated at beam line 8.0 a 5 em undulator beam line at the ALS where the 
data acquisition time is reduced to about 30 seconds per picture, compared to about 30 
minutes at a second generation light source. The intensity is normalized to the 
transmission of the analyzer measured using the emission of secondary electrons, taken at 
higher photon energy but with the same analyzer settings. Threefold symmetrization 
suppresses inhomogeneities and polarization effects. All features discussed here are clearly 
visiple in. the raw data. The normalized images are converted into momentum distributions 
numerically, using the analyzer geometry and reference data from the sharp Fermi surface 
of graphite for calibration. 

. A hydrogen-terminated diamond( 111 )-1 x 1 surface was prepared from a naturally 
boron-doped, type lib diamond cleavage surface as described earlier (diamond Refs., Van 
der Veen, etc.). Siight heating in ultrahigh vacuum to 900 K sharpened the Cis core level 
spectrum without destroying the hydrogen termination of the broken bonds. The clean 2~1 
surface obtained after further heating to 1300 K showed a well resolved surface 
component of the C( 1 s) signal and introduced surface states into the valence band spectra. 
They interfere with the identification of bulk features and blur angular distributions by 
introducing extra momentum transfer via the 2x 1 surface lattice. Therefore, only the 
hydiogen~termiilated 1x1 surface was used for determining the bulk band width. 

_. · 0\lr data are pictures of the momentum distribution of photoelectrons emitted with 
a given kinetic energy. Such pictures were taken for many combinations of electron and 
phot6n energies (about 100). As explained in more detail below, the final state kinetic 
energy of the photoelectron.s was selected first. Thereby, the momentum normal to the 
surface, .k\ 'was set to ~ value equivalent to the r -point in the bulk Brillouin zone, where 
the valence bartd maximum and minimum are (Fig. 1). Then, a series of constant-final-state 
pictures was obtained at several photon energies, to probe different initial-state energies 
across the valence band (Fig. 2). As one approaches the valence band maximum or the 
minimum from within the band, the momentum distribution of the photoelectrons shrinks 
to a point, which allows one to determine energies of band edges. 
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Fig. 2 
Experimental 
quasiparticle band 
structure 
(including lifetime 
broadening) . 
obtained from a 
series of 
momentum 
distributions 
across the valence 
band of diamond. 
These have been 
redrawn as· 
traditional band 
energy dispersion 
curves.· 

Fig. 1 Pictures of the 
momentum distribution 
of photoelectrons for 
several of initial-state 
energies across the entire 
valence band of diamond 
and a constant final-state 
at the (222) r-point. The 
emission pattern shrinks 
to a point 'at the center 
when the two band 
edges are approached. 
The energy values refer 
to the valence band 
maximum. 

Direct comparison with experiment is done by inverting the pictures to assemble a 
more traditional rendering of energy-vs-crystal-momentum band dispersion curves. That 
is, having a rather complete set of momentum distributions at various energies we are able 
to display the experimental equivalent to the calculated E(k0

) energy bands -i.e. the 
intensity distributions in the E, k11

- plane.(Fig. 8). Unlike the sharp, calculated E(k11
) 

Beamline 8.0.1 Abstracts • 192 



relations, the actual data also show effects of lifetime broadening, which is a many-body 
effect, not yet as fully modeled as the increased band width. The broadening represents the 
imaginary part of the electron self-energy. 
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In this contribution we present the distinction between coherent and incoherent processes 
in resonant photoemission. As a first step we determine whether an autoionization process is 
photoemission-like or Auger-like. The discussion is based on measurements for a weakly bonded 
adsorption system, Ar/Pt(111) [1]. This type of system is well adapted to investigate these ef­
fects since it yields distinctly shifted spectral features depending on the nature of the process. 
After this, the question of resonant photoemission in 
metallic systems is addressed. This is done in connection 
with measurements at the 2p edges for Ni metal. Ni has 
been one of the prototype systems for resonant photoemis­
sion. The resonances have been discussed in connection 
with the strong correlation and d-band localization effects 
in this system [2]. Based on the results some general com­
ments about the appearance of resonant effects in metallic 
systems are made. 

The experiments were performed using beamline 8.0 at 
the Advanced Light Source. This undulator beam-line is 
equipped with a modified 'Dragon' m9nochromator with 
a resolving power of up to 104 • The end-station was built 
at Uppsala University and comprises two rotatable spec­
trometers, .a Scienta SES200 .electron spectrometer [3] and 
a high-resolution grazing incidence grating spectrometer 
for x-ray fluorescence studies [4] . In the Ar measurements 
the resolution was set to 100 me V for the monochromator 
and to 200 meV for the spectrometer. In the Ni measure­
ments the resolution was 100 eV for both the monochn:r 
mator and the spectrometer. The spectra for Ar/Pt(111) 
were measured at low temperatures using a liquid He flow 
cryostat. 

Fig. 1 shows electron emission (autoionization) spectra 
of Ar for a number of photon energies around the 2p3t2-+4s 
x-ray absorption spectroscopy (XAS) resonance. The over­
all spectral shape changes with photon energy. Two sets 

Ar/Pt(111) 

2p;k4s 1 Autoionization 

205 210 215 220 225 

KINETIC ENERGY (eV) 

Fig. 1: Ar/Pt(lOO) autoionizationspectra for 
several photon ener~es around the 2p3/ 2-+4s 
resonance. 
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of spectral features can be identified, one which stays at constant kinetic energy and one which 
moves with the photon energy. The shapes of the two parts of the spectra seem to be independent 
of the excitation energy. The relative weights of the two parts, however, vary. 

Ar/Pt 

·--·- Measured Spectrum 
- Model Spectrum 
+ Auger 

~ ····· Spectator 
:i 
~ 

205 210 215 220 
KINETIC ENERGY (eV) 

225 

Fig. 2 shows an analysis of the spectrum recorded at 
the resonance maximum (244.8 eV). The spectrum can 
be accurately reproduced by a summatiOn of two model 
spectra. The curve denoted by ( +) corresponds to a 
2'P3;2 Auger spectrum recorded for the Ar/Pt sample 
using a photon energy well above the XAS resonance. 
The different peaks in the spectrum are due to the mul­
tiplet levels of the 3p4 final state configuration as de­
noted in the figure. The dashed clirve is a gas phase 
autoionization spectrum following the excitation of the 
2p3/24s1 state. The identification of the peaks is given 
in the figure. The spectrum has been convoluted with 
a Gaussian of width 0.3 e V and shifted to achieve the 
best possible fit. By summing these spectra with appro­
priate weight factors we obtain a model spectrum given 
by the solid line. As can be seen this curve mimics all 

Fig. 2: A fit of the autoionization spectrum for essential features of the experimental Ar/Pt autoioniza­an excitation energy at the resonance maximum. 
tion spectrum. The remaining small differences appear 

mainly in the shake-up part of the autoionization spectrum. This is due to the interaction of the Ar 
orbitals with the substrate which modifies especially the extended orbitals involved in the shake-up 
processes. There ~ay also be slight differences in the remaining parts of the spectra caused by 
small modifications of the splittings and relative intensities of the multiplet components. Similar 
decompositions have been performed for the decay spectra over the entire 4s resonance profile, 
reaching the same type of agreement. Each spectrum may thus be thought of as consisting of two 
parts, one with an Auger-like 3p-2 final state and one with a 3p-24s1 spectator-like final state. 

Fig. 3 shows in detail Ni spectra recorded for photon energies around the 2p3; 2 core-level thresh­
old in the photoemission geometry. In this case the spectra are plotted on a binding energy scale. 
Below threshold, the whole spectrum stays at constant binding energy and the intensities of the 
different parts of the spectra changes. Immediately above threshold, we observe how the 6 e V 
feature starts to move to higher binding energies as the photon energy increases. This immediately 
shows that final states are produced which are not identical to the photoemission final states. This 
is completely analogous to the situation with the appearance of Auger-like features in Ar/Pt(lll) 
as discussed above. We can also discuss this as an apparent loss of coherence in the process [1]. 
There are excitations in the system which we do not detect. Also in the valence band region we 
observe how a weak shoulder develops from the Fermi-level cut-off and starts to disperse with pho­
ton energy. This demonstrates the appearance of Auger-type features in the band-like part of the 
spectrum. 

In order to probe the character of the resonant process we follow the photon energy dependence 
of the intensity for a region in the valence band spectrum close to the Fermi level and for an energy 
window around the 6 e V satellite. In Fig. 4 this has been done both for the 'Auger' and for the 
'photoemission' geometries, i.e. with theE-vector in two different orientations. 
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Fig. 3: Valence electron spectra around the 
2P3/2 core-level threshold on a binding energy 
scale measured in the 'photoemission geome­
try'. The photon energy increment is about 
0.2 eV except for the lower set of data (844.2, 
848.0, 849.0, 849.8, 850.3, 850.5, 850.7). 

The two top curves show the valence band intensity in 
the 'photoemission'. (top) and 'Auger' (middle) geometries. 
It is immediately seen that the intensities show characteris­
tic Fano-like profiles [5, 6]. The results for the 6 e V satellite 
is shown at the bottom. The curves for the 'Auger'- and 
'photoemission' geometries are plotted together. Looking 
at the individual curves there is no clear indication of a 
resonance line-shape. However, when comparing the mea­
surements for the two geometries (see inset) differences in 
the profiles are observed which are characteristic of Fano 
profiles with different q.

1 

This shows that there are inter­
ference effects also in these spectra. The interference term 
is small but this is due to the fact that the autoioniza­
tion channel is dominating so strongly. We have therefore 
demonstrated that the absence of visible interference ef­
fects is not a good criterion for the absence of i~terference. 
This may instead be due to the total dominance of one of 
the spectroscopic channels. 

It is found that q is smallest for the valence band, in 
particular in the 'photoemission' geometry ( q rv 1.5 at 
the 2p3; 2 resonance). This channel is the majority chan­
nel in photoemission and the minority one in autoioniza­
tion. For the satellite, the opposite situation is true and 
consequently much larger q-values are found (q ~ 20 and 
q rv 9 in the 'Auger' and 'photoemission' geometries, re­
spectively). Going to the 2p1; 2 edge, we find in all cases 

more pronounced Fano-like profiles corresponding to smaller q-values (e.g. q rv 0.5 for the valence 
band in the 'photoemission' geometry) as expected due to the weaker absorption and larger lifetime 
width of the 2p1; 2 level. The trends are fully consistent with the expectations from the Fano model 
and we therefore conclude that the shapes of the resonance profiles are due to interference. 

To summarize, we have investigated the basis for resonant photoemission for two prototype sys­
tems, one weakly bonded adsorption system and one transition metal. We find that for Ar /Pt( 111) 
there are two types of features in the spectator autoionization spectra. One of these shows reso­
nant Raman behavior and has to be treated in a one-step picture. The other one shows a normal 
Auger-like behavior and can be described in a two-step picture. This branching is due to the quasi­
localized character of the intermediate state. The intermediate state is localized enough to yield a 
constant binding energy feature for excitation energies over the entire resonance, although of vary­
ing relative strength. The Auger-like feature dominates at most energies and corresponds to final 
states in which the spectator electron is located in the substrate. The spectator electron may have 
a distribution of energies and the scattering process can be viewed as the creation of two particles 
which share energy. Since we observe only one of these we recognize this as a loss of coherence and 
as an apparent loss of conservation of energy. · 

We have also performed measurements of the resonant photoemission for a Ni(100) sample 
with special emphasis on the possible interference between the autoionization and the direct· 
photoemission channels. We observe clear signatures of interference both for the main valence 
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Fig. 4: Intensity of the valence-band emission 
(top two curves) and the 6 e V satellite (bot­
tom set of curves, plotted together) as func­
tion of photon energy in the 'photoemission' 
and 'Auger' geometries. 
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INTRODUCTION. 
Boron nitride is an interesting material for technological applications and for 

fundamental solid state physics investigations. It is a compound isoelectronic with carbon 
and, like carbon can possess sp2 and sp3 bonded phases resembling graphite and diamond. 
BN crystallizes in the sp2 -bonded hexagonal (h-BN), rhombohedral (r-BN) and 
turbostratic phases, and in the sp3 -bonded cubic (c-BN) and wurtzite (w-BN) phases1

• A 
new family of materials is obtained when replacing C-C pairs in graphite with isoelectronic 
B-N pairs, resulting in C2BN compounds.2

' 
3 Regarding other boron compounds, BN is 

exceptional in the sense that it has standard two-center bonds with conventional 
coordination numbers, while other boron compounds (e. g. B4C) are based on the boron 
icosahedron unit with three-center bonds and high coordination numbers.4· 5 

The existence of several allotropic forms and fullerene-like structures for BN 
suggests a rich variety of local bonding and poses the questions of how this affects the 
local electronic structure and how the material accommodates the stress induced in the 
transition regions between different phases. One would expect point defects to play a 
crucial role in stress accommodation, but thes~ must also have a strong influence in the 
electronic structure, since the B-N bond is polar and a point defect will thus be a charged 
structure. The study of point defects in relationship to the electronic structure is of 
fundamental interest in these materials. Recently, we have shown that Near-Edge X-ray 
Absorption Fine Structure (NEXAFS) is sensitive to point defects in h-BN, and to the 
formation of metastable phases even in amorphous materials.6 This is significant since 
other phase identification techniques like vibrational spectroscopies or x-ray diffraction 
yield ambiguous results for nanocrystalline7 and amorphous samples.8 Serendipitously, 
NEXAFS also combines chemical selectivity with point defect sensitivity. 

In this work we take advantage of the local sensitivity of the core level 
photoabsorption technique to identify the presence of both nitrogen vacancies and 
interstitials in connection to c-BN growth, and to address some questions concerning the 
bonding structure of boron nitride in intermediate situations between ordered hexagonal 
and cubic phases. These metastable and defective phases are attained by ion sputtering, ion 
bombardment and annealing treatments of hexagonal BN thin films. We will demonstrate 
the capabilities of NEXAFS to characterize point defects following a simple quantitative 

a Present address: Instituto de Ciencia de Materiales de Madrid (CSIC). Cantoblanco, E-28049, Spain. 
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analysis, and illustrate the possibility to obtain orientational information by angle resolved 
NEXAFS. 
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Figure 1. B(ls) and N(ls) photoabsorption spectra corresponding to a variety of local 
environments in the boron nitride system. The same letter in each panel corresponds to the 
same sample. Curves (at) and (a2) represents a crystalline c-BN reference measured with 
filtered light to avoid higher orders of diffraction from the monochromator and with 
unfiltered light respectively. Curves (b1) and (b2) represent a crystalline h-BN reference 
measured with filtered and unfiltered light respectively. Note theN features in the B 
region in second order for the unfiltered measurements, conditions under which the rest of 
the samples were measured. Curves (c) represent a h-BN thin film grown by pulsed laser 
deposition exhibiting W-Z peaks in the 1t* region, (d) a Ne+ implanted h-BN thin film, (e) a 
film RF-sputter deposited film in an Ar/N2 mixture from a boron target with an RF bias 
applied to the substrate to form sp3 BN, (f) a N2 + implanted thin film, and (g) a Nt 
implanted thin film containing a new metastable phase. 
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RESULTS AND DISCUSSION. 
Figure 1 shows a series ofB(ls) and N(1s) absorption spectra corresponding to a 

variety of local environments found in the boron nitride system. Curves (a~. a2) and (bt. b2) 

are reference spectra from crystalline powders of c-BN and h-BN re~pectively, the most 
stable phases with sp2 and sp3 bonding. Throughout this work, the c-BN and h-BN 
standards will be used to compare against the unknown films to determine their bonding. 
We have calibrated the energy position of the boron and the nitrogen 1t• features in h-BN 
(curves bt and b2) obtaining values of 192.0 ± 0.1 eV and 400.9 ± 0.1 eV respectively. 

The boron absorption edge in the c-BN spectrum (curves a1, a2) appears at 194 eV 
and corresponds to transitions from the B(ls) core level to the a* states in the conduction 
band. The NEXAFS spectrum shows a sharp peak -with its maximum at 194.5 e V- near 
the absorption edge, followed by a broad absorption maximum at 198 e V. 

Curves ( c-g) are representative of BN thin ftlms ( -100 nm thick) grown on a 
Si(100) substrate by pulsed laser deposition. The additional features in the 1t* region 
labeled X-Z correspond toN-void defects in the hexagonal bonding, as we have shown 
previously.6 In the thin films, one finds four different local environments of boron atoms, 
since these may be bonded to three nitrogen atoms, two nitrogens, one nitrogen and no 
nitrogen, and they show up in the NEXAFS spectra as features W-Z respectively. 
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INTRODUCTION· 

Zn M2.3 Soft x-ray fluorescence (SXF) spectra of ZnS and ZnS.sSe.s excited near threshold 
show strong inelastic scattering effects that can be explained using a simple model and an 
inelastic scattering theory based on second order perturbation theory. This scattering is 
often called electronic resonance Raman scattering. Tulkki and Aberg have developed this 
theory in detail for atomic systems, but their treatment can be applied to solid systems by 
utilizing electronic states characteristic of solids rather than of atomic systems.[1,2] 

EXPERIMENTAL RESULTS 

These experiments were performed on undulator beamline 8.0 of the Advanced Light 
Source using the soft x-ray emission spectrometer operated the the Tennessee/Tulane/ 
LBNLILLNL collaboration.[3] The Zn M2,3 spectrum displayed here is from a ZnS.sSe.s 
sample, but essentially identical results are seen in ZnS. A detailed description of these 
results has been presented elsewhere.[4,5] 

The Zn M2,3 SXF spectra excited near threshold are shown in Figure 1. The spectrum at 
the bottom of the figure is a normal fluorescence spectrum excited with 148 e V photons, 
which is far above the excitation threshold of the Zn M2.3 spectrum. The narrow peak 
located at 74 eV is a second order image of elastically scattered incident photons. The 2.8 
eV separation between the broad peaks is the splitting of the Zn Jp112 and Jp312 core levels 
and the width of the peaks may be attributed to the large lifetime broadening of these 
levels. 

The remaining spectra are excited with near threshold energies between 89 and 98 eV. 
The sharp peaks at higher energies are produced by elastically scattered incident photons 
and the peaks at lower energies by inelastically scattered photons. As the photon energy is 
increased within this range, a strong inelastic peak less than 2 e V wide moves through · 
the energy region of the normal fluorescence spectrum. Several of its features are 
noteworthy. First, within experimental resolutions and accuracy, it exactly tracks the 
elastic peak at about 12.4 eV lower energy. Second, its overall width ofless than 2 eV is 
much less than that of the normal fluorescence spectrum. Third, its relative intensity as it 
moves through the normal fluorescence spectrum is proportional to the intensity of the 
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normal fluorescence spectrum, reaching maxima at energies of about 78 and 81 e V, the 
peak positions of the normal spectrum. 

Each of these features are consistent with an electronic resonance Raman process in which 
the incident photon is scattered through a real intermediate state. The 12.4 eV energy loss 
is associated with an electronic excitation between localized levels, as illustrated 
schematically in Figure 2. It occurs from Zn d-bands located between the upper (UVB) 
and lower (LVB) valence bands of this compound and a narrow exciton state located near 
the conduction-band edge. The theory requires that the energy loss is equal to the energy 
difference between the electron and hole states in the final state of the scattering process, 
so that the narrow exciton state is not a core exciton, but a valence exciton in which a hole 
in the d band binds an electron in a localized orbital. Because the energy difference is 
associated with the final state of the scattering process, the width of the observed spectra 
is not limited by the core-hole lifetime, which broadens the normal fluorescence spectrum. 
The width of the peak is given by a convolution of the energy profile of the exciting light 
with the widths of the Zn 3d and exciton levels. Finally, the energy uncertainly associated 
with the limited core-hole lifetime allows the resonant inelastic scattering to occur over an 
energy range of the normal fluorescence spectrum. These features are more carefully 
related to the precise mathematical form of the inelastic scattering theory in another 
publication.[5] The location ofZn d-bands in this compound using SXF measurements is 
described elsewhere[4], and in another abstract of this volume.[6] 
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Benzene has for a long time served as a prototype adsorption system of large molecules. It 
adsorbs with the molecular plane parallel to the surface. The bonding of benzene to a transition 
metal is typically viewed to involve the 7t system. Benzene adsorbs weakly on Cu and strongly 
on Ni. It is interesting to study how the adsorption strength is reflected in the electronic structure 
of the adsorbate-substrate complex. We have used X-ray Emission (XE) and X-ray Absorption 
(XA) spectroscopies to selectively study the electronic states localized on the adsorbed benzene 
molecule. Using XES the occupied states can be studies and with XAS the unoccupied states. 

We have used beamline 8.0 and the Swedish endstation equipped with a grazing incidence x-ray 
spectrometer and a partial yield absorption detector. The resolution in the XES and XAS were 
0.5 e V and 0.05 e V, respectively. 

Binding Energy (eV) 
0 0 

XES XAS 

-cr 
------ 1t 

310 

Fig.l Symmetry resolved x-ray emission and x-ray absorption spectra for benzene on Ni(lOO). 
The a symmetry XES spectrum is the normal emission x-ray emission spectrum, the1t symmetry 
spectrum was obtained by a suitable linear combination of the grazing and normal emission 
spectra. The 1t symmetry peaks in the spectra are labelled by the corresponding molecular orbitals, 
empty states being designated by an asterisk. New orbitals arising from the surface chemical bond 
are indicated by a tilde symbol. 

XE and XA spectra for benzene on Cu(110) and Ni(100) are shown in Fig. 1 and 2. XE spectra 
were taken at an excitation energy corresponding to the C1s to n*(e2u) transition. The spectra 
areplotted on a photon energy as well as valence hole binding energy scale (C1s binding energies 
of 284.1 e V and 284.9 e V for benZene adsorbed on Ni and Cu, respectively). The assignment of 
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the XE features with binding energies larger than 4 e V is known from the literature and it is 
given in the figures for the 1t-system. The pronounced polarization dependence of the XA 
spectrum shows that benzene is adsorbed with the molecular plane parallel to the surface [1]. 
Based on this adsorption geometry, the XE spectra shown in Fig. 1 and 2 corresponding to pure 
<1 and 1t symmetries, were obtained in the same way as described earlier for CO and Nz. 

If we start with states of 1t symmetry (dashed lines) we fmd three distinctpeaks. The 1 a2u and 
1etg 1t-like orbitals are essentially intact from the gas phase, while the third state, labelled e20 , is 
not seen for the free molecule. The inversion symmetry of the molecule seems to be partly 
conserved upon adsorption [2]. It was shown that peaks corresponding to gerade or ungerade 
symmetry states changed their relative intensity depending on the symmetry of the excited 
intermediate state. The spectra in Fig. 1 and 2 correspond to a (u) excited state and therefore 
peaks of (u) symmetry in the XE spectra are slightly enhanced compared with spectra excited 
just above the onset of the ionization continuum. The results shows that the third state have (u). 
symmetry for adsorption on both Cu and Ni. We conclude that this is a LUMO (e2u)-substrate 

hybrid. B" d" E ( V) m mg nergy e 
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Fig.2 Syinmetry resolved x-ray emission and x-ray absorption spectra for benzene on Cu(llO). 
SeeFig.l. · 

The new occupied e2u state appears differently in the spectra from benzene on Cu and Ni In the 
case of adsorption on Ni (Fig. 1), the new 1t state is located 1.7 eV below the Fermi level and 
hence overlapping the Ni d band region. The fraction of adsorbate character of this state has to 
be of similar magnitude as that of the higher binding energy 1t orbitals since the observed 
emission intensity is of comparable strength. The origin of the e2u state is easily understood in a 
simple frontier orbital picture. The interaction of the e2u orbital with Ni d states results in an 
occupied bonding orbital observed in XE, and an empty anti-bonding orbital, the e2u* state 
observed in XA. The strong molecular character of the bonding e2u state implies that the 
corresponding anti-bonding e2u* state has significant metal character. This is confmned by the 
reduced intensity of the e2u* XA peak relative to the e2u resonance in the gas phase spectrum [1]. 
The formation of a single bonding state rather than a band suggests that the e2u orbital interacts 
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mainly with a narrow distribution of states, i.e. the Ni d band. For benzene adsorbed on Cu (Fig. 
2), the new occupied e2u orbital is located just below the Fermi level. It seems to be a cut off at 
the Fermi level. The adsorbate character in this orbital is rather low. This is also reflected in the 
relatively strong peak from the anti-bonding orbital in the XA spectrum in Fig. 2. Our 
observations suggest that the unoccupied e2u * orbital interacts with a broad continuum of metal 
states and becomes broadened with a tail extending below the Fermi level. There is no distinct 
separation between the bonding and anti-bonding part. 

The interaction between an electron level in the adsorbate and the band like distribution of 
substrate levels has been separated into two extreme cases [3-5]. If the inter-atomic Coulomb 
interaction (the driving force for generating bonding and anti-bonding states) is smaller than the 
band width of the substrate states no well separated bonding-anti-bonding states are formed, only 
a broadened adsorbate induced resonance level is formed. If, on the other hand, the Coulomb 
interaction is larger than the band width, discrete bonding and anti-bonding states are obtained. 
The former situation represents a weak coupling case such as benzene on Cu whereas the latter 
correspond to strong coupling as in benzene on Ni. 

In the 0' symmetry XE spectra in Fig. 1 and 2 (solid lines), we fmd, at binding energies larger 
than 5 eV, an orbital structure identical to the free molecule [6,7]. In addition we fmd for 
benzene on Cu, Fig. 2, two new weak structures at binding energies below 5 e V. These structures 
appear at the same binding energies as the le1g and e2u, orbitals seen in the 1t symmetry 
spectrum. We can anticipate some symmetry mixing due to rehybridization. For benzene 
adsorbed on Ni the 0' symmetry spectrum is different. Here we fmd significant a intensity all the 
way to the Fermi level, marked 0' in Fig 1. A simple admixture of 0' and 1t states is not sufficient 
to explain the appearance of new 0' states in the spectrum, since then we would expect a 0' 

electron distribution which resemble the 1t states with a peak at 1.7 eV (the backhanding e2u 
orbital). The 2p valence states parallel to the surface must therefore interact with the metal 
somewhat differently than the perpendicular 2p states. The band-like character of the 0' states 
indicates a hybridization of benzene 0' states with the broad Ni sp band in addition to the d band. 
Since the HOMO and LUMO a orbitals involve C-H contributions we expect that the presence 
of these new states could affect the C-H bond. This might have direct implications for the 
important hydrogenation and dehydrogenation reactions of aromatic hydrocarbons on metal 
surfaces. 
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INTRODUCTION 
Our group has made a study of a large number of transition metal diborides and hexaborides. As 
an example we would like to consider one of them. This class of compounds are of technical 
interest because they are quite hard, metallic, and chemically stable, and have high melting 
points. (I) In addition to the technical importance of the borides, our group is interested in 
compounds of this type because of the very strong ls ~ p* resonance that has been observed and 
associated with the boron atom(2-5). 

Several calculations have been carried out for the hexaborides and the diborides.(6-8). Titanium 
diboride has been chosen for the example to be presented here. As hv1 was scanned between 188 
eV and 197 eV, resonant Raman or spectator emission as it sometimes called (3,4) was observed 
at the 1s ~ p* core-exciton resonance. At a photon energy of about 197 eV the emission 
spectrum is representative of the valence band density of states having p type symmetry. The 
crystal structure of TiB2 is designated as C32 and is characterized by alternating layers of 
titanium and boron atoms. The boron is arranged in hexagonal nets with a titanium atom 
centered above each hexagon (9,10). In this compound the three valence electrons form sp-s and 
p-p orbitals. The strong s bonding occurs between the boron atoms in the net whereas the s and d 
electrons in the transition metal form into orbitals with four symmetry classes: s, dz2, dxz, and 
dyz, and dx2-y2 and dxy. The s orbital will bond with the s band, and dz2 interacts strongly with 
the lowest lying p orbital while the dxz, and dyz orbitals bond with the two higher-lying p levels. 
The dx2-y2 anddxy orbitals are directed in a plane parallel to the boron layers and thus form 
bonds within the transition metal layer, and are non bonding with respect to the boron 
layer(9,10). The dx2-y2 anddxy orbitals are unoccupied and form resonances low in the 
conduction band. This is in contrast to the D46h symmetry of the lattice of hBN.(11). In h-BN 
the bonds between the BN atoms in a layers are s and p and just p between the layers. The 
difference in bonding between h-BN and TiB2 is undoubtedly the reason why the emission by 
boron in h-BN is so different than that of boron in TiB2. even though both compounds have a 
hexagonal crystal structure, The emission spectrum of oriented h-BN also shows a strong 
asymmetry in the valance band x-ray emission as a function of the fluorescence emission angle 
relative to the c axis(12,13) due to the preferred emis~ion direction from bands of sand p 
symmetry. 
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RESULTS 

The valence emission band obtained from a pressed powder sample at an excitation energy of 
197 eV is shown in Figure 1 as the data points. Our observations are in excellent agreement with 
the results of Holliday(14) and Lyakhovskaya et al (15) who published the K emission spectrum 
of B in this compound obtained by electron bombardment of the sample. Fischer (16) obtained 
the titanium Ln,III spectrum in TiB2• The scaled experimental data is compared with the recent 
calculations of Tian et al (1) who used a Linear Muffm Tin Orbital (LMTO) calculation 
technique to obtain the density of states with p symmetry at the boron site (light curve). Our 
group has made a similar LMTO calculation within the atomic sphere approximation (17), and it 
is shown as the heavy curve in Figure 1. The calculated p~type density of states is in good semi 
quantitative agreement with the measurements. Both calculations obui.in very nearly the same 
band width as the observations and the calculations and the measurements show the same 
features: a low density of states near the Fermi energy a sharp peaking of the density of states a 
few e V below the Fermi energy and a tailing off of the density of states deep within the band. 
Just as with previous example of yttrium and yttria a one electron LMTO calculation accounts 
for the main features of the density of states iii a semiquantitative way. 
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FIGURE 1. Soft X-ray emission spectra for transitions from the valence band into boron ls vacancies in TiB2 
shown as dotted curves. The calculated p-type density of states at the boron site are shown as: present calculation 
heavy curve, calculation of Tian et al (Ref. 1) light curve. 
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INTRODUCTION 

Many recent soft x-ray fluorescence (SXF) studies have shown that inelastic scattering 
processes make important contributions to the observed spectra for excitation near the x­
ray threshold. These effects are all attributed to a process, usually called and electronic 
Raman scattering (ERS) process, in which energy is lost to an electronic excitation. The 
theory has been described using second order perturbation theory by Tulkki and 
Aberg[l,2] 

In different materials, the detailed nature of the electronic excitation producing the energy 
loss may be very different. In crystalline Si,[3] diamond[4] and graphite,[ 51 changes in 
spectral shape and dispersion of spectral features with variation of the excitation energy 
are observed, which are attributed to k conservation between the photoelectron generated 
in the excitation process and the valence hole remaining after the coupled emission 
process. Hence the process is strongly localized ink-space. In hexagonal boron nitride 
(h-BN), which has a lattice and band structure very similar to graphite, inelastic scattering 
produces very different effects on the observed spectra. Here, the inelastic losses are 
coupled to a strong resonant elastic scattering process, in which the intermediate state is a 
localized core exciton and the final state is a localized valence exciton, so that the 
electronic excitation is strongly localized in real rather than reciprocal space. Detailed 
descriptions of the experimental and theoretical description of inelastic scattering in h-BN 
have been published elsewhere. [ 6, 7] 

EXPERIMENTAL RESULTS 

These experiments were performed on undulator beamline 8.0 of the Advanced Light 
Source using the soft x-ray emission spectrometer operated the the Tennesseeffulane/ 
LBNULL~ collaboration.[8] 

The boron K spectra ofh-BN excited near threshold are plotted in Figure 1. h-BN has a 
layered structure similar to that of graphite and a similar band structure. The principal 
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difference is that h-BN has a large band gap and is an insulator, which permits h-BN to 
support a localized exciton state with an energy level within the band gap. The presence 
of this exciton state produces remarkably different effects in its inelastic scattering spectra. 
The spectra are labeled with the excitation energies. They show a remarkably strong 
localized excitonic resonance at an excitation energy of 192 .e V, which is about 1. 5 e V 
below the conduction band threshold. The high energy quasi-elastic peak marked E 
reaches a maximum amplitude about 500X hliger than other spectral features at the 
resonance energy. Theoretical studies indicate that this core exciton is derived from 1t* 

states near the conduction band minimum at the M -point of the 2D hexagonal Brillouin 
zone, and is localized within about two lattice spacings from the core excited • atom. [6] 

The studies further indicate that the final state of the inelastic scattering process is a 
similarly localized valence exciton state in which the electron is bound to a valence hole. 
The inelastic spectra excited at photon energies below the strong elastic resonance and 
between the resonance and the conduction band threshold are electronic Raman spectra. 
The peaks labeled A and B exactly track the elastic energies at energies approximately 16 
and 11 e V below the elastic peak. The scattering process is illustrated schematically to the 
left of the figure. As this diagram indicates, the spectra are essentially a map of the a-p 
density of states, produced by energy loss to electronic Raman excitation from the a-p 

Figure 1. The boron K spectra of h-BN excited near threshold. The excitation process is diagrammed to 
the left. Spectra are labeled with excitation energies. Peak E is a strong elastic scattering peak associated 
with scattering through a core exciton state. Below the exciton resonance at 192 eV, peaks A and B result 
from an electronic Raman scattering process. Peak C, observed on resonance in in normal fluorescence 
spectra excited above 194 eV, is symmetty forbidden in the inelastic scattering process. 
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valence bands to a localized valence exciton derived from 1t*-p conduction band states. 
7t-p to 1t*-p states are forbidden by symmetry in the ERS process. It should be 
emphasized that the excitons associated with the intermediate and final states of this 
process are different, the strong resonance in the elastic peak being associated with a core 
exciton iri the intermediate state, and the final state haying a localized valence exciton. 
For excitation on the excitonic resonance at 192 eV and to final states in the conduction 
band, the spectra show a third peak C associated with transitions from 7t-p states, which is 
present in normal SXF spectra, but is forbidden in the inelastic scattering process. This is 
a clear example of how alternative decay channels are available when the intermediate 
state is coincident with a real excited state of the systein; which can relax the selection 
rules that control the pure ERS process. 
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Core-:level and valence band photoemission from semiconductors1
•
6 has been shown to exhibit 

binding energy differences between surface atoms and bulk atoms, thus allowing one to 

unambiguously distinguish between the two atomic positions. Quite clearly, surface atoms 

expe~ence ~ potential different from the bulk due to the lower coordination number - a 

characteristic feature of any surface is the incomplete atomic coordination. Theoretical accounts of 

this phenomena are well documented in the literature for ID-V and II-VI semiconductors.7
•
8 

However, surface state energies corresponding to the equilibrium geometry of (100) and (111) 

surfaces of Cu-based ternary chalcopyrite semiconductors have not been calculated or experimental 

determined. These compounds are generating great interest for optoelectronic and photovo1taic 

applications, and are an isoelectronic analog of the II-VI binary compound semiconductors. 

Surface core-level binding energy shifts depend on the surface cohesive energies, and surface 

cohesive energies are related to surface structure. For ternary compound semiconductor surfaces, 

such as CuinSe2, one has the possibility of variations in surface stoichiometry.9 Applying standard 

thermodynamical calculations which consider the number of individual surface atoms and their 

respective chemical potentials should allow one to qualitatively determine the magnitude of surface 

core-level shifts and, consequently, surface state energies. 

One expects that the largest surface atom core-level shift would come from a surface plane that has 

the lowest coordination number. In bulk CuinSe2, each Seanion is coordinated by two Cu and two 

In cations (generally with unequal bond lengths).10 However, theSe atoms at the surface would 

have twofold coordination (threefold if reconstructed with Se dimers). Comparison with 

ZnSe(lOO) surface structures would imply that a moderately Se-rich CuinSe2 surface may result in 

a stable structure with (2 x 1) symmetry terminated by a full monolayer of Se dimers. 3•
11 The Se­

terminated (2 x 1) surface would have two filled Se dangling bonds per dimer. For the II-VI 

isoelectronic analogs to CuinSe2, the occupied dangling-bond state lies below or just at the valence 

band maximum (VBM) and the empty dangling-bond state lies above or just at the conduction band 

minimum (CBM).3
•
6 Thus, this chalcopyrite semiconductor should provide an ideal system for the 
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observation of surface states. In addition, the existence of these surface states and their position 

relative to the VBM may yield information related to improving photovoltaic/optoelectronic device 

operation. For example, sulfur passivation of these surface states is being proposed as the 

mechanism and the means of increasing device efficiency for these important technological 

materials. 12 

We present the first high-resolution X -ray photoemission measurements for the (1 00) surface of 

CuinSe2 which clearly show Se 3d surface core-level binding energy shifts. Growth of the 

CuinSe2 epilayers on GaAs(lOO) is described in detail elsewhere.13 This work was performed on 

the ffiM!fENNESSEEffULANEILLNULBNL beam line 8.0 at the Advanced Light Source 

(ALS). Photoemitted electrons were analyzed using an ellipsodial mirror display analyzer with a 

total angular acceptance of 85°. This analyzer acquires angle resolved spectra simultaneously due to 

its energy filtering/angle preserving characteristics. Photoemission spectra were collected with 

hv=l35 and 300 eV. The combined energy resolution of the monochromator and the analyzer was 

AE=50 me V. The CuinSe2 epilayers were flashed at :::::600°C under 10-10 Torr vacuum prior to 

analysis in order' to remove any residual surface contamination. 

12 
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Figure 1. Deconvolved Se 3d core-level spectrum showing 
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Figure 2. Valence band spectra acquired at the hv=135 

and 300 eV from epitaXial CulnSeiGaAs(lOO). 
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The deconvolved Se 3d spectrum acquired at hv=135 eV is shown in Figure 1. Standard Gaussian­

Lorentzian curve fitting and background subtraction procedures were followed. The results of the 

Se 3d difference spectrum were used to isolate the binding energy of the spin-orbit components 

due to surface emission. Results of this deconvolution show that theSe 3d core level has only a 

single surface component, which indicates that all Se surface atoms are chemically equivalent. 

Also, the surface components are shifted by 0.60 eV toward lower binding energy, which is 

consistent with the magnitude for anion surface shifts observed for ill-V and II-VI surf~ces.2-6 
These observations are compatible with the proposed (2 x 1) Se terminated surface, but are 

certainly not conclusive. 

Occupied Se surface state emission near the VBM of CulnSe2 would enhance the leading edge of 

the VB DOS. However, considering the low intensity of the Se 3d feature assigned to a Se surface 

state, this enhancement would be small. In addition, the photoionization cross sections at these 

photon energies for Se p state emission from the VB are quite low. Therefore, to enhance the 

differences and determine their source, the two VB spectra acquired at hv=300 eV and at hv=135 

e V were normalized and subtracted and are displayed in Figure 2. The difference spectrum displays 

two separate doublet structures- one near the VBM (peaks at 0.8 eV and 1.2 eV relative to EvbJ 

and one under the peaks corresponding to the two branches of the Cu d bands (smaller peak at 2.6 

eV and larger peak at 3.3 eV relative to Evbm). Thus, the energy separation between these two 

doublet structures is 1.8-2.1 e V. 

The VB of CulnSe2 consists of a mixture of Cu 3d(l 0) and Se 4p( 4) orbitals. The Se 4p orbitals 

form a threefold degenerate state in the presence of the tetragonal chalcopyrite crystal field. Cu 3d 

states with the same threefold symmetry interact, forming a lower bonding and upper antibonding 

state. This antibonding combination forms the VBM and the bonding-antibonding energy 

separation is on the order of 3-4 e V. Therefore, comparing experiment with theory, and noting the 

low photoionization cross sections for Se p state emission, we assign the doublet structures of the 

difference spectrum with cation bonding-antibonding state emission. The differencein theoretical 

versus experimental energy separation of the doublets may provide a clue on the chemical 

environment of the surface cations (i.e. Cu) due to the redistribution of surface valence charge. 
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INTRODUCTION 

The aim of our work is to characterize the orbital structure ofthe fullerenes, and to pursue its 
evolution from a cluster to the infinite solid. For obtaining a complete picture of the electronic 
structure we compare a variety of experimental techniques, i.e. photoeinission and core level 
emission for occupied orbitals and inverse photoemission and con~ level absorption for 
unoccupied orbitals [1-6]. Our experimental results focus on optical probes involving the C1s 
core level, i.e. absorption via transitions from the C1s level into unoccupied n* and cr* orbitals 
and emission involving transitions from occupied orbitals into a C1 s hole. Due to the simplicity 
ofthe C1s level there exist clear selection rules. For example, only transitions to and from 
orbitals with p-character are dipole-allowed. These results on the p-projected density of states 
are compared with inverse photoemission and photoemission results, where the selection rules 
are less definitive. In addition, a first-principles quasiparticle calculation of the density of states 
is used to assign the orbital features. The spectra from C6o and C7o are still far from their 
infinite analog, i.e., graphite, which is also measured with the same techniques. In order to 
determine the effect of electron transfer onto C60• as in superconducting alkali fullerides, we are 
studying resonant emission of c60. An electron is placed in the lowest unoccupied molecular 
orbital (LUMO) by optical absorption from the C1s level and the C 1s emission detected in the 
presence of this spectator electron 

ORBITAL STRUCTURE OF c60 

Figure 1 compares the spectra of occupied (left) and unoccupied (right) orbitals of condensed 
c60 obtained with different techniques, i.e. C1s emission and photoemission for occupied 
orbitals and C 1 s absorption and inverse photoemission (from Re£ 3) for unoccupied orbitals. In 
addition, the density of states (DOS) is given, using state-of-the-art quasiparticle theory [7]. In 
general one can distinguish 1t and cr manifolds, with a larger bonding-antibonding splitting for 
the more strongly interacting cr bands. The assignments to n- and a-states can be made either by 
detailed comparison with calculations (Fig. 1 ), or by analogy with graphite, where well-defined 
onsets are observed for then* and cr* states in the absorption spectrum (Fig. 2 right). Similar 
onsets are seen in the fullerene absorption spectra, except for a downwards shift of about 1 e V. 
In the C 1s emiss"ion spectra (Fig. 2 left) the distinction between 1t and cr states is not so clear. 
The graphite spectrum shows only cr states, due to the experimental geometry, where emission 

. along the c-axis of graphite is detected. In this case dipole selection rules do 
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Figure 1: Comparison of various spectroscopies for obtaining the spectrum of occupied (left) 
and unoccupied (right) 1t orbitals of condensed C60· The energies are referenced to the HOMO 
and LUMO, respectively. These data are compared with the density of states (DOS) from first 
principles quasiparticle calculations (shown at the bottom of each figure), which allows an 
assignment of the orbitals. 
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Figure 2: Fluorescence and absorption spectra from the C ls core level for C60• C70• and their 
infinite analog graphite. Significant differences are seen between all three materials, showing 
that the orbital structure varies .with cluster size, even for large clusters, and that C70 is still far 
from the limit C00• 
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not allow transitions from 1t orbitals to the C ls (see Re£ 6). For the fullerenes which can be 
thought of as having curved carbon sheets, emission from both cr and 1t orbitals is allowed. 
Extra 1t emission features show up at the top of the spectrum. For a detailed analysis we use a 
comparison with the calculated density of states in Fig. 1. · 

Various calculations [7-9] both in the solid state and for the free C6o molecule, have 
been published, which allow an identification of the observed peaks in terms of molecular 
orbitals. We use a state-of-the-art quasiparticle calculation for the density of states of 
condensed C6o in the Fm3 structure [7]. It is based on local density theory, and adds the self­
energy that is induced by creating a hole in an occupied band or adding an electron to an 
unoccupied band. Condensing C6o molecules into a thin film broadens molecular orbitals into 
bands, giving rise to multiple density-of-states peaks per orbital (Fig. 1 bottom). Nevertheless, 
the intermolecular interaction is weak enough to prevent overlap of neighboring bands near the 
fundamental gap. Therefore, we can assign the observed peaks in terms of the icosahedral 
orbital symmetry of the C6o molecule, in particular the Ru HOMO, the T lu LUMO, and the next 
higher T lg orbital. Farther away from the fundamental gap the bands from different orbitals 
start overlapping. All structures shown in Fig. 1 are 1t orbitals, except for one near -4.0 eV, 
which is a combination of cr and 1t orbitals. 

EFFECT OF CLUSTER SIZE 

An interesting aspect of carbon clusters is the possibility to follow the transition from an isolated 
atom to the solid over a wide range of well-defined cluster sizes. As demonstrated in Fig. 2 for 
C60• C7o, and C00 (graphite), there are significant differences between the two cluster sizes, e.g. 
in the structure ofthe lower 1t orbitals seen with C 1s absorption (compare Re£ 4). Both 
clusters are far from reaching the continuous spectrum of the infinite solid. The sharpness of the 
molecular orbitals suggests an extension of these experiments to larger fullerenes, and even 
carbon tubules. In addition to the discrete-to-continuous transition one also expects a chemical 
transition from non-aromatic to aromatic. The resonant bonding structure normally exhibited by 
hexagon rings is disrupted by the presence of single-bonded pentagons in the fullerenes [9, 1 0], 
and it would be interesting to know how much the five-fold rings have to be diluted in order to 
recover a resonant bonding structure. 
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Still of current interest is the important role of single ionization with excitation compared 
to single ionization alone. The coupling between the electrons and the incoming photon is 
a single-particle operator. Thus, an exCitation in addition to an ionization, leading to a 
so-called satellite line in a photoelectron spectrum, is entirely due to electron-electron 
interaction and probes the electron correlation in the ground and final state. Therefore we 
have undertaken the study of the intensity of helium satellites He+nf ( n = 2 - 6) relative 
to the main photoline ( n = 1) as a function of photon energy at photon energies well above 
threshold up to 900 eV [1]. From these results we could calculate the partial cross-sections 
of the helium satellites. 

The experiments were performed at the Hamburger Synchrotronstrahlungslabor 
(HASYLAB) at the undulator beam line BW-3 and at the Advanced Light Source (ALS) 
at the undulator beam line 8.0. In both cases, we took advantage of the timing mode of 
the storage rings (1-bunch or 2-bunch mode). Two angle-resolving electron time-of-flight 
(TOF) spectrometers were employed to analyze the kinetic energy of the photoelectrons 
emerging from the interaction region defined by the photon beam intersecting an effusive 
gas beam. The TOF analyzers used at the ALS were designed for high-retardation 
capability which is crucial for this experiment in o:tder to resolve the satellite states at high 
photon energies up to 900 e V. 

With the help of absolute total photoionization cross~section measurements of Samson et 
al. [2], we calculated the partial cross-sections u( n) of the helium satellites from the 
satellite-to-1s ratios R(n), using the formula 

(1) 

with O'tot as the total photoionization cross-section and R2+ as the double-to-single 
photoionization ratio. Note thafthe accuracy of the double-to-single ionization ratio is of 
minor importance here, because it is only a small correction to our cross-section data .. In 
order to calculate the total satellite intensity relative to the 1s line, i.e. :E~=2 R( n ), we 
added the measured satellite-to-1s ratios plus the extrapolated' ratios R(n) for higher n to 
n -+ oo assuming that R( n) changes as n -J for n ~ 4. The resulting partial cross-sections, 
shown in Fig. 1, are on almost straight lines for each satellite on a log-log scale with a 
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slope of -3.52{10) except for n = 2, which has a slope of -3.23(5). Theory predicts at high 
photon energies E a slope of -3.5 since the cross section is expected to vary as E-3·

5
• 

10° 

1 o-1 

- 10-2 ..c 
:::E - 10-3 

b 
10-" 
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Figure 1. Partial photoionizatioit cross-sections of the satellites. He+nt for n = 2-6 as a function of photon 
energy using the absolute total cross-section measurements of Re[ 2 (solid line) for normalization. The gray 
·data points are the recommended cross sections of Ref. 3. The dashed line is the partial photoionization 
eross-section of the ls main line and the dotted lines are fitted curves as described in the text. 

It is interesting to note, that the satellites with n ~ 3 keep their high-energy behavior with 
an exponent close to -3.5 down to very low kinetic energies, whereas the ls main line 
clearly changes around 300 eV to the low energy behavior with an exponent of about -2.7. 
The behavior of the satellite n = 2 is somewhat between these two limiting cases. This 
observation shows that the increase of the satellite-to-main line ratio towards lower kinetic 
energies is basically due to the reduced increase ofthe ls line towards threshold rather 
than· to an increase of the satellite intensity. Because the agreement between the 
exponential description of the partial cross'-sections and the experimental data is so 
excellent, there is a very low probability that this could be accidental. We propose here the 
following simple explanation for the observed behavior. The exponent for the high-eriergy 
. behavior of the cross section is derived from the Born-approximation of plane waves in the 
continuum. This approximation fails to describe the photoionization· behavior of the ls 
line at lower kinetic energies, resulting in a change of the exponent. However, this 
argument can not be simply applied to the satellites because the l-degeneracy of the 
hydrogenic final ionic state gives rise to a superpostion ofmany l-wave components in the 
outgoing photoelectron wave. This superposition of higher and higher angular-momentum 
components with increasing principal quantum number n reaches the plane wave 
approximation at much lower energies than the ls line does. Only the first satellite n = 2 
is in an intermediate situation. 

In order to test the consistency of our satellite-to-ls ratios with published double-to-single 
photoionization ratios, we calculated the double-to-single photoionization ratio from our 
measured ratios using the theoretical energy-distribution curves of Chang and Poe [4] an:d 
Le Rouzo and Dal Cappello [5] which proved to be valid for photon energies below 120 e V 
[6]. These calculated double-to-single ionization ratios are presented in Fig. 2 and agree 
fairly well with recent ion measurements [7, 8]. In the lower photon energy range our ratios 
agree better with the ratios of Dorner et al. [8] while for higher photon energies the 
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agreement is better with the values ofLeVin et ci.l. [7]. One should bear in mind that at 
lower photon energies the energy distribution of photoelectrons originating from the 
double-photoionization process is less critical because it is only slightly U-shaped. The 
uncertainty in the double-to-single ionization ratio introduced by the theoretical energy 
distribution curves is not included in our error bars. 
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Figure 2. Double-to-single photoionization ratios (full circles) calculated from our satellite-to-Is ratios 
together with some selected experimental values of other authors (diamonds, Wehlitz et al. [6]; squares, 
Levin et al. (7]; stars, Dorner et al. [8]; triangles, Schmidt et al. (9]). 
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Photoelectron spectroscopy is a powerful technique because it directly probes, via the 
measurement of photoelectron kinetic energies, orbital and band structure in valence and core 
levels in a wide variety of samples. The technique becomes even more powerful when it is 
performed in an angle-resolved mode, where photoelectrons are distinguished not only by their 
kinetic energy, but by their direction of emission as well. Determining the probability of 
electron ejection as a function of angle probes the different quantum-mechanical channels 
available to a photoemission process, because it is sensitive to phase differences among the 
channels. As a result, angle-resolved photoemission has been used successfully for many years 
to provide stringent tests of our understanding of basic physical processes underlying gas-phase 
and solid-state interactions with radiation. 

One mainstay in the application of angle-resolved photoelectron spectroscopy is the well-known 
electric-dipole approximation· for photon interactions. In this simplification, all higher-order 
terms, such as those due to electric-quadrupole and magnetic-dipole interactions, are neglected. 
The dipole approximation was first applied to angle-resolved photoemission at a time when most 
experiments used relatively low photon energies, i.e., UV and far-UV radiation. Since that 
time, however, many applications have been extended to higher and higher photon energies 
without considering the validity of the dipole approximation at x-ray energies. 

As the photon energy increases, however, effects beyond the dipole approximation become 
important. To best determine the range of validity of the dipole approximation, photoemission 
measurements on a simple atomic· system, where extra-atomic effects cannot play a role, were 
performed at BL 8.0. The measurements show that deviations from "dipole" expectations in 
angle-resolved valence photoemission are observable for photon energies down to at least 0.25 
ke V, and are quite significant at energies around 1 ke V. From these results, it is clear that non­
dipole angular-distribution effects may need to be considered in any application of angle-resolved 
photoelectron spectroscopy that uses x-ray photons of energies as low as a few hundred eV. 

To see how non-electric-dipole interactions can affect photoelectron angular distributions, it is 
helpful to first look at the consequences of the dipole approximation for angle-resolved 
photoemission. The dipole approximation leads to the following expression for the differential 
photoionization cross section: 

da _ g_ ft 2 
dO - 47r [ 1 + 2 (3cos 8 - 1)] , (1) 

which describes the angul~r distribution of photoelectrons from a randomly oriented sample 
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(e.g., a gas) created by 100% linearly polarized light. Here, q is the partial photoionization 
cross section for a particular subshell, and the angle e is measured between the polarization 
vector of the ionizing radiation and the momentum vector of the ejected electron. The par~eter . 
6, which can only have values in the range from -1 to 2, completely describes the angular 
distribution of photoelectrons within the dipole approximation. 

Electric-quadrupole and magnetic-dipole corrections to the dipole approximation lead to so-called 
non-dipole effects in the angular distributions of photoelectrons, which are described by 

dq q 6 2 2 • 
dO = 411" [ 1 + 2 (3cos 9- 1) + (o + -ycos 9)sm9cosc/>] (2) 

for 100% linearly polarized light. The angle c1> is measured between the propagation vector of 
the ionizing radiation and the projection of the photoelectron's momentum vector into the plane 
perpendicular to the photon polarization. The non-dipole angular-distribution parameters 'Y and 
o result directly from the effects of electric-quadrupole and magnetic-dipole interactions. 

To test the range of validity of the dipole approximation, Ne 2s and 2p valence photoemission 
. spectra were measured over the photon-energy range from 0.25 to 1.2 keV using a new 
apparatus specially designed to measure non-dipole effects in gas-phase photoemission. At each 
photon energy, a total of 15 spectra, all at different e and/or c1> angles, were collected. Each 
set of 15 spectra provides enough information to determine simultaneously the polarization 
characteristics of the incident beam and the angular-distribution param~ters 6, -y, and o. In the 
process, it was determined that BL 8.0 delivers essentially 100% linearly polarized light over 
the entire range of the experiment, provided the maximum of the undulator peak corresponds 
to the selected photon energy . 
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Fig. l. Photoelectron spectra of Ne measured at a photon energy of 1 keV. The gray spectrum was taken with 
the dipole magic-angle analyzer and the clear spectrum with the non-dipole analyzer. 

Beamline 8.0.1 Abstracts • 225 



As one example of the observed non-dipole angular-distribution effects in Ne, the figure shows 
two superimposed photoemission spectra taken with hv = 1 ke V, one at the dipole magic angle 
(9=54.7°, c/>=90°), in the c/>=90° plane where non-dipole effects vanish [see Eq. (2)], and the 
other at an orientation sensitiv~ to non-dipole effects (9=54.7°, c/>=0°). The spectra are scaled 
to the area of the Ne KLL Auger lines because Auger lines arising from an intermediate state 
with an s hole in a closed-shell atom must have isotropic angular distributions (i.e., 6 = 'Y = 
o = 0). The obvious intensity differences between the Ne 2s and 2p peaks in the two spectra 
are due entirely to non-dipole effects, because both spectraare at the magic angle (8=54.7°) 
where the 6 parameter has no influence [see Eqs. (1) and (2)]. Clearly, significant changes in 
ejection probability as a function of angle can be observed due to effects beyond the dipole 
approximation, even for valence-shell photoemission and for what is commonly considered "low" 
photon energies ( < 1 ke V). 

Higher-order interactions such as these observed in Ne can, in principle, affect all measurements 
in the field of angle-resolved photoelectron spectroscopy not made in the c/>=90° (dipole) plan~. 
even at photon energies below 1 ke V. This includes not only measurements on gas-phase 
targets, but also surface, adsorbate, and condensed-matter targets as well. It is conceivable that 
any application of photoelectron spectroscopy that relies on angle-dependent differences of 
photoemission intensities (e.g., much work on atoms and molecules, band-mapping in solids, 
photoelectron-diffraction and holography, orientation studies of adsorbates, etc.) may benefit 
from the consideration of non-dipole effects in their analysis. 
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INTRODUCTION 

Soft x-ray fluorescence (SXF) spectroscopy using synchrotron radiation offers several advantages 
over surface sensitive spectroscopies for probing the electronic structure of complex multi-elemental 
materials [1]. Due to the long mean free path of photons in solids (-1000 A), SXF is a bulk-sensitive 
probe. Also, since core levels are involved in absorption and emission, SXF is both element- and 
angular-momentum-selective. SXF measures the local partial density of states (DOS) projected onto 
each constituent element of the material. The chief limitation of SXF has been the low fluorescence 
yield for photon emission, particularly for light elements. However, third generation light sources, 

"such as the Advanced Light Source (ALS), offer the high brightness that makes high-resolution SXF 
experiments practical. In the following we utilize this high brightness to demonstrate the capability of 
SXF to probe the band structure of a polycrystaiJ.ine sample. · · 

In SXF, a valence emission spectrum results from transitions from valence band states to the core 
hole produced by the incident photons. In the non-resonant energy regime, the excitation energy is 
far above the core binding energy, and the absorption and emission events are uncoupled. The 
fluorescence spectrum resembles emission spectra acquired using energetic electrons, and is 
insensitive to the incident photon's energy. In the resonant excitation energy regime, core electrons 
are excited by photons to unoccupied states just above the Fermi level (Ep). The absorption and 
emission events are coupled, and this coupling manifests itself in several ways, depending in part on 
the localization of the empty electronic states in the material. In boron nitride, the valence emission 
spectrum at resonance is shifted, and reflects the influence of an electron excited to a localized, 
excitonic state (a 1t* state) [2]. The presence of the localized electron screens the valence electrons, 
resulting in a shift of the valence emission to lower photon energies. Emission is also observed from 
(normally unoccupied) excitonic (quasibound) states above Ep. Resonant SXF experiments involving 
delocalized final states in Si [3] and Diamond [ 4], have found dispersive effects and intensity 
modulations in the valence emission spectrum as the incident photon energy is varied. 

COHERENT FLUORESCENCE IN GRAPHITE 

The coupling between absorption and emission in delocalized materials allows one to probe band 
structure in a unique way. Resonant versus off-resonant fluorescence spectra that were measured 
from highly oriented pyrolytic graphite (HOPG) at the ALS are shown in Fig. la. The take-off angle 
for these data was 35°, and the width of the excitation energy was approximately 0.3 e V. The 
uppermost spectrum is characteristic for the non-resonant case, far above threshold (hvin = 400 eV). 
Peaks in the off-resonant spectrum derive primarily from flat regions in the band structure 
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Figure 1 (a) Resonant and non-resonant fluorescence spectra from highly-oriented pyrolytic graphite at 
incident energies hvin· The upper panel displays the graphite band structure with the energy axis matched to 
the photon energy axis of the fluorescence data. The dispersive features labeled 1-7 in the resonant spectra 
are associated with the portions 1-7 of the graphite band structure indicated by dashed lines and arrows in 
the upper panel. (b) Schematic representation of coherent fluorescence. After the incident photon excites 
the core electron to the empty 1t* band, only emission from occupied states with the same crystal 
momentum (vertical line) is allowed 

(such as around critical points), which are regions having a high DOS. The resonant spectra are 
shown below the non-resonant spectrum. Most of these spectra have a drastically different line shape 
compared to the non-resonant one. Instead of intensity fluctuations observed in other delocalized 
materials, most of the emission peaks appear to disperse. Their emitted photon energies (hv ouJ 
change as hvin is varied from 284 eV to 287 eV. These dispersive peaks are highlighted by the 
dashed lines and are numbered 1-7 in Fig. 4a. The changes in the emission spectrum are most 
dramatic when hv in is varied by just 0.5 e V, from 284.5 e V to 285 e V. The intensities of features 3 
and 4 abruptly increase, while peaks 2 and 3 diminish substantially. Such large changes in the 
spectrum due to such small changes in hvin cannot be accounted for solely by simple intensity 
modulations, which have been explained in terms of sweeping through critical points in the Brillouin 

I 

zone [4,6]. 
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The hvin-dependent emission features are the result of transitions from states with a well defined 
crystal momentum. The upper panel of Fig. la shows the band structure of graphite along the high 
symmetry directions as derived from a tight-binding parametrization of quasiparticle calculations [5]. J 

The cr and 1t molecular orbitals give rise to the bands labeled in Fig. la, and correspond to the 
different types of bonding (cr or 1t bonding) which arise between carbon atoms in the graphite sheets. 
In this figure the band structure has been rotated and the binding energy axis aligned to the lower 
panel's photon energy axis. 

Fig. 1b shows schematically the coherent absorption-emission process [4,5]. Control over hvin 
allows one to select the crystal momentum of the photoelectron's final state in the conduction band. 
Thus the allowed transitions from occupied states to fill the core hole lie on a vertical line through 
the band structure having the same crystal momentum as the electron in the n* conduction band. One 
may predict the dispersive behavior of the emission peaks graphically in Fig. 1b by constructing sets 
of vertical lines whose k-values are determined by which k-point in then* band the core electron is 
excited to by hvin· The allowed transitions (along the high symmetry directions only) are determined 
by where the lines intersect the bands. The result of such an analysis leads in a straightforward way 
to the association of different portions of the graphite band structure in the upper panel of Fig. 1 a, 
which are labeled 1-7, with the emission features labeled 1-7 in the lower panel. Clearly, there is a 
correlation between the dispersive emission features and the cr and 1t bands of the HOPG band 
structure. 
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INTRODUCTION 

The transition metal compounds form a very interesting and important set of materials. The 
diversity arises from the many states of ionization the transition elements may take when · 
forming compounds. This variety provides ample opportunity for a large class of materials to 
have a vast range of electronic and magnetic properties (1). The x-ray spectroscopy of the 
transition elements is especially interesting because they have unfilled d bands that are at the 
bottom of the conduction band with atomic like structure.(2-4) Our group embarked on the 
systematic study of transition metal sulfides(5) and oxides (6). As an example of the type of 
spectra observed in some of these compounds we have chosen to showcase the Ln,rn emission. 
and Raman scattering in some titanium compounds obtained by photon excitation. 

RESULTS 

As in h-BN and graphite the exciton levels provide a means to promote Raman scattering 
with these excitonic states acting as the intermediate state, and the electrons in the valence band 
. providing many final states. Figure 1 is an example of Raman scattering in TiO and Ti02, where 
the Ln,m emission is plotted on the abscissa for different input photon energies as the ordinate. 
Each spectrum is displaced according to the value of the excitation photon energy shown on the 
ordinate. At input photon energies much greater than the Ln,m absorption threshold (::::::455 e V), 
the spectra resemble those obtained by Fischer and Baun (7) obtained by electron beam 
excitation. In these examples the Raman scattering follows the classic pattern as described by 
Aberg and Tulkki (8), and reviewed by Aberg and Crasemann. (9) The cross section, derived 
from second order time dependent perturbation theory is he generalized Kramers-Heisenberg (K­
H) equation and is given by the following equation as: 

(1) 

In this equation the first term is the Compton scattering, the second is resonant and the third 
term is non' resonant, and does not contribute significantly to the scattering amplitude. The 
scaling factor for the inelastic scattering cross section is the square of the classical radius of the 
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electron,r e. which has a magnitude of 7 .Ox 1 Q-24cm 2. In the spectral energy region of interest, this 
cross section is small compared to the first order photoionization processes and only the resonant 
term dominates the scattering. In many cases ·the resonant scattering is characterized by a single 
intermediate state.(lO) The delta function in the K-H equation insures the conservation of energy 
in the scattering process. The indices, I and F, represent the initial and final states respectively. 
The energy of the input photon is hVJ. The quantities et and e2 are the polarization directions 
and kt and k2 are the propagation directions of the input and output photons respectively. The 
energies ~ and E 1 are the energy of the intermediate state 11 and the energy of the initial state 
respectively. The amplitudes are summed over the intermediate states, 11, and the cross section is 
summed over the final states, F. 

This scattering is not limited to atomic levels but has been observed to modify the band 
"emission of solids near threshold. The phenomena was explained by Ma et al(11) as a process 
that involved not only energy conservation, i.e.: hv1-hv2= Ep-E1 but crystal momentum 
conservation as well so that two equations apply in solids, namely: 

hv1-hV2= Ec(Kc)-Ev(Kv), 
q1 + Kv = Kc+ q2 = G. 

(2) 
(3) 

In these expressions the quantities Ec( Kc) and Ev( Kv) are the conduction band and valence 
band binding energies indexed to the crystal momentum vectors Kc and Kv of the conduction 
band and the valence band electron, respectively. Thus, Raman scattering can involve states. 
localized in real or momentum space. Raman scattering from states localized in momentum 
space can occur either below( 6, 12) or above the threshold( 13, 14), while Raman scattering 
involving electrons localized in real space occur when the energy of the incident photon is close 
to but less than the energy for a localized core excitation. 
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FIGURE 1. Evolution of the TiO (left panel) and Ti02 (right panel) Lrr,m emission spectra. All curves show the 

normalized x-ray emission as a function of the emission energy hn2 plotted as the abscissa The scale on the right 

give the excitation energy hn J. The intensity of the lower three spectra in TiO was multiplied by a factor of three. 

(From Ref. 6) 
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FIGURE 2. Peak position as a function of the excitation energy for all Ti compounds studied. The symbols are 

grouped as follows. Solid circle: Lm valence band (2s subband), open triangle down: Lm valence band, solid 

triangle down: Lm valence band, open square: Lu valence band, open triangle up: elastic peak, open circle: Raman 

peak, diamond: extra peak needed in the fitting routine. The exciting photon energy is indicated by a dotted line. 

(From Ref. 6) 

The energy positions of the Lu,m emission versus the input energy is shown in Figure 2. Just as 
in h-BN the entire band participates in the scattering constrained by the localization in 
momentum space defined by Eq(2) and Eq(3). The Raman scattering observed in the titanium 
compounds is an example of the momentun localized Raman scattering observed below 
threshold in h-BN reviewed here.(11) It is somewhat surprising that in some compounds the 
Raman scattering is visible up to 30 e V below the ionization threshold, as can be seen clearly in 
Figure 2. The Raman loss energies for the titanium compounds studied range between 7 and 20 
eV. These Raman losses correspond to energies required to excite a valence exciton, and should 
be of particular value when making computations that include the valence-exciton state. 
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INTRODUCTION 

As modem, technologically important materials have become more complex, element specific 
techniques have become invaluable in studying the electronic structure of individual 
components from the system. Soft x-ray fluorescence (SXF) and absorption (SXA) 
spectroscopies provide a unique means of measuring element and angular momentum selective 
density of electron states, respectively, for the valence and conducting bands in complex 
materials. X-ray absorption and the decay through x-ray emission are generally assumed to be 
two independent one -photon processes. Recent studies, however have demonstrated that SXF 
excited near the absorption threshold generate an array of spectral features that depend on 
nature of materials, particularly on the localization of excited states in s and d-band solids and 
that these two processes can not be longer treated as independent. Resonant SXF offers thus 
the new way to study the dynamics of the distribution of electronic valence states in the 
presence of hole which is bond to the electron low lying in the conduction band. This process 
can simulate the interaction between hole-electron pair in wide gap semiconductors. Therefore 
such studies can help in understanding of transport and optics phenomena in the. wide gap 
semiconductors. · 

EXPERIMENT AND RESULTS 

We report the result ofMn and S -L resonant emission in Znt-xMnxS (wi~ x=0.2 and 0.3) 
and MnS as the energy of exciting radiation is tuned across the Mn and S L3 2 absorption 
edge, along with the resonant excited spectra from elemental Mn as a reference. High 

· resolution x-ray emission spectra were recorded on the Advanced Light Source beamline 8.0 a 
5.0 em period undulator bearnline with a spherical grating monochromator operating between· 
70 eV and 1200 eV. The energy resolution of the monochromator was set to be about 0,3 eV 
during these measurements. The soft x-ray fluorescence endstation includes a Rowland circle 
grating spectrometer coupled to photoncounting area detector. 

In Fig. 1 we present, as an example, the Mn L -emission spectra ofZno.sMno.2S. The sharp 
resonant with three well resolved peaks, significantly different from the spectrum obtained for 
11 normal11 emission, at the Mn L3 line in MnS and ZnMnS compounds was detected. This 
indicates on the existence of the well localize 3d Mn antibonding states which are coupled to 
the hole in valence band. After increasing energy by 3 eV, the three peaks structure 
disappeared and "normal" spectrum was observed. Additionally, a strong resonant with at the 
L2 line was detected for all investigated samples. 
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In the case of L3 spectra of elemental Mn and at the S L-ernission only systematic appearance 
of new structure in the spectra with the increase of excitation energy was observed. ZnS is a 
semiconductor with a wide gap. The substitution of Mn in the position of Zn added the well 
localized 3d states which have character similar to the well localized excitonic states observed 
in the insulator. Therefore, we can suspect a atomic like coupling between a hole and excited 
electron. The significant modification of the resonant emission spectra occurs in very narrow 
range of excitation energy (3 e V) indicating that the coupling between hole in the valence band 
and the electron in the conduction bands take place only for states close to the bottom of the 
conduction band. 
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Figure 1. Resonant excited Mn L 2,3 emission spectra ofZ no.sMno.2S. The exciting radiation energy was 
tuned from 630 eV to 685 eV, as indicated in the figure. 
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INTRODUCTION 

Multilayer films made by alternate deposition of two materials play an important role in electronic 
and optical devices such as quantum-well lasers and x-ray mirrors.[l] In addition, novel phenomena 
like giant magnetoresistance and dimensional crossover in superconductors have emerged from 
studies of multilayers. While sophisticated x-ray techniques are widely used to study the moq)hology 
of multilayer films, progress in studying the electronic structure has been slower. The short mean­
free path oflow-energy electrons severely limits the usefulness of photoemission and related electron 
spectroscopies for multilayer studies. 

Soft x-ray fluorescence (SXF) is a bulk­
sensitive photon-in, photon-out method to 
study valence band electronic states.[2] 
Near-edge x-ray absorption fine-structure 
spectroscopy (NEXAFS) measured with 
partial photon yield can give complementary 
bulk-sensitive information about unoccupied 
states.[3] Both these methods are element­
specific since the incident x-ray photons 
excite electrons from core levels. By 
combining NEXAFS and SXF 
measurements on buried layers in 
multilayers and comparing these spectra to 
data on appropriate reference compounds, it 
is possible to obtain a detailed picture of the 
electronic structure. 

The Fe/Si multilayer system (shown in Fig. 

FeiSi Multilayers Studied 

4-20A 

x50 

Substrate 

Figure I. Schematic of the Fe/Si multilayers 
studied in this work. 

1) well illustrates the power of combining the SXF and NEXAFS techniques. Fe/Si multilayers 
exhibit a large antiferromagnetic (AF) interlayer exchange coupling that is apparently similar to that 
previously observed in metal/metal multilayers like F e/Cr. [ 4] The observation of strong 
antiferromagnetic coupling was initially surprising, since this coupling is believed to be a 
manifestation of spin-density oscillations in the non-magnetic metallic spacer layer of a multilayer.[5] 
The interpretation of the Fe/Si coupling data was hampered by lack of knowledge aboutthe strongly 
intermixed iron silicide spacer layer, which was variously hypothesized to be a metallic compound in 
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. 
the B2 CsCl structure[4] or a Kondo insulator in the more complex B20 structure.[6] If the spacer· 
layer is not metallic, then the usual theories ofinterlayer exchange coupling do not apply[5] and the 
coupling must involve a novel mechanism. Using transmission electron microscopy (TEM), the 
spacer layer has been identified as a metastable cubic iron silicide closely lattice-matched to bulk 
Fe.[7] However, since the exact stoichiometry of the silicide was not determinable by diffraction 
means, the question of whether the spacer layer is a metal or not has remained unanswerable. SXF 
and NEXAFS are ideal techniques to resolve exactly this type of issue. 

EXPERIMENT 

SXF and NEXAFS measurements were performed on five different Fe/Si multilayer films at the 
Advanced Light Source on beamline 8.0, which is described in detail elsewhere.[8] SXF data has 
previously been used to study buried layers ofBN[9] and Si.[lO] Data taken at the Fe L-edge closely 
resembles bulk Fe for all Fe/Si multilayers. NEXAFS spectra were acquired by measuring the total Si 
L-emission yield with the same detector used for fluorescence. The resulting data are expected to be 
comparable to those acquired by electron counting.[3] The films used in this study were grown using 
ion-beam sputtering (IBS) in a chamber with 
a base pressure of2xl0-8 torr. The 
deposition conditions were the same as 
those used in previous studies.(8] All 
multilayers were characterized using x-ray 
diffraction and magnetometry. Reference 
spectra were obtained from a crystalline 
silicon ( c-Si) substrate piece, an amorphous 
silicon (a-Si) film made by IBS, and a 
fragment of an FeSi2 sputter target. 

RESULTS 

Figure 2 shows the Si L emission spectra 
and Si L-edge NEXAFS spectra for a 
crystalline Si reference film and for an 
epitaxial Fe/Si multilayer grown on an MgO 
substrate. This multilayer exhibited the high 
saturation field and low remanent 
magnetization that are characteristic of 
antiferromagnetic interlayer exchange 
coupling [7]. The spectra from the single 
crystal Si reference clearly show the 
presence ofthe fundamental gap, as 
expected. In comparison to the reference 
data, the L-emission from the multilayer is 
quite different, and clearly suggests that the 
spacerlayers are an Fe silicide (probably Pe­

-- Si L EmisSion-- Si L 
NEXAFS .. 

88 90 92 94 96 98 100 102 

Photon Energy (eV) 

Figure 2. Si L emission and absorption spectra 
from a single-crystal Si reference (bottom) and 
an epitaxial Fe/Si multilayer which exhibited 
antiferromagnetic coupling. 

rich) [11]. Furthurmore, the more than 1 eV of overlap between the valence -band features from the 
SXF and the conduction-band features from NEXAFS is convincing evidence that the silicide is 
metallic. The data lay to rest any speculation that the interlayer exchange coupling in Fe/Si 
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multilayers involves a novel mechanism. In addition, these results on thin b~ied silidicid layers 
illustrates the power of photon-in, photon-out spectroscopies with their intrinsic bulk sensitivity, for 
the study of multilayer films. 
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INTRODUCTION 

The IT-VI sulfur compounds CdS and ZnS have important electro-optics applications. In. 
addition, 'they have well characterized and relatively simple structures so that they are 
good candidates for theoretical model development in solid-state physics. Some 
experimental results.on·density of states have been reported, mostly determined from 
photoemission measurements, and theoretical calculations are available for both materials. 
Nevertheless the electronic properties of these elements are still not completely · 
understood. It has been established that the d-bands, derived from Cd or Zn, lie in a 
subband gap between a lower valence band (L YB> derived from the s 3s orbital and an 
upper valence band (UVB) derived from the 3p states ofS and the 4(3)s states ofCd(Zn). 
The locations of these bands within the gap disagree with tQe best available calculations, 
however. 

The principal problem is that experimental photoemission meaurements'(l] locate the d­
bands about 2 eV lower in the band gap than the best available calculations.[2-4] Some 
authors argue that.the hole in the d-band in the final state of the photoemission process 
increases the binding of the d-electrons. In any case, band gaps, band widths and the 
precise location of d-bands are important parameters for comparing experiment and 
theory, and no current calculations give good agreement .with all of these parameters. 
Moreover, photoemission data does not adequately define all of these experimental 
parameters; because the d-state photoemission dominates that from s and p states and 
sample charging effects can modify the energy of emitted electrons. A few soft x-ray 
absorption and emission results have been reported.[5,6] These e-beam excited K and 
~spectra ofCdS are of very good quality, but are not accurately interpreted.[6] 

In this abstract, we report photon excited soft x-ray fluorescence (SXF) S ~ spectra 
from CdS and ZnS. Using excitation between the L2 and L3 thresholds, the~ spectrum is 
suppressed, which permits us to accurately determine features of the UVB and L VB as 
well as the placement of the Cd(Zn) d-bands between the UVB and LVB. We note that 
these spectra are produced by dipole transition to the S 2p core levels so that they provide 
a measure of the angular momentum resolved (sand d)-like local partial density of states 
([s+d]-LPDOS) at the S site. Further details of these experimental results have been 
published elsewhere.[7] 
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EXPERIMENTAL RESULTS 

These experiments were carried out on undulator beamline 8.0 at the Advanced Light 
Source (ALS) using the Soft X-ray spectrometer endstation operated by the Tennessee/ 
Tulane/LBNULLNL collaboration.[8] Spectra were excited with monochromatized 
photons from the undulator having energies from 160 to 185 eV and a resolution of0.4 
eV. The emission spectrometer is a Rowland circle design fitted with a photon counting 
area detector. At the energy of these spectra (142-162 eV), the detector could be 
centered at 152 eV to record the full spectrum without moving the detector. Spectral 
resolution is about 0.2 eV. 

In Figure 1, sulflur emission spectra from CdS excited by 3 Ke V electrons and 174 e V 
photons are compared. Spectral regions associated with the UVB (155-160 eV), LVB 
(145-151 eV) and with overlap transitions from the Cd d-bands (151-153 eV) may be 
identified. A significant feature is that the photon excited spectra are. sharper and better 
resolved than the e-beam excited spectra. these ~ spectra are produced by transitions 
to S 2pt12 and 2p3a core levels having a separation of 1.1 eV. The doubling of the spectra 
with a relative magnitude of approximately 2:1 is clearly seen in the d band peaks d1 and 
d2, and in broadening at the upper edge of the LVB. 

Figure 2 illustrates the suppression of the SL2 spectrum in CdS with photon excitation 
between the L3 and L2thresholds. With 163 eV photons, only the L3 spectrum is excited. 
The d-band peak d2 is completely suppressed, as is the high energy shoulder of the L VB. 
An important result of this suppression is that an additional feature of the d-band (d3) is 
uncovered. 
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Figure 1. Comparison of S ~ spectra of CdS 
for 3 keY electron-beam and 174 eV photon 
excitation. 
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Figure 2. S 4J spectra of CdS with photon 
excitation near threshold. The Lz spectrum is 
suppressed with 163 eV excitation. 
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In Figures 3 and 4, we display the clean L3 spectra of CdS and ZnS on an energy scale 
with zero at the top of the UVB and identify significant spectral features. The top and 
bottom and other features of the UVBs are clearly resolved, as is the peak of the L VBs. 
The d-bands in both compounds are shown to have a doublet structure and are 
accuratedly located with respect to both the UVB and L VB. In Table I, the energy 
positions of significant spectral features are determined and compared with published 
calculations. As with photoemission results, the major discrepancy is in the position of the 
d-bands in the subband gap. 
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Table I. Energy positions of principal features in the S L3 spectra of CdS and ZnS 
in units of eV. UT, upper edge of the UVB; UB, lower edge of the UVB; Ul,U2,U3, 
peaks in the UVB; Calc., results from theory; Expt., our data. 

Spectral Feature CdS (Expt.) CdS (Calc.t ZnS (Expt.) ZnS(Calcl 

UT 0.0 0.0 0.0 0.0 
U1 -1.8 -1.1 -1.9 -2.0 
U2 -3.8 -4.3 -3.0 
U3 -4.7 -4.5 
UB 5.4 6.0 
d1 -9.0 -7.8 -8.4 
d3 -10.1 -9.1 
S 3s -12.2 -11.6 -12.4 -12.0 
AE (d1-d3) 1.05 <0.6 0.6 
Ratio (dlld3) 0.40 0.41 
AE (d1-d2t 1.15 1.18 1.18 
===--========---====--=========--==--======== 

"Reference 3. "Reference 2. c2p spin splitting from~ spectra. 
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Figure 3. The S L3 spectrum of CdS with 
excitation between the L3 and ~ thresholds. 

Figure 4. The S ~ spectrum of ZnS with 
excitation between the L3 and~ thresholds. 
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In Figure 5, the L3 spectrum of CdS is compared with experimental and theoretical results. 
Thee-beam excited S-K spectrum, which provides a measure of the p-like partial density 
of states (p-LPDOS), resolves the UVB and barely sees the d-bands, but is blind to the 
L VB. The XPS spectrum is dominated by the d-bands and resolves the UVB, but is also 
blind to the LVB. The L3 spectrum, which is a measure of the [s+d]-LPDOS at the S site 
resolves all three valence regions, and accurately locates the d-bands with respect to the 
UVB and L VB. We note that both XPS and SXF measurements locate the d-b~ds in the 
same position with respect to the UVB, which is not surprising since both processes have 
the same final state, which includes a valence hole. 

The interested reader is referred to the 
journal publication for a more detailed 
discussion of these results.[?] It is clear, 
however, from the data presented that 
SXF fluorescence studies can make 
important contributions to our 
understanding of the electronic. 
properties of compounds. 
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Figure 5. Comparison of experimentalarid 
theoretical results for CdS. 
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When a molecule is adsorbed on a metal surface by chemical bonding new electronic states 
are formed. For noble and transition metals these adsorption-induced states overlap with 
the much more intense metal d-valence band, making them difficult to probe by for 
instance direct photoemission. However, it has recently been shown that X-ray emission 
spectroscopy (XES) can be applied to adsorbate systems [1]. Since the intermediate state 
involves a core hole, this technique has the power to project out the partial density of states 
around each atomic site. Both the excitation and deexcitation processes are in general 
governed by the dipole selection rules. For oriented system, it is hence possible to obtain a 
complete separation into 2px. 2py and 2pz contribution using angular resolved 
measurements. 

We have applied XES together with other core level spectroscopies to glycine adsorption 
on Cu(110). Glycine (NH2CH2COOH) is the smallest aminoacid and very suitable to study 
by core level spectroscopy since it has several functional groups, all well separated in 
energy by chemical shifts. Its properties are furthermore of biological interest 

The experiments were carried out at the undulator beamline 8.0 at the Advanced Light 
Source (ALS), Lawrence Berkeley Laboratory using a modified spherical grating 
monochromator. The experimental station consist of two UHV chambers, one for sample 
preparation and one for analysis. The analyze ~hamber consist of an electron analyzer 
(Scienta SES 200) and an X-ray Emission spectrometer both mounted perpendicular to the 
incoming beam. It also houses a partial yield detector for XAS measurements. All 
measurements were performed using grazing incidence. Glycine was evaporated from a 
well outgassed, resistively heated Knudssen cell. The sample temperature was kept at 400 
K during the evaporation. · 

Glycine adsorbs on a clean Cu(llO) surface via loss of the acidic hydrogen atom. It 
exhibits a sharp (3x2) LEED pattern. The Cu(110) surface has two-fold symmetry where 
the copper atoms in the f"Irst layer are oriented in characteristic rows along the [110]­
azimuth. Two crystals were mounted, rotated 90° with respect to each other, enabling us to 
measure absorption- and X-ray emission-spectra in three different directions. 

X-ray absorption spectroscopy, also denoted NEXAFS, has been shown to be a powerful 
technique for determination of molecular orientations on surfaces [2]. In Fig. 1 we show 
the C 1s, N ls and 0 1s XA spectra in three directions. These results, together with the 
obtained LEED pattern enabled us to determine the adsorption geometry of the molecule 
[3]. The proposed geometry is further supported by density functional calculations. Glycine 
adsorbs with the carboxylic group aligned along the closed packed Cu [110]-rows in a 
geometry close to parallel to the surface, bonding not only with the oxygen atoms but also 
with the nitrogen end on the neighboring Cu [110]-row. · 
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Fig. 1 0 ls, C ls and N ls absorption spectra obtained for glycine adsorbed on Cu(llO). 
Using two crystals oriented 900 with respect to each other enabled us to obtain absorption 
spectra along three different azimuths. The respective XPS binding energies are marked 
with a line in the figure. 

The absorption spectra are furthermore important when applying XES to the system. If the 
photon energy used to create the corehole in the first process is far above the excitation 
threshold the~ is a large probability of creating multi-electron excited states. The presence 
of additional initial states for the decay process will give rise to X-ray satellites 
overlapping the pure "one electron" states. However, by using a tuneable synchrotron 
radiation source, threshold excitation can be performed, thereby suppressing the multiply 
excited states. The presence of the extra electron will, for chemisorbed system, not modify 
the spectra [4]. On the timescale of the decay the electron becomes delocalized, creating a 
fully relaxed initial corehole state. For intensity reasons both the excitation energy and 
geometry used in this study have been tuned to match the most intense absorption features, 
usually the 1t*-resonance's. 

As mentioned, the two carbon atoms in glycine shows a core level chemical shift. It is 
therefore possible to selectively excite each core level separately. Fig. 2 shows angular 
resolved XE spectra measured on 4 different atomic sites [5]. The spectra have been put on 
a binding energy scale by using the corresponding XPS binding energy as Fermi level. This 
gives us the possibility to directly observe the hybridization of the molecular orbitals and 
further determine the weight of a specific orbital on the different atoms in the molecule. 
Hence, states which are best described as being lone-pair orbitals will only be observed on 
one specific atom. Regarding the bonding to the surface we directly observe new hybrid 
states between the substrate metal valence bands and the glycine valence levels, close to 
the Fermi level. Hybridization mainly occurs between orbitals of 2px and 2pz character 
whereas orbitals of 2Py-type to a large extend keeps its molecular character. In fact, the 
obtained result is like an experimental version of the LCAO (linear combination of atomic 
orbitals) approach for molecular orbital theory. 
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Flg. 2 2px. 2py and 2pz symmetry resolved X-ray emission spectra for glycine adsorbed' 
on Cu(110). Inserted is a structural model of the adsorption complex [3]. The spectra are 
measured at the 0 atom, both C atoms and theN atom. The valence 2Px. 2py. 2pz 
orbitals were obtained by a suitable linear combination of XE spectra measured at 
different emission angles. 

In summary, we have shown that it is possible to apply XES to more complicated 
molecular adsorbates. The assignment of different electronic states is however not as 
straight forward as for simple diatomic molecules. For a complete understanding of the 
redistribution and fonnation of new electronic states associated with the surface chemical 
bond, experimental data must be compared to theoretical calculations. 

·The authors wish to thank the ALS staff for all their assistance. This work was supported 
by the Swedish Natural Science Research Council (NFR) and by Goran Gustafsson 
Foundation for Research in Natural Science and Medicine. 
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An Electron Spectrometer for Gas-Phase Spectroscopy 

J.D. Bozek and AS. Schlachter 

Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory, 
University of California, Berkeley, California94720, USA 

INTRODUCTION 

An electron spectrometer for high-resolution spectroscopy of gaseous samples using synchrotron 
radiation has been designed and constructed. The spectrometer consists of a gas cell, cylindrical 
electrostatic lens, spherical-sector electron energy analyzer, position-sensitive detector and 
associated power supplies, electronics and vacuum pumps. Details of the spectrometer design are 
presented together with some representative spectra. 

DESIGN OF THE SPECTROMETER 

The spectrometer is represented schematically in Fig. 1. A differentially pumped gas cell is 
aligned with the photon beam axis and forms the interaction region for the spectrometer. The 
interaction volume in the gas cell is contained within a differentially pumped 7mm diameter 
cylindrical hole in a block of copper. Beam throttles are attached to the front and back of the 
interaction volume, a slit is oriented towards the lens, and an electron dump is fitted opposite the 
slit to reduce the number of back scattered electrons reaching the analyzer. 1 A four element 
cylindrical electrostatic lens transports, focuses and accelerates the electrons towards the energy 
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Figure 1. Schematic drawing of the electron spectrometer. 
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analyzer. The dimensions of the lens elements and the voltages applied to them were determined 
based on electrostatic modeling calculations carried out using SIMI ON. 2 The flrst element of the 
electrostatic lens contains an aperture to control the angular acceptance of the spectrometer as 
well as provide differential pumping of the lens~ Another aperture in the third element of the lens 
serves to further control the angular acceptance of the lens. The entrance slit for the electron 
energy analyzer is fitted into the forth element of the lens and followed by two cylindrical 
electrodes for steering purposes.1 

Electrons transported by the lens and passed through the entrance slit are dispersed in energy by a 
large spherical-sector electron energy analyzer. Spherical-sector electrodes from a McPherson 
ESCA-36 spectrometer were modified for the purpose. The 36cm mean radius spherical-sector 
electrodes (157° tangential, 60° azimuthal) were modified with Herzog plates and azimuthal field 
terminating electrodes to facilitate their use as a pass energy filter for the spectrometer. A two 
dimension 25mm active area resistive anode position sensitive detector from Quantar Technology 
Inc. 3 is used as the detector for the system. The second dimension of the detector (in the non­
dispersive direction) proved essential for tuning the resolution of the spectrometer allowing the 
shape of the lines at the detectoNo be adjusted. 

To achieve the required accurate and stable voltages to all of the electrostatic elements in the 
spectrometer, a custom made computer controlled power supply was designed and constructed at 
LBNL by J. Katz andY. Zaninovich. The power supply provides voltages of up to IOOOV with 
1.5me V resolution. The power supply was designed so that all ofthe voltages for the 
spectrometer float on the retarding voltage and the interdependence of various potentials in the 
spectrometer was taken into account. 

PERFORMANCE OF THE SPECTROMETER 

The performance of the spectrometer was determined by measuring various photoelectron lines 
and Auger lines of simple gaseous samples using beamline 9 .0.1. A photoelectron spectrum of the 
Ar3p lines measured at 39 .6e V is shown in Fig. 2. The width of the lines, which contain 
contributions from the natural width of the state, the photon band pass and the electron 

16ooo Ar 3p-t 3p3/2 hv = 39.6 eV 
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Figure 2. Photoelectron spectrum of the Ar 3p levels measured with 39.6 e V 
photons from beamline 9.0.1. 
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spectrometer resolution is dominated by the contribution from the ele~tron spectrometer. The 
spectrum in Fig. 2 represents the best resolution achieved with the spectrometer to date, 20me V, 
but future improvements in the magnetic shielding should yield improvements in the resolution. 

Photoelectron spectra of molecular core levels measured with the resolution of this spectrometer 
will often show vibrational fine structure. A photoelectron spectrum of the C 1 s level of CI-4 
measured using a photon energy of 305e Vis shown in Fig. 3. The series of photoelectron bands 
in this spectrum are due ionization of the C Is electrons accompanied by excitation of C-H 
symmetric stretching vibrations in the ion state.4 The vibrational bands in this spectrum have a full 
width at half maximum (FWHM) of approximately 188me V and are spaced about 390 me V apart. 

SUMMARY 
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Figure 3. Photoelectron spectrum of methane measured with 305eV photons 
from beamline 9.0.1. 

A high-resolution electron spectrometer for gas phase spectroscopy at the ALS has been built and 
tested. The spectrometer performs adequately for vibrationally resolved photoelectron 
spectroscopy of core levels, although improvements in the resolution can be made. 
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Beamline 9.0.1-A High-Resolution Undulator Beamline 
for Gas-Phase Spectroscopy 

J.D. Bozek, P.A. Heimann, and D. Mossessian 

Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory 
University of California, Berkeley, California 94720, USA 

INTRODUCTION 

Beamline 9.0.1 at the Advanced Light Source is an undulator beamline with a Spherical Grating 
Monochromator (SGM) which provides very high resolution and flux over the photon energy 
range 20-320e V. The beamline has been used primarily by the atomic and molecular science 
community to conduct spectroscopy experiments using electron, ion and fluorescence photon 
detection. A description of the beamline and its performance will be provided in this abstract 

OPTICAL CONFIGURATION 

The optical configuration of beamline 9.0.1 is represented schematically in Fig. 1 where the 
positions and mirror radii of the important elements in the beamline are also indicated. The 
beam1ine was first commissioned in August, 1994 when an 8 em period undu1ator in the ALS 
storage ring was used as the source for the beamline. The 8cm period undulator was replaced with 
a 10cm period undu1ator in January, 1995 to accommodate the Chemical Dynamics beamline 
which shares the undulator. A horizontal beam defining aperture (HBDA), which consists of two 
motor driven jaws which can open and close about the photon beam axis, is located between the 
undulator and the first mirror in the beamline. The HBDA can be used to reduce the power load 
on the optics by masking unwanted off-axis radiation from the undulator. The first mirror, M1, is 
a spherical mirror which forms a horizontal image of the source at the sample position. The 
second mirror, M2, also spherical, vertically condenses the photon beam onto the entrance slit 
with an 8:1 demagnification. The demagnification of the source preserves the high flux of the 
undulator beam through the narrow slits required for high resolution with the monochromator. 
The entrance slit is fixed in position but has a variable (0-100~m) width, One of three spherical 
gratings with line densities of 380, 925 and 2100 lines/mm is selected, depending upon the photon 
energy, to disperse the radiation. The 380, 925 and 2100 lines/mm gratings cover the approximate 
photon energy ranges 20-60, 40-120 and 100-300 eV respectively. The M1, M2, entrance slit and 
gratings are all water cooled to reduce thermal distortions. Following the grating, the exit slit 
translates over a range of -700mm to satisfy the grating focus condition. The M3 mirror is. a 
bendable mirror with a variable radius of 35-65m and refocuses the beam vertically from the exit 
slit to the experimental interaction region. Two plane mirrors, M4 and M5, can be translated into 
the beam to deflect the photon beam horizontally into one of the side bran~hes of the beamline. 

PERFORMANCE OF BEAMLINE 9.0.1 

The design goals for beamline 9.0.1 were to provide 1012 photons per second with a resolving 
power (A,!!::,.').., = hv I ~hv) of 10,000.1 The photon flux through the beamline was verified during the 
commissioning of the beamline by monitoring the flux at the end of the beamline using a GaAsP 
photodiode.2 The entrance and exit slits were set for a slit-limited resolving power of 10,000 for 
the flux measurements. The measured results are show in Fig. 2 together with the photon flux 
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determined from calculations based on the output of the undulator, the reflectivity of the mirrors 
and the efficiencies of the gratings.1 
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Figure 1. Schematic representation of Beamline 9.0.1. The distances of each of the components from the center of 
the source point (undulator) is given along the top of the figure. The radii and polished lengths of the mirrors and 
gratings are given. 
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Figure 2: Photon flux of beamline 9 .0.1 with the slits set for a resolving power of 10,000 over the energy range 
from 20-300 eV. Measured data points are shown by the solid symbols while the calculated flux is shown with the 
open symbols for each of the three gratings. 
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The size of the photon beam at the focus was characterized using a 20J.lm diameter pinhole 
located 31m from the source? The pinhole was translated vertically and horizontally through the 
focus on an XY stage. The beam was found to have a Gaussian cross section in the horizontal 
direction with a FWHM of 675flm, a result in satisfactory agreement with the expected beam size. 
The vertical image size was found to be 30flm which is close to the expected value resulting from 
the 20flm pinhole and the 20flm exit slit setting that was used. 

The beamline 9.0.1 SGM was designed 
with the goal of achieving or surpassing 
a resolution (f:l./.,/A = ~EIE) of 10-4 over 
the entire photon energy range. 1 Several 
factors contribute to the resolution of 
an SGM, the dispersion of the grating, 
the widths of the entrance and exit slits, 
the figure of the gratings and 
contributions from the various 
aberrations. At most photon energies, 
coma is the aberration which has the 
greatest contribution to the resolution 
of an SGM. The calculated resolution of 
the beamline 9.0.1 SGM is shown in 
Fig.3, where contributions from coma 
are shown by dashed lines and 
contributions from lOflm slits are 
shown by solid lines for each of the three 
gratings in the beamline. It can be seen that 
a resolving power of greater than 10,000 
can be achieved at all photon energies 
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Figure 3. Resolution of the beamline 9.0.1 SGM showing 
contributions from coma by dashed lines and from lOf.llll 
entrance and exit slits by the solid lines for each of the three 
gratings. 

above 25eV. Below 80eV, coma is the resolution limiting factor at most energies except those 
close to the Rowland circle energies~ At the Rowland circle energy the coma vanishes and the 
resolution of the SGM is limited by the width of the slits and other usually less important 
aberrations of the spherical grating. Contributions from these other aberrations are not shown 
here, but at energies other than the Rowland circle energies their contribution to the resolution of 
the SGM is about an order of magnitude less than that of coma. Very high resolving power can be 
achieved near those energies where the coma drops to zero. In a dramatic examples of high 
spectral resolution near the Rowland circle energy for the 925 lines/mm grating, a very narrow 
doubly excited state of He, the (2,-h) state, occurring at a photon energy of 64.119 eV was 
measured to have a width of 1.0 meV.3 This corresponds to a resolving power of 64,000. 

Photoionization yield spectra of the rare gases Ar, Kr and Xe are shown in Figs. 4- 7 to illustrate 
the performance of the beamline for all three gratings. The spectra were measured using a parallel 
plate ion yield gas cell. The gas of interest is charged into a section of vacuum chamber isolated 
from the ultra-high vacuum of the beamline by a thin window, in this case aluminum. One of two 
parallel plates inside the gas cell is biased with approximately lOOV and the current of the ions 
striking the other plate is monitored as a function of photon energy. The Ar 3s -7 np window 
resonances,4 which occur around 30 eV and are shown in Fig. 4, are excellent candidates for 
testing the resolution of the 380 line/mm grating, as they occur close to the Rowland circle energy 
for this grating. In the spectrum shown in Fig. 4 the Ar3s-129p resonance can be resolved and the 
n=22 lines is observed to have a full width at half maximum of 0. 7 e V, corresponding to a 
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resolving power of approximately 42,000. In Figs. 5 and 6, ion yield spectra of the Xe 4d and Kr 
3d edges measured using the 925 1/mm grating are shown. In Fig. 7 an ion yield spectrum of the 
2p edge in Ar measured with the 2100 1/mm grating is shown. 
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Figure 4. Photoionization yield spectrum of the 
Ar3s·1np resonances. 
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Alignment of Ar+ eP]4p2P0
312 Satellite State From the Polarization 

Analysis of Fluorescent Radiation After Photoionization· 

0. Yenen1
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, D. H. Jaecksl, A. S. Schlachter, and J. Bozek2 

1 Department of Physics, University ofNebraska-Lincoln, Lincoln NE 68588-0111, USA 
2 Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory, 

University of California, Berkeley, CA 97420, USA 

The measurement of the polarization of radiation from satellite states of Ar+ formed after 
the photoionization of Ar provides detailed information about the nature of doubly 
excited states,· magnetic sublevel cross sections and partial wave ratios of the photo­
ejected electrons. Since the formation of these satellite states is a weak process, it is 
necessary to use a high flux beam of incoming photons. In addition, in order to resolve 
the many narrow doubly excited Ar resonances, the incoming photons must have a high 
resolution. The characteristics of the beam line 9.0.1 of the Advanced Light Source fulfill 
these requirements. 

We determined the polarization of 4765 A fluorescence from the Ar+ eP] 4p 2P·~,2 satellite 
state formed after photoionization of Ar by photons from the 9.0.1 beam line of ALS in 
the 35.620-38.261 eV energy range using a resolution of approximately 12,700. 
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Figure I. Total Intensity of 4765 A fluorescent radiation corrected for the polarization. 

This is accomplished by measuring the intensities of the fluorescent light polarized 
parallel CI11) and perpendicular (I.J to the polarization axis ofthe incident synchrotron 
radiation using a Sterling Optics 105MB polarizing filter. The optical system placed at 
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90° with respect to the polarization axis of the incident light had a narrow band 
interference filter (~A-=0.3 run) to isolate the fluorescent radiation. The calibration of the 
monochromator of the 9 .0.1 beam line was performed using 3s 3p6 np 1 P1° series of 
window-type resonances [I] of Ar from n=6 to n=20, and the threshold onsets of 4658 A, 
4765 A, 4727 A, 4880 A, 4590 A, and 4610 A satellite lines of Ar+. 

From the measurements we determined the intensity 1(90) = I11+ l1_ and the polarization 
P(90) = CI11- IJI(In+ IJ of the satellite line as measured at 90° with respect to the 
polarization axis of the incident light. The total intensity of the 2P ~12 satellite line 
emitted to 4n solid angle is obtained from [2]: 

/tot = 4[1- P(:O)] /(90) 

and is shown in Fig. 1. The total alignment coefficient A~, defined as [3], 
(3J; - J 2

) I J ( J + 1) is related to the measured polarization P(90) by [ 4]: 
c 4P(90) 
~ = h<2> [3- P(90)] 

where h<2> is the ratio of two 6-j symbols. A~ is a measure of the distribution of different 
1m ·1 sublevels. Fig. 2 show A~ as a function of the incoming photon energy. From the 
definition of the total alignment coefficient, for j=312 states, it can be shown that the 
magnetic substate cross sectionscr(mj = 3 I 2) andcr(mj = 1 I 2) are given by: 

4+5Ac 4-5Ac 
cr(mj =312)= 

8 
° I101 and, cr(mj =112)= 

8 
° I101 
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Figure 2. Total alignment parameter as a function of incident photon's energy. 
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Figure 3. Substate cross sections normalized to their sum. 

Since the measurement of /tot is in arbitrary units, we show in Fig. 3 the cr(mi = 3 I 2) 
and cr( m i = 1 I 2) cross sections normalized to their sum. 

For 2P ~12 satellite states, the angular momentum and parity conservation rules limit the 
orbital angular momentum 1'.. of the electron to 0 or 2. In this case, the total alignment 
coefficient A~ can further be related to the ratio of the s-wave to d-wave cross sections of 
the photoelectron [5]. By expanding the total final state wave function of excited ion plus 
outgoing electron, using a coupling scheme where total.angular momentum j of the ion is 

0.8 
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"C 
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35.6 35.7 35.9 
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Figure 4. The ratio of the s-wave to d-wave cross sections for the partial waves of the emitted 

electron. 
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coupled to the total angular momentum je = fe +se of the free electron, one can readily 
calculate the ratio of the s-wave to d-wave cross sections of photoelectron in terms of the 
measured alignment parameter. These ratios are presented in Fig. 4. 

These results show that the primary process for satellite-state formation is through 
autoionizing resonances of Ar. The total alignment parameter, as a function of the 
incoming photon's energy, displays Fane-profile type of variations and resonance series 
sometimes absent on the intensity spectrum. We also show that the alignment parameter 
and the angular distribution of the photoelectron vary rapidly over resonances. 
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INTRODUCTION 

The Auger decay of core excited states in rare gases has been subject to rather in­
tense investigation over a number of years due to its complex nature. 

We have measured the intensity distributions and angular distributions (~ parame­
ters) for the Auger decay spectra following each of the 2p112,312 ~ 4s, 3d, 4d resonant 
excitations in argon. This report presents our result only for the angular distributions (~ 
parameters) of the 2p112-

14s resonance. 

EXPERIMENT 

Experimental results were obtained at the Advanced Light Source at Lawrence 
Berkeley National Laboratory using double bunch operation. The measurements were 
performed using the 8-cm-55-period U8 undulator ofbearnline 9.0.1 which uses a spheri­
cal grating monochromator. Two time-of-flight (TOF) analyzers were mounted to a ro­
tatable chamber whose axis of rotation was coaxial with the photon beam. For the meas­
urements described in this work, the TOF analyzers were fixed at o· and 54.7" (the magic 
angle) with respect to the electric field vector of the incident radiation. This configura­
tion, allows for two complete spectra to be taken simultaneously at different angles. As a 
result, angular anisotropies can be measured and the ~ parameters can be extracted for the 
individual final ionic states. In order to improve the resolution at the kinetic energy re­
gion of interest, a 201 V retarding potential was applied to the flight tube to increase the 
flight time of the electrons [ 1]. 

RESULTS 

The 2p 11/ 4s Resonant Auger Spectra 

Figures 1 depict portions of the 2p112-
1 4s spectra. Each of the prominent features 

is labeled: With a number, and each individual LS term is labeled by a numbered letter. 
Here, the same binding energy region is viewed from two different angles (0. and 54.7" 
with respect to the synchrotron light's electric field). For each resolved fmal ionic state, a 
Gaussian peak has been fit, with the relative spacing between the peaks assigned using 
optical data of Minnhagen [2]. Once the data from each spectrometer has been normal­
ized to the spectrometers' relative efficiency (to c·ompensate for transmission differences 
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between them), a comparison of the areas of a particular peak at the two angles allows the 
determination of the ~ parameter. 
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Fig. I. Auger decay for Ar 2p11i 1 4s resonance shown at (a) e = o· and (b) e = 54.7". The peak labels corre- . 
spond to those states listed in table L The angular distribution anisotropy parameters(~) are shown in (c). 
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A complete listing of~ parameters for nearly all 3p4nl final ionic states is given in 
Table 1 for the 2p112-

14s decays. In order to compare our results with previously unre­
solved work, we have listed both the individual~ components and their average ~value 
(shown in the boldface) which includes the sum of all overlapping peaks in a given LS 
term. For each value; the statistical uncertainty in the last digit is given in parentheses 
following the value. It should be noted, however, that this uncertainty does not take into 
account any additional unquantifiable unc~rtainties such as that due to peak overlap. It 
can be seen that most ~ parameters are small positive or negative, the latter indicating a 
preferred emission in the direction perpendicular to the electric field vector of the radia­
tion. This is due to the enhanced population of final ionic states which can be reached via 
parity unfavored transitions only through the resonant Auger processes [3]. These results 
are compared with previous lower resolution measurements from Carlson et al. [4], and 
Menzel et al. [5], and are compared with theoretical calculations of Cooper [6], Bergen­
hahn et al. [7], and Chen [8]. In his work, Cooper has treated the Auger decay as a sin­
gle-step process, Hergenhahn et al. have considered excitation and decay of the resonant 
state as a two-step process and predicts the resonant Auger decay based on the spectator 
model. Chen used a multiconfiguration Dirac-Fock method in intermediate coupling with 
configuration interaction, also a two-step model. In general, our results differ considera­
bly from those of Carlson et al. [4], and we attribute this to the lack of resolution in the 
previous experiments. However, our results agree quite well with those of Menzel et al. 
[5] who didn't resolve the individual components. When compared with calculations, we 
find good agreement with Hergenhahn et al. [7], and very good agreement with Chen [8]. 
It should therefore be noted that the ~ parameters agree best with the two-step process 
calculations [7 ,8]. · 

CONCLUSION 

Angular-resolved measurements of the Ar 2p112;
14s, resonant Auger decays have 

been reported. The angular distribution anisotropy parameters(~) have been reported for 
nearly all of the 3p4nl final ionic states, and a comparison of these measurements with 
previous results demonstrates good agreement. It has been shown that a large majority of 
the ~ parameters are either small positive or negative, due to parity unfavored transitions, 
and as predicted by the spectator model, the averaged ~ is isotropic in. the case of the 
2p112-

14s resonance. A complete report on the 2p112,312 ~ 4s,3d,4d resonant Auger decay 
can be found in [9]. 
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Final State 3p4nl p Parameters : 2p112 -+ 4s 
Experiment Theory 

No LS-term P This work P Carlson• p Menzel5 P Hergenhahn 7 P Chen8 

2a 3p4('P)4s4Ps12 0.21(3) 0.19 
2b 3p4('P)4s4P312 -1.0 c0.81 
2c 3p4('P)4s4P112 1.61(7) 1.8 

2a,b,c 3p4('P)4s4PS12,312 ,112 0.54(4) 0.1 0.56 0.69 0.62 

3a 3p4('P)4s2P312 -0.79(1) -0.79 
3b 3p4('P)4s2p,12 -0.73(1) -0.72 

3a,b 3p4('J>)4s'P312,112 -0.75(1) -0.37 -0.57 -0.66 -0.75 

2a,b,c 3p4('P)4s4P512.31l,ll2 

3a,b 3p4('P)4s'P312.112 -0.09(2) -0.17 0.01 0.01 0.00 -0.007 

7a 3p4
(
1D)4s2D312 -1.0 

7b 3p4
(
1D)4s2Ds12 0.05(3) 

Sa 3p4('P)3d2F112 a 
8b 3p4('P)3d2F, -0.52(1) 
9a 3p4('P)3d2D312 -0.15(2) 
9b 3p4('P)3d2Ds12 -0.04(2) 

7a,b 3p4
(
1D)4s'DS12,312 

8a,b 3p4('P)3d2F112.SI2 ..().03(2) -0.22 0.01 0.00 0.00 0.006 
9a,b 3p4('P)3d2DS12,312 

12a 3p4
(
1S)4s2S112 0.07(3) -0.20 0.00 0.00 0.00 0.001' 

28. Menzel et. a!. [5] using two different energies, 246.0 eV and 246.5 eV. 
a. Strongly positive p. 

Table 1. Experimental and theoretical angular distribution anisotropy Parameters (~) for the 

Ar 2pll2-
1
4s. 
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Auger resonant Raman spectroscopy [1] is a powerful tool for studying the resonant Auger decay 
processes with a resolution narrower than the natural lifetime width of the initial inner-shell hole 
state. Thiseffect has been used to analyze branching ratios of resonantly excited atoms and 
molecules. In this paper, we present results of a study of angular distributions of the spectator 
decay lines of Xe following 4d512-6p excitation using the Auger resonant Raman effect and 
highly resolved photons from the Advanced Light Source (ALS). 

EXPERIMENT 

The experiment was performed under double bunch operation on beamline 9.0.1. Xenon atoms 
were excited and ionized by monochromatic synchrotron radiation from an 8-cm, 55-period 
undulator and spherical grating monochromator. Figure 1 shows electron spectra taken 
simultaneously at different angles (6=0°, 54.7°) by two time of flight spectrometers, which were 
mounted·on a rotatable chamber. A retarding voltage was used on these spectrometers to 
increase the flight time of the electrons and therefore improve their energy resolution. Figure 2 
shows a section of the decay spectrum recorded with a 32-V retarding potential at three different 
angles (6=0°, 54.7°, 90°). From the well separated CP)6peP312) peak (line 26 in Fig. 1) the 
kinetic-energy resolution of this experiment was found to be 1.1% and 1.0% of the final kinetic 
electron energy with retarding voltages of30 and 32 V, respectively. 

RESULTS 

The results for the relative intensities and the angular distribution parameters B are shown in 
Table 1 together with theoretical calculations from Tulki et al. [2], Chen [3] and Hergenhahn et 
al. [4]. All the theoretical calculations have in common that both the direct photoionization and 
the participator decay are neglected, and these approximations have been verified experimentally 
[5,6]. 
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Figure I. Xe 5p4nl decay spectra after 4d512- 6p 
resonant excitation at (a) oo and (b) 54.7° with 
respect to the polarization of the incident photons. 
The spectra were recorded with a 30-V retarding 
potential, which corresponds to a spectrometer 
resolution of between 45 and 70 meV in the displayed 
region. 
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Figure 2. Xe 5p4nl decay spectra after 4d512-6p 
resonant excitation in the kinetic-energy range of 
36.4-37.1 eV at (a) 0°, (b) 54.7°, and (c) 90° with 
respect to the polarization of the incident photons. 
The spectra were measured with a 32-V retarding 
potential corresponding to a spectrometer resolution 
of between 43 and 50 meV in the displayed region. 
(d) shows the angular distribution parameter p for the 
5p4CD)6p spectator lines. 

Besides the 5p46p spectator lines, Table 1 also includes some pure satellite lines. There is fair 
agreement between our intensities and those reported by Aksela et al. [7] at least for the most 
intense lines. For small lines that are close to a strong line, our intensities tend to be larger than 
those of Aksela et al. [7]. This may be due to the fact that we used Gaussian profiles, which drop 
more rapidly than the Lorentzian profiles used by Aksela et al. [7]. 

Comparing our results [8] to the different calculations, we find that the agreement varies between 
excellent and poor, depending on the configuration and method used. (Our omplete work can be 
found in [8]). 
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Table 1. Intensities and P parameters of the electron spectrum ofXe after 4d512-6p312 excitation (65.110 eV). 
Intensities are normalized relative to the well separated eP)6p~P312) line (line 26). The statistical uncertainty of the 
last digits is given in brackets. The identification of the peaks from Chen [3] was done with respect to their 
calculated energies. Peaks where the leading LS terms differ from that given by Aksela et al. [7] also used by 
Tulkki, Aksela, and Kabachnik [2] are marked with an asterisk(*). 

Line in Kinetic f3 theory• 
Final ionic state ex peri- energy Relative 

Terrnh mentb (eV)b intensity f3 Ref. [19] Ref. [18] Ref. (17] Ref. [16] 

5p4
( 3 P)6p •pl/2 19 39.119 2.0(5) 1.4(6) 1.045 0.984 0.061 1.014 

( 3 P)6p 4 ~'sn 20 39.098 23.2(7) -0.85(3) -0.994 -1.000 -0.999 -0.998 
( 3P)6s zo 312 21" 38.975 0.82(12) 2.0(3) 
eP)6p 205/2 22 38.906 37.5(8) -0.967(12) -0.994 -1.000 -1.000 -0.998 
( 3P)6p 2S1,2 23 38.886 -0.448 0.215* 0.157* 0.451* 
eP)6p •om 24 38.882 

17.1(6) -0.69(3) 
-0.588 -0.974 -0.923 -0.932 

( 10)5d 2
G912.712 25< 38.738 4.0(2) -0.16(3) 

eP)6p 2p312 26 38.501 100 1.30(2) 1.030 1.018 0.972 1.014 
( 10)5d 2F 

512 27" 38.216 2.9(2) 0.60(11) 

eP>6p 2pll2 28 37.988 5.0(2) 1.03(7) 0.984 0.962* 0.749* NAd* 

( 3 P)6p 4pll2 30 37.955 7.1(3) -0.13(6) 0.233 0.774* 0.927 1.000 
( 3P)6p 20312 31 37.899 42.8(5) 0.73(3) 0.656 0.653* 0.910* 0.800* 
(lP)6p •osn 32 37.716 1.3(4) 0.3(6) -0.188 -0.331 -0.323 0.737 
( 3P)6p •s312 33 37.627 24.0(6) 1.13(5) 0.745* 0.955 0.557 \;0.861 
eP)6p •oln 34 37.570 -0.536* -0.860* -0.764* -0.861* 
( 3P)5d 2Gsn 35< 37.567 

22.1(5) -0.14(3) 

eP)6p 20112 36 37.535 19.5(4) 0.52(3) 0.593 0.935* 0.817* 1.000* 
(

10)5d 2pll2 37< 37.232 5.6(2) 1.36(6) 
( 10)5d zom 38< 37.169 2.7(2) 0.69(11) 
(

10J6p 2Fsn 39 37.001 2.10(14) -0.85(10) -0.875 -0.860 -0.914 -0.928 
( 10)6s 2s,n 40< 36.959. 3.0(2) 2.0(3) 
(

10)6p 2p312 41 36.902 82.7(10) 0.47(2) 0.175 0.073 -0.319 -0.399 
( 

1 0)6p 2Fm 42 36.853 24.3(5) -0.11(3) 0.246 0:052 0.116 0.112 
( 1 0)6p 20312 43 36.621 39.0(7) -0.66(2) -0.553 -0.529 -0.375 -0.399 

< 10)6p zOsn 44 36.587 51.0(8) -0.65(2) -0.888 -0.882 -0.930 -0.928 
eP)1s 4

Psn 45< 36.5~0 6(1) SN' 
ct0)6p 2pl/2 46 36.521 63.1(6) 1.66(2) 1.503 1.307 0.550 0.373 
cJP)7s 2pll2 47< 36.232 13.9(3) 0.94(4) 
( 1S)6p 2pl/2 65 34.602 1.6(3) 0.73(4) 0.130 -0.139 -0.035 NAd 

ctS)6p 2p312 67 34.479 
98.9(6) 1.17(4) 0.829 0.847 0.754 0.800 

68 34.456 

"The originally given o-2 values are multiplied by - Ji. 
hAccording to Aksela eta/. 
<satellite line. 
dNot allowed. 
•Energy taken from Hansen and Persson 
rstrongly negative. 

CONCLUSIONS 

We have reported high-resolution angular distribution measurements of the Xe spectator Jines 
following Xe 4d512 ... 6p excitation. The Auger resonant Raman effect was utilized to obtain 
energy resolutions well below the natural line width of the 4d inner-shell hole. Our results 
appear to. remove the existing experimental discrepancy. Comparisons with differenttheoretical 
calculations show partly good agreement, but there is room for improvements for some lines. 
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Dynamics of Two-Electron Excitations in Helium 
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Excitation of both electrons in helium offers a unique window for studying electron correlation at 
the most basic level in an atom in which these two electrons and the nucleus form a three-body 
system .. We utilized the first light available at $e U -8 undulator-SGM monochromator beamline 
to investigate the dynamic parameters, partial cross sections, differential cross sections, and 
photoelectron angular distribution parameters (J3), with a high resolving power for the photon 
beam and at the highly differential level afforded by the use of our electron spectrometer. In 
parallel, we carried out detailed calculations of the relevant properties by a theoretical approach 
that is based on the hyperspherical close-coupling method. 

Partial photoionization cross sections crn and·photoelectron angular distributions f3n were 
measured for all possible final ionic states He+(n) in the region of the double excitations N(K,Tt 
up to the N=5 threshold. At~ photon energy bandpass of 12 meV below the thresholds N=3,4, 
and 5, this level of differentiation offers the most critical assessment of the dynamics of the two­
electron excitations to date. The experimental data were seen to be very well described by the 
most advanced theoretical calculations. Weaker double-excitation series with K=N-4 are clearly 
visible in the J3n data, and even previously unobserved extremely weak series members with A=-1 
can be discerned, showing the high sensitivity of the angularly resolved measurements. The 
shapes of the resonance-induced variations of crn or f3n in the double excitations below a given 
threshold N change radically depending on the final ionic state n but display striking similarities 
when comparing the satellite states with n=N-1 and n=N-2 below each threshold N. These 
systematic patterns are in agreement with the theoretical results. Similarly, the peculiarities 
induced by the interference of two excitation series, primarily the higher members of the series 
converging to the He +(n=5) ionization threshold and the lowest member of the series converging 
to the He+(n'=6) threshold, are delineated in both experiment and theory. This most critical 
assessment of the dynamics of the two-electron excitations in the prototype element helium has 
been discussed in three papers published in 1995 and 1996 [1-3]. 
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Fluorescence Excitation Involving Multiple Electron Transition States 
of N2 and C02 

C. Y. Robert Wu, F. Z. Chen, Tom Hung and D. L. Judge 
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INTRODUCTION 

The electronic states and electronic structures of N2 and C02 in the 8-50 eV energy region 
have been studied extensively both experimentally and theoretically. In the energy region 
higher than 25 e V there exists many electronic states including multiple electron transition 
(MET) states which are responsible for producing most of the dissociative photoionization 
products [1-10]. The electronic states at energies higher than 50 eV have been mainly 
determined by Auger spectroscopy, double charge transfer, photofragment spectroscopy 
and ion-ion coincidence spectroscopy [e.g.,10-13]. The absorption and ionization spectra 
of these molecules at energies higher than 50 eV mainly show a monotonic decrease in 
cross section values and exhibit structureless features [14-16]. 

The decay channels of MET and Rydberg (or .superexcited) states include autoionization, 
ionization, dissociative ionization, predissociation, and' dissociation while those of single 
ion and multiple ion states may involve predissociation and dissociation processes. The 
study of fluorescence specifically probes electronically excited species resulting from the 
above-mentioned decay channels and provides information for understanding the 
competition among these channels. 

EXPERIMENTAL METHODS 

Two fluorescence detectors were used to monitor the fluorescence emitted by 
electronically excited species. One is a solar blind photomultiplier which monitors 
fluorescence in the 1060-3000 A region. The other detector is an UV-visible 
photomultiplier which mainly monitors molecular emissions in the UV -visible region 
[e.g.,5]. The incident photon flux was monitored by the combination of a sodium 
salicylate window and a 1P28 PMT. 

The beamline 9.0.1 of the Advanced Light Source, Lawrence Berkeley Laboratory, 
Berkeley, California, was used in this task. Photon counting systems were used to 
measure the detected fluorescence intensities. A data acquisition system was employed to 
process the data from the two fluorescence channels and the incident photon flux, as a 
function of incident photon energy, for a given flow cell pressure. The relative 
fluorescence excitation function was obtained by dividing the fluorescence intensity by the 
corresponding incident photon flux. The carbon and silicon edges were used for incident 
photon energy calibration and provided an accurate of +0.2 eV. 

RESULTS AND DISCUSSION 

FluoresCence excitation functions for the production of emission in the 1060-3000 A 
region through photoexcitation of N2 in the 28-100 e V region were obtained at a 
temperature of 650 K. The results are shown in Fig. 1. There are three major broad 
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Fig. 1. Fluorescence excitation functions for the production of emission in the 1060-3000 A region through 
photoexcitation of N2• 

fluorescence peaks that can be easily ~n from the high temperature VUV fluorescence 
excitation function. The processes for producing the first fluorescence peak in the 28-40 
e V region correlates with the decay of MET states of N2 [7]. Theoretical calculations of 
N2 predict that the weak broad absorption peak in the 35.4 eV region, the so-called H 
bands, consists of either a large number of 2E, +, 2Eu +, and 2flu ion states of N2 + [16] or 
members of the Rydberg series of N2 + [17] converging to the ground state of Nl+ whose 
limit is at 43.6 eV. It appears that decay from both possibilities contribute to the 
observed fluorescence [4-8]. The second fluorescence excitation peak lies approximately 
at 40 to 65 eV which correlates very well with the N+ /N2 dissociative photoionization 
channels [ 1, 18]. The detected VUV fluorescence could result from products including 
excited NI and Nn photofragments produced through decay of electronic states of (N/+)* 
and (N2 +r Rydberg states. The third fluorescence excitation peak extends from 65 to 100 
eV. There exist many known electronic states of N/+ and their dissociating products may 
be responsible for producing some of the detected emission. The ionization potential (IP) 
of N/+ is at 84 eV [13]. Thus, there should be excited electronic states and Rydberg 
states converging toN/+, and hence, we expect that they too contribute to the observed 
fluorescence. However, further studies are required. 

In Fig. 2 we show the fluorescence excitation functions of emission in the 1060-3000 A 
region produced through photoexcitation of C02 in the 28-100 e V region obtained at a 
temperature of 295 K and that in·the 28-60 eV region at 650 K, respectively. There are 
two major (28-45 and 45-70 eV) and one minor (70-100 eV) broad fluorescence peaks that 
can be seen in the 295 K VUV fluorescence excitation function. The first and second 
peaks correlate very well with the specific fragment channels of co+' c+' and o+ 
produced through dissociative photoionization of C02 [15]. The third peak, however, 
does not correspond to the typical structureless absorption and ionization spectra of C02 

[e.g.,ll] in the 70-100 eV region. The processes for producing the first fluorescence 
peak in the 28-45 eV region correlates with the MET states of C02 as previously 
discussed [3,9]. In analogy to the case of N2 it is likely that the most probable electronic 
states for producing the observed second and third fluorescence peaks are MET states, 
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Fig. 2. Fluorescence excitation functions for the production of emission in the 1060-3000 A region through 
photoexcitation of C02• 

excited electronic states of multiply charged C02m+ [19], and Rydberg states converging to 
excited states of C02m+ for m=1-3. However, a definite assignment has to await further 
refined fluorescence and related studies. 

The temperature effect on the production of VUV fluorescence is surprisingly large. As 
one can see from Fig. 2 there is an increase in the relative fluorescence yield by 48% and 
31% at 30 and 32.5 eV, respectively, when the temperature of C02 increases from 295 K 
to 650 K. At 45 and 55 eV the increase is 23% and 9%, respectively. The temperature 
effect appears to be significant and can probably be attributed to hot bands. 

CONCLUDING REMARKS 

We have observed fluorescence excitation peaks in the 50-100 eV region and have 
speculated that the observed fluorescence is produced through decay processes of MET 
states, in addition to Rydberg and ion states of multiply charged molecules. Further study 
such as dispersed fluorescence to identify the electronic states of the emitting species may 
allow us to correlate them with molecular electronic states. 

Fluorescence excitation functions of photofragments have previously been shown to 
provide useful information in the identification of Rydberg states which were not 
observable in structureless regions of absorption and photoionization spectra of N2 

[8, 14, 16, 18,20] and CR.. [21]. The present work further shows that fluorescence 
spectrometry can be a very powerful technique for revealing electronic states in the 
multiply charged. region. This happens because there is no background emission from the 
ionization continua for which the cross sections are normally orders of magnitude larger 
than the specific excitation channels that lead to the production of fluorescence. We plan 
to improve our resolution and SIN ratio in order to resolve electronic states in the 50-100 
eV region. 

In the future we shall carry out an absolute calibration in order to determine absolute 
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. fluorescence cross sections and hence the branching ratios for the fluorescence channels. 
With the bright undulator beamline we, also plan to .carry out dispersed fluorescence 
studies. 
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INTRODUCTION 

Photoionization accompanied by excitation of the residual ionic state violates an independent 
electron model since, according to QED, photons interact only with individual electrons. By 
allowing measurements at a threshold event with high resolution, the observation of the 
fluorescence from the decay of these excited states (satellite states) is a sensitive method in 
the study of electron-'electron interactions, providing complementary information to 
photoelectron spectroscopy. In the measurements reported here, an atomic beam of argon has 
been photoionized with 34 to 39 eV synchrotron radiation at beamline 9.0.1 of the Advanced 
Light Source. This energy range encompasses the 3p4 

[
3P] 4p 4P, 2P and 2D as well as the 

[
1D] 4p 2F satellite states of Ar+. By observing the fine-structure resolved fluorescence from 

these satellite states, new Rydberg series and extensions of previously known series have been 
resolved with an energy resolution of 3 me V. With the high photon flux available from the 
high resolution monochromator ofbeamline 9.0; 1, even the weakly excited [3P] 4p es) ns,d 
autoionizing structure has been· observed for the first time. 

EXPERIMENT 

A schematic of the experimental apparatus is shown in Fig. 1. An atomic beam of argon 
effuses from a demagnetized stainless-steel needle intersecting a beam of synchrotron. 
radiation at right angles. The linear polarization axis of the synchrotron radiation is aligned 
along the atomic beam axis. Fluorescence was observed along two collection axes. One of 
these is aligned perpendicular to the plane defined by the synchrotron radiation and atomic 
beam propagation axes (the COLLISION PLANE). The other is aligned within this plane, 30° off 
axis from the propagation direction of the synchrotron radiation. Each fluorescence collection 
system consisted of a photomultiplier coupled to the interaction region by af/1.9lens along 
with a linear polarizer and 0.3 nm bandwidth interference filter. By measuring the 
polarization of the satellite state fluorescence the total intensity emitted into 47t solid angle 
can be calculated[1]. Therefore, with the appropriate interference filters, two fine-structure 
resolved fluorescent measurements were acquired simultaneously. Addressed in a separate 
ALS abstract[2], the polarization measurement of the satellite state fluorescence further allows 
the alignment parameters[3] of these excited states to be assessed. The fluorescence spectra 
·are normalized to the incident ionizing photon flux monitored with an aluminum diode as the 
synchrotron radiation exits the interaction region. 

With 20x25 J.1lrl slits on the spherical-grating monochromator ofbeamline 9.0.1, the resolution 
was nominally 3 me V in the 34 to 39 e V energy range. Calibration of this ionizing photon 
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Figure 1. Schematic of the experimental apparatus used, in conjunction with beamline 9.0.1 of the Advanced 
Light Source, to measure the polarization of the fluorescence from the satellite states of Ar+. 
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Figure 2. Total intensity ofthe 488.0 nm satellite fluorescence in the immediate vicinity of the threshold 
for this (3P] 4p 2D512 satellite state of Ar+. 
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energy was accomplished by monitoring the photoelectron signal from the 3s 3p6 np 1P 
window resonances[4] of Ar from n = 6 to 20 along with the threshold onsets[5] ofthe fine­
structure resolved fluorescence from the 3p4 fP] 4p 2P, 2D and CD] 4p 2F satellite states of Ar+. 
Photoelectrons are detected by dual microchannel plates in a chevron arrangement. The 
microchannel plates follow a 10 em time-of-flight column for coarse energy analysis in future 
photoelectron-photoion fluorescence coincidence studies. Photoelectrons are detected within 
the COLLISION PLANE along two collection axes: aligned at 45° and at the magic angle, both 
with respect to the linear polarization axis of the synchrotron radiation. The interaction region 
was magnetically shielded by 1.6 mm thick p~metal dual shields (both interior and exterior to 
the vacuum chamber) which attenuates the ambient field by a factor of 102

• 

RESULTS 

The fine-structure resolved fluorescence from the Ar+3p4 
[
3P]4p 4P312 512 , 

2P112312 and 2D312512 as 
well as the CD] 4p 2F512 712 satellite states has been measured within the ionizi~g energy r~ge 
34 to 39 e V. New Rydberg series and extensions of previously known series have been 
resolved with an ionizing energy resolution of 3 me V. Some of the highlights of these 
measurements is illustrated in Fig. 2 which testifies to the density of the auto ionizing structure 
in this ionizing energy region. Depicted is the intensity of the 488.0 nm line representing the 
[
3P] 4p 2D512 ~ 4s 2P312 fluorescence in the immediate vicinity of the threshold for this satellite 

state at 35.435 eV. The autoionizing [3P] 4p eP312) ns and n'd Rydberg series is identified up 
to the n = 22 and n' = 20 overlapping terms. The 9d term is obscured by the onset to the 2D512 

threshold but the 12s and 10d terms are partially resol,ved for the first time. This series was 
absent in early transmission studies[3]. Previous broadband fluorescence measurements[6] 
had registered broad features indicative of the presence of the early members ofthis series but 
had failed to resolved the ns and n' d terms. Observed for the first time is the weakly excited 
series [3P] 4p es) ns,d. This Rydberg series, observable due to the high photon flux available 
from the high resolution monochromator ofbeamline 9.0.1, is weak due to the fact that it 
violates the L-S coupl~d requirement of a 1P symmetry for the final state of the system. 
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INTRODUCTION 

Ever since the pioneering work of Madden & Codling [ 1] and Cooper, Fano & Prats [2] on 
doubly-excited helium in the early sixties, this system may be considered as prototypical for the 
study of electron-electron correlations [3]. More detailed insight into these states could be 
reached only much later, when improved theoretical calculations of the optically-excited 1po 
double-excitation states became available [4] and sufficiently high energy resolution (~.0 
me V) was achieved [5,6]. This allowed a systematic investigation of the double-excitation 
resonances of He up to excitation energies close to the double-ionization threshold, 1

00
=79.003 

e V [7 ,8], which stimulated renewed theoretical interest into these correlated electron states [9-
11]. 

We report here on striking progress in energy resolution in this grazing-incidence photon-energy 
range of grating monochromators and its application to hitherto unobservable states of doubly­
excited He. By monitoring an extremely narrow double-excitation resonance of He, with a 
theoretical lifetime width of ~5 J.LeV, a resolution of Llli=l.O meV (FWHM) at 64.1 eV could be 
achieved. This ultra-high spectral r~solution, combined with high photon flux, allowed the 
investigation of new Rydberg resonances below the N=3 ionization threshold, l3, as well as a 
detailed comparison with ab-initio calculations [14]. 

EXPERIMENT 

The experiments were performed at beamline 9.0.1 of the ALS, using the 925-lines/mm spherical 
grating of this Dragon-type monochromator [15]. Energy was calibrated by fitting the principal 
series below l2 and l3 to the Rydberg series of Fano profiles, and adjusting· the energy-defining 
monochromator parameters to match the correct threshold energies, 12=65.4007 eV and 
13=72.9589 eV. The photoionization measurements were done with a gas cell containing two 
parallel charge-collecting plates of 10-cm active length, filled with He at pressures from 2 to 500 
J.Lbar, and separated from the monochromator vacuum by a window of 1500-A Al(1% Si) [1200-
A carbon] for hv<h [hv >l2]. All spectra were normalized to the incident photon flux monitored 
with a gold grid in front of the gas cell. The electric current in the gas cell and on the gold grid 
(l0-11- 1o-10 A) were measured with sensitive current amplifiers (Keithley model428). 

RESULTS AND DISCUSSION 

The photoionization spectrum below his shown in Fig. 1, where the states are denoted by N,Kn; 
Nand n (or n', n") refer to the principal quantum numbers of the inner and outer electrons, 
respectively, and K to a correlation quantum number, as defined in [3,4]. The principal series,_ 
2,0n. shown in (a) for n~4. was resolved up to n=26 [see inset in (a)]. The stronger secondary 
series, 2,ln•, shown on an expanded energy scale in (b) and (c), was observed up to n'=l2, and 
the weaker secondary series, 2,-ln", up to n"=7. While most spectra were recorded with 5-J.Lm 
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wide entrance and exit slits, corresponding to ~:::::2 meV, the 2,14 and 2,-13 resonances were 
measured with 2.5-Jlm wide slits at highest resolution. The 2,-13 state is ideally suited for 
determining monochromator resolution due to its narrow width, calculated as S5 Jle V[8]. The 
inset in (b) shows this resonance on an expanded energy scale, with a total width of 1.0 me V 
(FWHM), corresponding to a resolving power of E/ ~=64,000 at hv=64.1 e V; this is by a factor 
of four better than previously obtained with the SX700/II monochromator at BESSY [6]. The 
photon flux at this ultra-high resolution was measured with a Si photodiode to be :::::8x 109 
photons/s at 62 e V (300 rnA ring current; 2.5 Jlm slits), which is about one order of magnitude 
higher than at the SX700/II beamline at ~=4 meV. The spectra in Fig. 1 were least-squares 
fitted with independent Fano profiles convoluted with the monochromator function; the solid 
lines through the data points represent the fit results. The derived resonance energies, lifetime 
widths, and Fano-q parameters in general agree well with the results of advanced calculations 
[10,14]. 
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Figure 1: Autoionizing resonances of doubly-excited He below I2: (a) overview spectrum, with resonances of all 

three lpo Rydberg series; (b), (c) resonances of the secondary series 2,ln• and 2,-ln"· Smooth backgrounds, which 
are caused by neighboring principal resonances, have been subtracted from the data. 
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With this substantial improvement in resolution and photon flux, we searched for previously 
unobservable double-excitation resonances. Fig. 2(a) shows an overview spectrum below l3, 
dominated by the principal series, 3, ln. and the lowest resonance, 3,-13, of the strongest 
secondary series; the energies of the newly discovered resonances of the secondary series 3,2n, 
and 3,0n (see below) have been marked by vertical arrows. Fig. 2(b) shows the principal series, 
3,1n for n;:::14, resolved up to n=24 at Llliz2.3 MeV. 

The 3,2n and 3,0n resonances are shown in Fig. 3; both series have the correlationquantum 
numbers T=O and A=-1, and are "quasiforbidden" [3,14l A search for the extremely narrow 
lowest resonance of the fifth n=3 series, 3,-2n (with T=O and A=O), with a strongly reduced 
excitation cross-section [10], was unsuccessful. Hence all series with T=l or 0 and A=+l or -1 
below l2 and l3 have now been observed. The series with T= 1, A=+ 1 are the most intense ones, 
exhibiting also the largest lifetime widths. The series with T=O, A=-1 are weaker and narrower, 
and the weakest and narrowest resonances have A=O, which could be monitored for N=2 only. 
Again, the experimental parameters are in good agreement with the results of state-of-the-art 
calculations, with the exception ofthe q-parameters of the 3,2n series [14]. 
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Figure 2: Autoionizing resonances below l3: (a) 
overview (from Ref. [8]); (b) upper region of the 
Rydberg series shown on an expanded energy scale 
(present work). 
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CONCLUSIONS 

The ultimate resolving power of beamline 9.0.1 is 178,000, given by the number of grooves in 
the 925 lines/lnm grating. However, several factors degrade resolution, including the finite 
widths of the entrance and exit slits, the coma aberration, figure errors of the optical surfaces, 
and the finite mechanical stability. Even though the coma error is small at 64.1 eV (the Rowland­
circle condition is fulfilled at :::::71 eV with the grating used), the results reflect the extraordinary 
quality of the optical grating (with a figure error better than 0.5 Jlrad rms). Beamline 9.0.1 at the 
ALS is thus a powerful new tool for ultra-high resolution spectroscopy of atoms, molecules, and 
condensed matter. 
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INTRODUCTION 

Theoretical work has shown that the electron angular distribution [ 1] and the shape of the · 
autoionization resonances [2] are crucial to the understanding of certain types of electron-. 
electron correlation. Autoionization resonances in Ne (Ar) result from the decay of the excited 
discrete state Ne* 2s2p6 np (Ar* 3s3p6 np) into the continuum state Ne+ 2s22p5 + e· (ks,kd) (Ar+ 
3s23p5 + e· (ks,kd)). Since the continuum can also be reached by direct photoionization, both 
paths add coherently, giving rise to interferences that produce the characteristic Beutler-Fano line 
shape. 

In this work, we report on quantitative angle-resolved electron spectrometry studies of (a) the Ne 
2s2 2p6 

... 2s2p6 np (n=3-5) autoionizing resonances and the 2s22p6 
... 2p43s3p doubly excited 

resonance, (b) the Ar 3s23p6 
... 3s3p6 np (n=4-9) autoionization resonances and (c) extended 

R-matrix calculations of the angular-distribution parameters for both Ne and Ar measurements. 
Our results are compared with previous theoretical work by Taylor [3]. 

EXPERIMENT 

Two components of instrumentation were needed in these photoemission measurements: high­
resolution and high-brightness beamline and an angle-resolved technique to measure the angular 
distribution of the emitted photoelectrons. The experiment was performed in two-bunch 
operation at the Advanced Light Source (ALS) at Lawrence Berkeley Laboratory on beamline 
9 .0.1. The monochromator bandpass was 19 me V in the resonance region of Ne and 6 me V in the 
case of Ar. We determined the degree of linear polarization P1 of the monochromatic light in the 
resonance region to be P1=0.99. The tilt of the polarization plane with respect to the 
experimental system was measured to be zero. Details of the experimental apparatus are 
described in another work [ 4] 

RESULTS 

The Case of Neon 

The aim of this work is to extract the angular distribution par~meters. We have done this by· 
fitting our total cross section data using the parameterization of Kabachnik and Sazhina [5]. The 
results for the total photoionization cross-section are shown in Fig. 1 for one double-excitation 
and three single-excitation autoionization resonances. 
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Figure l. Cross section behavior of the Ne 2s22p6 (a) 
2s22p43s3p and (b-d) 2s2p6np (n=3-5) autoionization 
resonances. The circles are the experimental data 
taken at the magic angle. The solid lines represent a 
Fano curve fit to our data. The· dotted lines are 
created using the Fano parameters without bandpass; 
the dot-dashed and the dashed lines are our 
theoretical R-matrix calculations in length and 
velocity form, respectively. 

The fitting parameters, the width r, the line profile q and the correlation coefficient p2 for the 
photoionization cross section· in the region of the first 4 resonances were extracted and can be 
found in Langer [ 6]. 

The pronounced behavior of the angular distribution parameter p as a function of the photon 
energy is shown in Fig. 2 for the 2s2p6 es) np resonances, the strong 2p43s3p resonances and the 
weak 2p4nln '1' resonances. · 

2 
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Figure 2. (a) Theoretical calculations and (b) 
experimental results of the angular distribution 
anisotropy parameter P for the Ne 2p line in the 
region of the autoionization resonances below the 2s 
threshold. ·.in (a), the dotted line and the solid lines, 
which are nearly identical on this scale, show the 
length and the velocity forms of our calculation, 
respectively. In (b), the solid line represents the p 
parameter as obtained from our scans. 

In Fig. 2, angular distribution data are shown for the 2p2 
... 3s3p resonance as well as the 2s ... np 

(n=3-5) resonances and are compared with a fit curve. As can be seen from Fig. 2, the 
parameterization of Kabachnik and Sazhina [5] gives a very good fit to the experimental angular 

· distribution data. The angular distribution has also been compared with the never experimentally 
tested R-matrix results of Taylor [3] and our R-matrix results. These results can be found in 
reference [7]. 

We found that the entire Rydberg series 2s2p6np generated by our calculations lines up well with 
the experimental values, indicating that our computed quantum defect f1 is quite reasonable. 
Also, the calculated widths of these resonances, the degree of interference with the background, 
and the shape of the background itself all show good agreement with experiment. We found 
excellent agreement between the data and both theories. The parameters X, Y and Z produced by 
our fit and our calculations are listed in Table I along with the results from Taylor (3] available 
only for n=3-4. · 
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Figure 3. Angular distribution anisotropy parameter 
p measurements of the Ar 3s23p6 np autoionization 
resonances. 

Table I. Angular distribution profile parameters for the Ne 2s22p6-2s22p43s3p and 2s2p6np (n=3-5) autoionization 
resonances compared with theoretical calculations. 

Taylor 
(1977) 

present 
results 

Taylor 
(1977) 

present 
results 

Method 

CI (L) 

CI (V) 

theo. (L) 

theo. (V) 

exp. 

Method 

CI (L) 

CI (V) 

theo. (L) 

theo. (V) 

exp. 

The Case of Argon · 

X y 

-0.28 -0.14 

-0.28 -0.14 

-0.291(1) -0.22(1) 

2s2p64p 

X y 

-0.33 1.33 

-0.29 1.04 

-0.27 1.14 

-0.27 1.12 

-0.312(1) 1.02(15) 

z X 

-0.35 

-0.26 

0.35 -0.28 

0.21 -0.28 

0.23(3) -0.285(1) 

z X 

-1.37 

' -0.93 

-1.23 -0.27 

-0.97 -0.27 

-0.92(10) 0.301(1) 

2s2p63p 

y 

1.23 

0.96 

1.06 

1.12 

1.08(6) 

2s2p65p 

y 

1.16 

1.14 

0.7(3) 

z 
-1.27 

-0.84 

-1.02 

-1.17 

-1.06(4) 

z 

-1.32 

-1.28 

-0.8(3) 

We have fit both the total photoionization cross section data and the ang':Jlar distribution 
parameter as in the neon case. The variation of p as a function of photon energy is shown in 
Fig. 3. Our calculation appeared shifted to higher energies with respect to the measurements for 
the n=4 resonance but this shift almost vanishes for higher resonances. The parameters X, Y, and 
Z produced by our fit are listed in Table 2 for n=4 to n=9 along with the results from Taylor [3]. 
From Table 2, one can note the excellent agreement between the data and the CI calculations, It 
is clear that the CI calculation is indeed a better model for the data because, in the case of n=4, 
the single configuration calculation did not even predict the correct sign of theY parameter. We 
also would like to point out that our R-matrix calculations tried, unlike others, to obtain the 
energies position. The result is fair for the low resonances but agrees better with the 
measurements for the higher resonances. Details of this work can be found in Berrah et al. [8]. 
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CONCLUSION 

We have observed the Ne 2s-np (n=3-5) and the Ne 2p2-nln'l' resonances. The analysis of the 
differential cross-section resonances agree well with previous measurements [9]. The angular 
distribution shows pronounced resonances, more pronounced than in previous measurements. 
Comparisons of the extracted parameters with Taylor's results [3] and with our R-matrix results 
are very good. We have also made detailed angle-resolved measurements of the Ar 
3s23p6 

.... Js3p6 np autoionization resonances as well as R-matrix calculations. The comparison of 
our results with our R-matrix calculations and those of Taylor [3] is found to be excellent. 

M"""" X ''7'' z I X "7'' z I X ''7'' z . 

SC(L) -1.53 -2.88 -1.21 

SC(V) -0.81 -0.81 -0.09 
Taylor (1978) 

CI(L) -1.79 1.85 -0.44 -1.77 1.33 -0.14 

CI (V) -1.47 1.44 -0.31 -1.46 1.01 -0.06 

theory (L) -1.73 1.99 -0.56 -1.67 1.55 -0.41 -1.66 1.40 -0.34 

present results theory (V) -1.41 1.73 -0.54 -1.36 1.35 -0.39 1.35 1.22 -0.32 

experiment -1.567(12) 1.49(2) -0.322(12) -1.483(11) 1.00(2) -0.158(13) -1.46(2) 0.95(4) -0.10(2) 

I 
3s-+ 1p 3s-+ 8p 3s-+ 9p 

Method 
X y z X y z X y z 

theory (L) -1.65 1.36 -0.35 -1.64 1.22 -0.26 -1.63 1.29 -0.33 

present results theory (V) -1.34 1.19 -0.33 -1.33 1.08 -0.25 -1.32 1.13 -0.31 

experiment -1.507(10) 0.97(4) -0.15(3) -1.489(14) 0.79(7) -0.13(6) -1.49(2) 0.56(9) -0.46(8) 

Table 2. Comparison of the fitted (solid line through the data), and calculated angular-distribution parameters for the 
3s3p6 4p and 5p 1P0 resonances in Ar 
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High-Resolution Pulsed-Field Ionization Photoelectron Spectroscopy Usi.ng 
Multi-Bunch Synchrotron Radiation 
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Ames, Iowa 50011, USA 
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INTRODUCTION 

BL9.0.2.2 is the newly constructed experimental End Station 2 at the Chemical Dynamics 
Beamline 9.0.2 of the Advanced Light Source (ALS).It is dedicated to the high resolution 
photoionization study of molecules of interest to atmospheric and combustion chemistry. This 
End Station is equipped with a high resolution scanning monochromator, which has been 
demonstrated to. have a world record resolution ofE/Llli=70,000 [1, 2]. Taking the advantage of 
the high resolution ALS light, we have improved the energy resolution in threshold photoelectron 
spectroscopy (TPES) to 0.8 meV [3]. The TPES is a popular technique for photoionization 
experiments at all synchrotron radiation facilities due to its high energy resolution a~ compared to 
that of traditional photoelectron spectroscopy (PES). TPES achieves higher energy resolution by 
preferentially detecting near zero kinetic energy photoelectrons resulting from threshold 
photoionization. However, the spectra obtained from the TPES technique generally are 
complicated by the simultaneous detection of electrons with nonzero kinetic energy, which are 
not fully discriminated against. 

On the other hand, the spectra obtained from pulsed field ionization photoelectron spectroscopy 
(PFI-PES) are completely free of the contamination from kinetic electrons. The PFI-PE technique 
basically involves the detection of the photoelectrons from field ionization of the very high-n 
Rydberg states, a few cm-1 below the ionization energy (IE), by applying a delayed pulsed 
electric field. Within a delay of a few microseconds, all the prompt electrons formed from direct 
ionization will escape from the photoionization region and will not be collected. The technique 
has been a triumph for experiments using tunable pulsed dye lasers. However, experiments using 
synchrotron radiation have ~ncountered major difficulties in applying this technique because of 
its high repetition rate light pulses(> 1 MHz), making it difficult for the placement of a delayed 
pulsed electric field and for the discrimination of the prompt electrons. The experimental scheme 
for Pfi-PES has been demonstrated at the BESSY facility using multi-bunch synchrotron 
radiation [4]. The prompt electrons and the electrons produced from field ionization of the high­
n Rydberg states were separated using the electron time-of-flight technique. A resolution of3-6 
meV was obtained in their experiment, which is insufficient to resolve the rotational structure for 
most diatomic molecules. 
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EXPERIMENT 

In a recent development, we have overcome 
this difficulty and successfully incorporated 
the PFI-PE technique with multi-bunch VUV 
synchrotron radiation [3]. Fig. 1 shows the 
timing structure for the implementation of the 
PFI-PE technique using the 478 MHz ALS 
light pulses. The time separation between 
two consecutive light pulses is 2 ns, which 
acts like a quasi-continuous light source. 
However, a gap of 48 ns exists between the 
quasi-continuous light pulses in a period of 
656 ns. A pulsed electric field ( 40 ns, 0.55 
V /em), coinciding with the appearance of this 
gap, is applied to the photoionization region 
in order to field ionize all the high-n Rydberg 

ALS light pulses 
-tl jl-48 ns gap -ijjl- 2 ns 

··U·:U::U .. 
...f lo- 304 buckets (608 ns) 

Pulsed electric fields 

__ jL _______ _fL_ 
~ It- 40 ns 

Figure 1. The timing structures for the ALS light 
bunches in the multi-bunch mode and the electric 
field (0.55VIcm, width=40 ns) applied to the 
repeller lens. The time separation between 
adjacent electric field pulses is 1312 ns. 

states. Upon the application of a pulsed electric field, the prompt electrons formed from direct 
ionization have already moved away from the center of the photoionization region. Therefore, 
they acquire energies different from those electrons produced from field ionization of the high-n 
Rydberg states. The use of a hemispherical electron energy analyzer (ESA), shown in Fig. 2, is a 
key element for eliminating the detection of kinetic electrons due to its high energy sensitivity. 
Theoretically, a prompt electron will possess an energy out of the energy selection range of the 
ESA after if it has traveled within the ionization region for more than 7 ns. This prediction is 
confirmed by the experimental observation described below. 

c----c 
- . . . 
: lon : 

: r : Phc;>toionization 
El I ft" reg1on 

Molecular or ~~ 
atomic beam-. 

electron TOF/ 
steradiancy analyze 

MCP r (e· detector) -
Figure 2. The schematic diagram showing the elect1 
static lens arrangement,the steradiancy analyzer, t1 
hemisphere electron energy analyzer, and the mien 
channel plate (MCP) electron detector. 

RESULTS 

Fig. 3 compares the PFI-PE and TPE spectra of 
Ar+eP312) [3]. An energy resolution of0.5 meV 
was obtained in the PFI-PE spectrum, 
approaching the resolution obtained in the PFI­
PE experiments using tunable dye lasers. 
Obviously, the 11 s' auto ionization resonance, 
existing in the TPE spectrum, is completely 
suppressed in Ar PFI-PE spectrum. The 
Ar+eP3n) threshold peak in the PFI-PE 
spectrum is red-shifted. This observation is 
consistent with the fact that the electrons 
detected in the PFI-PE experiment are from field 
ionization of the very high-n (n> 150) Rydberg 
states, and the ionization potential is lowered by 
a few em-' due to the Stark effect. The 
combination ofPFI-PE and synchrotron 
radiation manifests its great importance when it 
is employed to study the photoionization of 

molecules in their ionic excited states, especially for those states with ionization energy above 18 
eV, which is very difficult to reach using tunable dye lasers [5]. 
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CONCLUSION 

The experiment scheme developed at 
the ALS is very easy to set up ·and 

. implement. It is generally applicable 
to PFI-PE experiments using multi­
bunch synchrotron radiation at other 
synchrotron radiation facilities. Due 
to the ease of tuning the synchrotron 
radiation in the full VUV photon 
energy range of 6-25 eV, it is expected 
to have a significant impact on 
photoelectron spectroscopic studies. 
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Figure 3. Comparsion of the TPE.and PFI-PE spectra for AI in 
the photon energy range 15.757-i5.766 eV obtained with a 48-ns 
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are normalized to the same value. 
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Free Radical Hydrogen Atom Abstraction from Saturated 
Hydrocarbons: A Crossed-Molecular-Beams Study of the Reaction 

· Cl + C3H 8 ---'-7 HCI + C3H 7 

D. A. Bla~ N. Hemmi,' A. G. Suits, andY. T. Lee 
Chemical Sciences Division, Lawrence Berkeley Laboratory, University of California, 

. Berkeley, CA 94720 

The abstraction ofhydrogen atoms from saturated hydrocabons are reactions of 
fundamental importance in combustion as well as qft:en beingthe rat~ limiting step in free 
radical substitution reactions. We have begun studying these reactions under single 
collision conditions using the crossed molecular beam technique on beamline 9.0.2.1, 
utilizing VUV undulator radiation to selectively ionize the scattered hydrocarbon free 
radical products (CxH2x+t). 
The crossed molecular beam 
technique involves two 
reactant molecular beams 
fixed at 90°. The moleular 
beam sources are rotatable 
in the plane defined by the 
two beams. The scattered 
neutral products travel 12.0 
em where they are 
photoionized using the VUV 
undulator radiation, mass 
selected, and counted as a 
function of time. 1 In our 
initial investigations we are 
using halogen atoms as 
protypical free radicals to 
abstract hydrogen atoms 
from small alkanes. Our first 
study has been looking at the 
reaction of Cl + propane ~ 
HCl + propyl radical. In our 
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Figure 1. Laboratory scattering ~istribution for propyl 
radical products at a collision energy of 14.9 kcal/mol 

preliminary efforts we have measuredthe labo'ratory scattering angular distribution and 
time of flight spectra for the propyl radical products at collision energies· of 9. 6 kcaVmol 
and 14.9 kcaVmol. Figure 1 shows the laboratory angular distribution for C3H7 products at 
a collision energy of 14.9 kcaVmol. 

The laboratory angular distributions show two distin<;:t components in the forward and 
backward scattering directions. The two components demonstrate a different dependence 
on collision energy with the backward scattered propyl radical products showing 
enhancement at higher collision energy. We believe the forward and backward scattered 
products represent two different reaction mechanisms. Time of flight spectra for C3H7 
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products scattered in the fmward direction with respect to the propane reactant are shown 
in figure 2. The TOF spectra are composed of a single feature and show a large fraction of 
the available energy, ~50% on average, is partitioned into translation. The TOF spectra for 
propyl radical products scattered in the backward direction with respect to the propane 
reactant (not shown) are slightly slower than the forward scattered products reflecting 
greater internal excitation in the products. 
We intend to measure the photoionization onset of the propyl radical products as a 
function of scattering angle to help identify the n-propyl radiacal (CH2CH2CH3) and iso­
propyl (CH3CHCH3) radical components and further elucidate the reactions mechanism(s). 
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Figure 2. Time of flight spectra for C3H7 products scattered in the forward direction 
with respect to the propane reactant. See figure 1 for the laboratory angular 
distribution. The spectra are at laboratory angles -20°, 10°, 20°, and 40°. The 
collision energy is 14.9 kcal/mol. 
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INTRODUCTION 

The first mass analyzed threshold ion (MATI) spectrum using de electric fields and a 
continuous wave light source has been obtained on End Station 2 of the Chemical 
Dynamics Beamline (9.0.2.2) at the Advanced Light Source'. MATI provides researchers 
with fundamental spectroscopic information about atomic and molecular ions with the 
added advantage of mass analysis. The MA TI technique involves the detection of ions 
formed by field ionization of long-lived high-n Rydberg states approaching an ionization 
threshold. 

EXPERIMENT 

The MA TI apparatus of End hv 

;~:;:~2~~::;r::~~:~~· It ~;~=: .::::-~""' ,~ · ... ··bt~ 
~~:o;~~:~i~:o;e~~~:~~~l~wed i,}' -~~ '1: Ill-· ~-~~n-,.k/·1_-1. by a series of electrostatic lenses, jLJjfL=j· L)~~~~-,~m~~~~ " _ L 
a quadrupole mass spectrometer QMs · --~)j:~ l~:_7 : -=,~ r-___ ·_-__ -tt_ 1---ti 

(QMS), and a Daly-type t [ilf ,,U l U !t==i J 
detector. The supersonic beam / 
intersects the vacuum ultraviolet 
light in region 1, defined by Vl :. _ ~~~"':·=~_,z=~=====,= == ==== ~~ _@] 
and V2, where a small reverse 
biased electric field (<1 V/cm) is 
applied to retard any prompt ions 

t" ....• ::.-... hv 

At Beam 

formed by direct ionization or by 
fast autoionization processes. 
Rydberg states with a lifetime 

Figure 1. MA TI Apparatus: Schematic diagram of the ion lens 
arrangement of the quadrupole mass spectrometer (QMS). 

long enough to travel into region 2, defined by V2 and V3, are then field ionized. By 
applying a consecutive lower voltage on V3 and V4 than for V2, the ions are guided by 
forward biasing into the QMS and then detected by the Daly detector. 
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RESULTS 

Figure 2 shows the MATI spectrum of 
Ar in the photon energy range of 
15.7 4-15.97 e V. This spectrum s_hows 
only a MATI peak for the Ar+fP312) 
state, but not one for the Ar+fP112) 
state. The known ionization energies 
for the Ar+fP312) and Ar+fP112) states 
are indicated by arrows. The reason for 
the observation of a MA TI peak for 
only the Ar+fP3t2) state has to do with 
the lifetime of the Rydberg states 
approaching the Ar\2P312) ionization 
continuum. The average speed for a 
pure Ar supersonic beam is estimated 
to be 5.6xl04 cm/s, yielding the time it 
takes to go from region 1 to region 2 
to be 8 f..l.S. The observation of a strong 
MATI peak for the Ar+fP3t2) state is 

4 
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Figure 2. MA TI spectrum of Ar in the photon energy 
range of 15.74-15.97 eV. The IEs for the formation of 
Ar+ in the 2P312 and 2P112 states are marked. 

consistent with the conclusion that the lifetime values for the Rydberg states (n=150) 
converging to the Ar+CZP312) state are longer than 8.0 f..l.S. The failure to observe the MATI 
peak for the Ar+eP 112) state indicates that the Rydberg states (n=150) formed at a few cm-1 

below the IE of Ar+eP112) have lifetimes <8.0 f..l.S. 

In contrast, Figure 3 shows the 
photoionization efficiency (PIE) 
spectrum of Ar in which no reverse 
bias was used and all ions were 
detected. The autoionization features 
approaching the Ar + fP 112) state are 
clearly visible. Such autoionization 
structures are undesirable when 
performing high resolution 
spectroscopic studies of a threshold 
ionization process. 

CONCLUSIONS 

As shown, the MA TI technique can be 
used to probe the Rydberg states 
approaching an ionization continuum 
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Figure 3. PIE spectrum of Ar in the photon energy 
range of 15.748-15.950 eV. The IEs for the 
formation of Ar+ in the 2P312 and 2P112 states are marked. 

and yield information about the lifetimes of these states. In addition, MATI could be used 
to obtain the spectrum of a single species present in a sample mixture due to the mass 
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selective nature of the experiment. MATI could also be used to form mass selected and 
state specific ions for use in ion molecule reaction experiments. 
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INTRODUCTION 

There have been numerous photoionization studies of02 over the past 10 years. Using the 
pulsed field ionization (PFI) photoelectron spectroscopy (PES) technique, the electronic 
ground state of02+(X 2Il8) has been well studied on the rotationally resolved level by 
several groups [1, 2]. However, due to the difficulty of producing photon energies above 
18 e V using the tunable lasers, the electronic excited states of 0 2 + have been mostly 
studied on the vibrationally resolved level using the threshold photoelectron spectroscopy 

· (TPES) and the synchrotron radiation [3]. 

Recently, we developed a new technique 'for performing the PFI-PE experiments using 
multi-bunch synchrotron radiation at the Chemical Dynamics Bearnline of the Advanced 
Light Source (ALS) [ 4, 5]. Using the high resolution VUV light from the ALS, we have 
obtained the PFI-PE spectra of02 between 12 and 24 eV. In this abstract, we report for 
the first time the rotationally resolved spectra ofO/( b4:L8-, v+=O). 

EXPERIMENT 

The experimental arrangement was described in detail previously [4]. The pure 0 2 

molecular beam was produced by supersonic expansion through a continuous nozzle 
(dia=0.127mm) with a stagnation 
pressure of 760 Torr. The rotationally 
resolved PFI-PE spectrum of 
0 2+(b4:L8-, v+=O) [5] is displayed on 
the lower trace in Fig. 1. The energy 
resolution of the PFI-PE spectrum is 
-0.5 me V. The TPE spectrum in the 
same energy range is displayed on the 
upper trace as a comparison. The 
rotational structure is clearly resolved 
in the 0 2 PFI-PE spectrum, while it is 
obscured by autoionization in the 
TPE spectrum. 

-- TPE 
-- PFI-PE 

18.14 18.15 18.16 18.17 18.18 

hv(eV) 

Figure I. Comparison of the TPE and PFl-PE spectra for 
O/(b4Lg-,V+=0) 
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RESULTS 

Fig. 2 and 3 show the 0 2 \b
4I.8) 

PFI-PE spectra for the v+=O and 4, 
respectively, along with the 
simulated spectra. The 
experimental spectra have been 
normalized to the photon flux. The 
pulsed field of0.55 V/cm used here 
corresponds to a Stark shift of 0. 3 
meV for a PFI-PE peak. This shift 
has been corrected for in the 
figures. The experimental spectra 
were well reproduced by the 
simulated spectra. The assignment 
is shown on top of each spectrum. 
The rotational branch is designated 
as .1N (=W-N''), which is the 
change in the core angular 
momentum apart from spin in the 
ion {W) and the molecule (N''), 
similar to that in optical rotational 
transitions. Due to nuclear spin 
statistics, the states for an even 
level ofN'' in 02(X) and an even 
level ofW in 02+(b) do not exist. 
Therefore, only the rotational 
branches originating from the odd 

~~~~rr9T-ml Q 
sW... 

~~~~~.;....9.,........._,30 

-- Experiment 
-- Simulation 

18.14 18.15 18.16 18.17 18.18 

hv(eV) 

Figure 2. Comparison of the simulated and experimental 
PFI-PE bands for0/(b4fs-,v+=O). 
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-- Experiment 
-- Simulation 

18.69 18.70 18.71 18.72 18.73 

hv(eV) 

Figure 3. Comparison of the simulated and experimental 
PFI-PE bands for 0

2 
+(b4fs-,v+=4). 

N'' with .1N=even are possible. Only the rotational branches .1N=O, ±2 (0, Q, and S 
branches) are observed in the spectra. The adiabatic ionization potential forb state was 
detern;li.ned to be 145973.2 cm-1 from the PFI-PE spectrum. The observed ionization 
energies for transitions O/(b4I.8-,v+=0-9) +--- 0 2(X3I.8-,v+=O) are well predicted using a 
Morse potential with roe= 1196.77 cm-1 and ffie'Xe = 17.09 em-\ and the observed 
ionization potential of the b state given above. 

The experimental spectra were simulated using the BOS model. From the simulation, we 
found that only the s and d orbitals can have significant contributions to the transitions 
0 2+(b4I.8-,v+) +--- 0 2(X3I.8} The partial waves ofthe outgoing electrons ejected in the 
photoionization process are restricted to I= 1 and 3. The Q branch gains most of its 
intensity through the excitation of an s orbital electron. However, the 0 and S branches 
can only acquire their intensities through the photoexcitation of a d orbital electron. Since 
these two branches involve the excitation of the electron in the same orbital, they are 
expected to have the same transition dipole moment. This indicates that 0 and S branches 
should have equal intensities. The large intensity observed for the Q branch, compared to 
those for the 0 and S branches, indicates that photoelectrons were predominately 
generated from the excitation of an s orbital electron. This is observed for most of the 
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vibrational states except v+ = 4 and 5. Unlike all the other states where the Q branch is 
more pronounced, the intensity of the S branch is comparable to that of the Q branch for 
v+ =4 and 5. This suggests that the rotational branch intensities for v+ =4 and 5 receive a 
greater contribution from the photoexcitation of a d orbital electron of the molecular 
ground state. 

CONCLUSION 

A rotational resolved PFI-PE spectrum of excited ionic states will help researchers to have 
better understanding on the dynamics of the photoionization process in greater detail. The 
0/ PFI-PE spectra for all the states, including X, a, b, B, and C states, are still being 
analyzed. 
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INTRODUCTION 

Vacuum ultraviolet (VUV) photoionization mass spectrometry has been used extensively 
to determine the energetics of neutral radicals and radical cations, as well as to study the 
dynamics of the dissociative photoionization process. Very often these measurements are 
concerned with determining the appearance energy (AE) for a dissociative ionization 
process, as well as determining the heats of formation of the species involved. One such 
photoionization mass spectrometric technique employed on End Station 2 of the Chemical ., 
Dynamics Beamline (9.0.2.2) at the Advanced Light Source is the threshold 
photoelectron-photoion coincidence (TPEPICO) method. TPEPICO involves measuring 
the time-of-flight (TOF) mass spectrum of a given cation in coincidence with threshold 
photoelectrons at a known -photo ionization energy. 

EXPERIMENT 

The TPEPICO apparatus ofEnd 
Station 2 is shown in Figure 1. It 
consists of a double-differentially 
pumped supersonic molecular beam 
production system (not shown), an ion 
and electron lens system, a threshold 
photoelectron spectrometer, a TOF 
mass spectrometer, and microchannel 
plates (MCP's) for electron and ion 
detection. The threshold photoelectron 
spectrometer consists of a steradiancy 
analyzer and a hemispherical energy 
analyzer in a tandem arrangement. The 
VUV light used to ionize the gas phase 
species of interest is dispersed by a 
6.65m off-plane Eagle monochromator 
and focused by a toroidal mirror into 
the photoionization chamber. The 
VUV light and the molecular beam 
intersect in the photoionization region 

To MCP and 
TOF spectrometer 

D l D 

Jon opti~ : Jon+ : 

\S \ . ~ Ph~toionization 
~I zreglon 

Molecular-. p 
B!!am 
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e· 

MCP 

f (e· detector) 

Figure L Schematic diagram showing the TPEPICO 
apparatus on Beamline 9.0.2.2. 
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at 90° and are perpendicular to the axes ofthe threshold photoelectron spectrometer and 
the TOF mass spectrometer. The detection of the generated threshold electron defines the 
start time for determining the TOF of the corresponding ion. This is possible due to the 
fact that the electron flight time is much shorter than that of its corresponding ion, which 
has a much larger mass. The VUV spot size in the photoionization region is::::: 0.24x0.36 
mm2 for hv ~ 1 000 A. 

RESULTS 

The thermochemical data obtainable using the TPEPICO technique on End Station 2 is 
demonstrated in the recent high-resolution kinetic energy release study1 of the process 

SF6 + hv ~ SF/ + F + e· (1). 
The thermochemical threshold for this process can be determined by measuring the center­
of-mass (c.m.) kinetic energy (Ec.m) release ofSF/, which involves measuring the width 
of the SF5+ TPEPICO TOF mass spectrum. The TOF mass spectrum ofSF5+ obtained at 
two different photon energies is shown in Figures 2(a) and 2(b). The width ofthe TOF 
peak, which corresponds to the turn around time (M) ofthe most energetic SF5+ ions 
moving away from the TOF ion detector, is related to the Ec.m.(SF/) by the relation 

Ec.m.(SF/) = [1/(2m)][(M)qV/(2d)f, (2) 
where m is the mass of SF/, q is the 
charge of SF5 +, Vis the extraction 
voltage, and dis the distance between 
the electrodes which define the 
ionization region. After calculating 
the Ec m release for process (1) at 
each photon energy and then 
subtracting this value from its 
corresponding photon energy, the 
average AE for process ( 1) was 
determined to be 14.11±0.08 eV. 
This value yields 18.5±1.9 and 
-202.9±2.2 kcallmol for the heats of 
formation at 0 K for SF5 +and SF5, 
respectively. It should be noted that 
the uncertainty in the TOF spectra is 
only 45 ns (FWHM), as observed in 
the TPEPICO spectrum ofXe+ under 
the same experimental conditions. 
This value sets the lower limit for the 
uncertainty of the Ec.m release 
measurements. The high TOF 
resolution is achieved in part due to 
the small VUV spot size. 

1/) 

~ 
c: 
Q) 

"'C ·o 
c: 

"(5 
u 

41.5 42.0 

(a) 

42.5 43.0 43.5 44.0 

TOF (~) 

Figure 2. TPEPICO TOF mass spectrum for SF5 + 

formed by process (l) at (a) hv = 15.311 eV and 
(b) hv = 15.508 eV. Threshold photoelectron energy 
bandwidth = 9 meV (FWHM). 

The dynamics of the dissociative ionization process can also be deduced from the 
TPEPICO TOF mass spectrum. The SF/ TOF peaks obtained at two different photon 
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energies (Figures 2(a) and 2(b)) are essentially symmetric. The symmetric peak shape 
observed is consistent with the conclusion that upon absorption of the ionizing photon the 
dissociation ofSF6 is prompt. Analysis of the TPEPICO TOF spectra obtained at higher 
photon energies will also provide valuable insight into whether SF4+ and SF3+ are formed 
by sequential fragmentation ofSF5+, or by a direct process. 

CONCLUSIONS 

High resolution Ec.m measurements using the TPEPICO technique on End Station 2 allow 
researchers to determine important thermochemical data with great accuracy. This is due 
to the high TOF and photon energy resolutions obtainable on the Chemical Dynamics 
Beamline (9.0.2.2). The dynamics of the dissociative ionization process can also be' easily 
studied. In the future, hydrocarbon radicals, as well as other species related to 
combustion and atmospheric chemistry, will be studied on 9.0.2.2 using the TPEPICO 
technique. Valuable insight into the combustion process and the energetics ofthe species 
involved will then be possible. 
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Photoinitiated Decomposition of Substituted Ethylenes: The 
Photodissociation of Vinyl Chloride and Acrylonitrile at 193 nm 
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Ethylene and its sustituted 
analogues (H2CCHX) are important 
molecules in hydrocarbon 
combustion. As the simplest rr­
bonded hydrocarbons these 
molecules serve as prototypical 
systems for understanding the 
decomposition of this important 
class of compounds. We have used 
the technique of photofragment 
translational spectroscopy at 
beamline 9.0.2.1 to investigate the. 
dissociation of vinyl chloride (X=Cl) 
and acrylonitrile (X=CN) following 
absorption at 193 nm. The 
technique uses a molecular beam of 
the reactant seeded in helium which 
is crossed at 90 degrees with the 
output of an excimer laser operating 
on the ArF transition, 193.3 nm. 
The neutral photoproducts which 
recoil out of the molecular beam 
travel 15. 1 em where they are 
photoionized by the VUV undulator 
radiation, mass selected, and 
counted as a function of time. 1 The 
molecular beam source is rotatable 
about the axis of the dissociation 
laser. We have directly observed all 
four of the following dissociation 
channels for both systems: 

H2CCHX ~ H + C2H2X ( 1) 

H2CCHX ~ X+ C2H3 (2) 

H2CCHX ~ H2 + C2HX (3) 

H2CCHX ~ HX + C2H2 (4) 
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Figure I. Time of flight spectra (TOF) from the dissociation 
of aery lonitrile at 193 nm. (top) TOF for m/e 27 at a 
scattering angle of 30° and a photoionization energy of 15.0 
e V. (bottom) TOF for m/e 27 at a scattering angle of 10° and 
a photoionization energy of 10.0 eV. Inset plots show the 
center of mass translational energy distributions determined 
from the fits to the TOF data. 
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Figure 2. Photoionization spectrum for m/e 27 
photoproducts from the dissociation of acrylonitrile 
at 193 nm at a scattering angle of 15°. 

We measured translational energy 
distributions for all of the observed 
channels and measured the 
photoionization onset for many of the 
photoproducts which provided 
information about their chemical identity 
and internal energy content. In the case 
of acrylonitrile, selective product 
photoionization provided the ability to 
discriminate between channels 2 and 4 
which result in the same product mass 
combination. Figure 1 shows time of 
flight spectra for m/e 27 at 
photoionization energies above and 
below the I.P. for HCN and Figure 2 
shows the photoionization curve for m/e 
27 photoproducts at a scattering angle of 
15°. There are two distinct onsets which 
result from channel 2 and channel 4. 

For acrylonitrile all of the observed dissociation channels were found to occur on the 
ground electronic surface following internal conversion from the initially excited nn* 
electronic state. The dissociation ofvinyl chloride was complicated by a low lying cr*(C-

.,-HCCH + H + Cl 

( (126.8) ' 
HCCHCI + H 
H2CCCI + H 

(100.8) 

HCICC + H2 
(?) 

HCCCI + H2 
(55.6) 

C2H3 + Cl 
(91.8) 

r(H. 2CC) + HCI 

'~(79.9) 

HCCH + HCI 
(23.4) 

n*.....-n 
193 nm 

Figure 3: Surnril.ary of the observed dissociation channels from the photodissociation of vinyl 
chloride at 193 nm. The numbers in parenthesis are relative energies relative to vinyl chloride 
in kcal/mol. 
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Cl) excited electronic surface. Following the initialnf-n* excitation about half of the 
excited molecules cross out of the Franck-Condon region and dissociate on the excited cr* 
surface, greatly enhancing the yield of channel 2 as compared with acrylonitrile, where 
exclusive competition on the ground electronic surface allows the thermodynamically 
more favorable channel 4 to dominate. The other half undergo internal conversion and 
dissociate on the ground electronic surface. The lower C-X bond energy in vinyl chloride 
also makes secondary decomposition thermodynamically available for the C2H3 and C2H2X 
primary photoproducts. We have observed both of these secondary dissociation processes, 
C2H3 ~ C2H2 + H and C2H2Cl ~ C2H2 + Cl, and we have made a direct measurement of 
the barrier height to C2H2Cl dissociation. A summary of the dissociation of vinyl chloride 
at 193 nm is shown in figure 3. 
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Three-Body Dissociations: The Photodissociation of 
Dimethyl Sulfoxide at 193 nm 

D. A. Blank, S. W. North, D. Stranges, A. G. Suits, and Y. T. Lee 
Chemical Sciences Division, Lawrence Berkeley Laboratory, University of California, 

Berkeley, CA 94720 

When a molecule with two equivalent chemical bonds is excited above the threshold for 
dissociation ofboth bonds, how the rupture of the two bonds is temporally coupled 
becomes a salient question. Following absorption at 193 nm dimethyl sulfoxide 
(CH3SOCH3) contains enough energy to rupture both C-S bonds. This can happen in a 
stepwise (reaction 1) or concerted (reaction 2) fashion where we use rotation of the 
SOCH; intermediate prior to dissociation to define a stepwise dissociation. 1 

CH3SOCH3 ~ CH3 + SOCH3 

SOCH3 ~ SO + CH3 

(1) 

(2a) 

(2b) 

Recently, the dissociation of dimethyl 
sulfoxide following absorption at 193 nm 
was suggested to involve simultaneous 
cleavage ofboth C-S bondson an 
excited electronic surface. This 
conclusion was inferred from laser 
induced fluorescence (LIF) and resonant 
multiphoton ionization (2+ 1 REMPI) 
measurements of the internal energy 
content in the CH3 and SO 
photoproducts and a near unity quantum 
yield measured for SO. 2 Since this type 
of concerted three body dissociation is 
very interesting and a rather rare event in 
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Figure I. Time of flight spectrum for m/e 66 
photofragments from the dissociation of DMSO-d6 at 
~scattering angle of 12°. The fit is from the P(ET) 
shown in figure 2. 

photodissociation dynamics, we chose to investigate this system using the technique of 
photofragment translational spectroscopy at beamline 9.0.2.1. The soft photoionization 
provided by the VUV undulator radiation allowed us to probe the SOCH3 intermediate 
which had not been previously observed and provided good evidence that the dissociation 
of dimethyl sulfoxide primarily proceeds via a two step dissociation, reaction 2. 

Figure 1 shows the time offlight spectrum (TOF) for m/e 66 (SOCD3+) photofragments 
from the dissociation ofDMSO-d6 via reaction 2a. The spectrum contains two separate 
components. The peak at faster arrival times is the result of dissociation on an excited 
electronic surface and the broader peak at later arrival times is the result of dissociation on 
the ground electronic surface following internal conversion. The center of mass 
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translational energy distributions obtained from the rn/e 66 TOF spectra are shown in 
figure 2. 

We found that ~50% of the SOCH3 
products from the ground state 
dissociation were stable with respect 
to secondary dissociation and ~50% 
went on to thermally decompose. 
This results in a quantum yield of 1.4 
for CD3 in excellent agreement with 
recent transient absorption 
measurements. 3 

The TOF spectrum for nile 18 (CD/) 
is shown in figure 3 and shows three 
contributions. The peak at the earliest 
times is from reaction 2a on the 
excited electronic surface. The peak 
at the latest arrival times is from 
reaction 2a on the ground electronic 
surface, and the middle peak is from 
secondary decomposition of SOCD3 

intermediates, reaction 2b. 

The translational energy distributions 
for the dissociation products 
demonstrated no correlation between 
the recoiling vectors for SO and the 
two CH3 photofragments in the first 
and second steps. This provides direct 
evidence that the SOCH3 intermediates 
survive for more than a rotational 
period on average before undergoing 
secondary decomposition and, 
therefore, dissociation to two methyl 
radicals and SO proceeds via a 
stepwise mechanism. 

Measurements of the photoionization 
onset for the scattered SO 
photoproducts confirmed previous 
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Figure 2. Center of mass translational energy 
distributions obtained from the m/e 66 TOF spectra. 
These are the distributions for reaction 2a occurring on 
the ground electronic surface, dash-dot line, and on an 
excited electronic surface, dashed line. 
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Figure 3. Time of Flight spectrum for m/e 18 
photoproducts from the dissociation of DMSO-d6 at a 
scattering angle of 20°. 

measurements of the internal energy content2 and demonstrated that the secondary 
decomposition of the SOCH3 intermediates is strongly mediated by exit channel effects 
with an ~8 kcaVmol barrier to recombination. Using the VUV undulator radiation for 
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product ionization also allowed us to observe a competing minor secondary 
decomposition channel involving C-H bond cleavage in the SOCH3 intermediates. 
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,Universal Imaging: Dissociative Ionization of Polyatomic Molecules, 
Chemical Dynamics Beamline 9.0.2. 

Musa Ahmed, Daniel Chen and Arthur G. Suits• 
Chemical Sciences Division, Ernest Orlando Lawrence Berkeley National Laboratory, 

Uni~ersity of California, Berkeley CA 94720 

A third endstation was recently added to the Chemical Dynamics Beamline[l], designed to 
exploit the high flux broadband undulator light for a range of studies of reactive scattering, 
photochemistry and photoionization processes using time-of-flight mass spectroscopy 
coupled with position-sensitive detection. The apparatus[2] is schematically presented in 
Fig. 1. Two molecular beam sources are fixed at right angles, with the undulator light, or 
laser beams, intersecting 
the molecular beams at 

To date, beamline 
experiments have 
included a study of 
dissociative 
photoionization of a 
variety of molecules 
including N20 and SF6• 

In this mode, a single 
molecular beam source is 
used, with the tunable 
undulator light inducing, 
in SF 6 for example, the 
process SF6 ~ SF/+ e· 
~ SF/+ F + e·. The 
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Figure l. Schematic view of Endstation 3, A. Top view, B. Side view. 

SF 5 + ions are accelerated up the flight tube, mass selected and detected as a function of 
position on a phosphor screen-viewed by a CCD camera. The position directly reveals the 
recoil speed (or translational energy release) and angular distribution for the dissociative 
ionization process. Furthermore, this measurement is obtained for all recoil speeds and 
angles simultaneously. Such detailed angular information has not previously been obtained 
for dissciative ionization processes; typically ion time-of-flight profiles are deconvoluted to 
yield rough insight into the angular distributions[3]. The recorded image is actually a 2-
dimensional projection of the nascent 3-dimensional velocity distribution, but established 
tomographic techniques[4] enable us to reconstruct the 3-D distribution. 

Figure 2 shows a raw image recorded for SF5+ from dissociative ionzization of SF6 at 15.8 
eV. The sizable energy release and strongly anisotropic angular distribution imply a very 
rapid dissociation process, faster than the rotational period of the parent molecule. In 
addition, the anisotropy of the angular distribution, with the SF/ recoiling preferentially 
along the polarization direction of the undulator light, provides information about the nature 
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of the electronic states involved in the dissociation process. Analysis of the image yields 
the translational energy and angular distributions shown in Figure 3. The energy release is 
given as the total center of mass kinetic 
energy in the process. The angular 
distributions are fitted to the dipole 
distribution 1(8) = 1 +P(P i cos(8) ), where P 2 

is the second Legendre polynomial, to 
derive the p value indicated. Future studies 
will employ a high-throughput 
monochromator and measurement of the 
ions in coincidence with the electrons for 
definition of the internal energy of the 
parent ion prior to dissociation, while 
providing a higher data acquisition rate. 
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Figure 3. A. Translational energy release for SF 5 + 

+ F from ionization of SF6 at 15.8 eV. B. Angular 
distribution of SF/ for this process. 

Figure 2. Image of SF5+ from dissociative ionization of 
SF6 at 15.8 eV. VUV polarization is vertical in the 
plane of the figure. See text for details. 
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Design and Performance ofthe ALS Double-Crystal Monochromator 
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ABSTRACT 

A new "Cowan type" double-crystal monochromator, based on the boomerang design used at 
NSLS beamline X-24A, has been developed for beamline 9.3.1 at the ALS, a windowless UHV 
beamline covering the 1:-6 ke V photon-energy range. Beamline 9.3 .1 is designed to simultaneously 
achieve the goals of high energy resolution, high flux, and high brightness at the sample. The 
mechanical design has been simplified, and recent developments in technology have been 
included. Measured mechanical precision of the monochromator shows significant improvement 
overexisting designs. In tests with x-rays at NSLS beamline X-23A2, maximum deviations in the 
intensity of monochromat~c light were just 7% during scans of several hundred e V in the vicinity 
of the Cr Kedge (6 keV) with the monochromator operating without intensity feedback. Such 
precision is essential because of the high brightness of the ALS radiation and the overall length of 
beamline 9.3.1 (26m). 

INTRODUCTION 

Third-generation synchrotron-radiation sources provide a unique opportunity for advancements 
in x-ray spectroscopy of atoms, molecules, and solids, owing to the high cbrightness available.! In 
order to take full advantage of this opportunity, a stable monochromatic x-ray beam is required, 
which in turn requires a high-precision mechanism for scanning photon energy with the 
monochromator. This challenge is exemplified in beamline 9.3.1 at the Advanced Light Source 
(ALS), a windowless beamline covering the 1-6 ke V photon-energy range designed for use by the 
ALS x-ray atomic and molecular spectroscopy program. Beamline 9.3.1 is designed to achieve 
the goals of high energy resolution and high flux as well as to preserve the high brightness of the 
ALS source radiation. Design details of this beamline are presented elsewhere.2 

In order to maintain high brightness at a distant sample while scanning the photon energy, it is 
desirable to have the monochromator mechanism as precise as possible. For spectroscopy 
applications, in fact, it is best to operate the monochromator without the usual intensity 
feedback system to eliminate any possible intensity variations induced by the feedback circuit. In 
addition, even small feedback corrections can alter the path of the beam through the optical 
system of the beamline, leading to changes in image quality at the sample. This desire for 
feedback-free running necessitates the use of a mechanical linkage in the monochromator 
mechanism.ln order to attain the high precision necessary, it also is desirable to have as simple a 
drive mechanism as possible. Hence, the boomerang design3,4 used at beamline X-24A at the 
National Synchrotron Light Source (NSLS), in which a single linear motion actuates scanning of 
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the monochromator, was taken as a model. An added benefit of this design is that it readily 
accomodates operation at low photon energies [e.g., near 2 keV with Si(ll 1) crystals]. 

/ 

Performance of the beamline X-24A monochromator mechanism has been documented.4 
Photon-energy scanning is accomplished from outside vacuum by a single linear feed through 

;"( 

with 15 em of total movement. One benchmark for measuring the performance of this device is 
the degree of non-parallelism, in the dispersion plane, of the two monochromator crystals as a 
function of this linear motion. Measurements on the original mechanism before it was placed in 
beamline X-24A exhibited an error of approximately 2 arcsec/cm oflinear travel. In practice, 
actual results were a little worse ( 4 arcsec/cm of linear travel). 5 Nevertheless, as far as we know, 
this is as good or better than other existing mechanisms. 

DESIGN OF THE ALS DOUBLE-CRYSTAL MONOCHROMATOR 

The basic design principles6 of the new and improved "Cowan type" monochromator are 
identical to the original design3, but several significant enhancements have been introduced. The 
primary change is the removal ofall bearings from the mechanism, particularly the crossed-roller 
bearings used in the original design. Movement of the crystal mounts along the boomerang arms 
as well as all other linear motions use dovetail slides made of aluminum/bronze sliding on bases 
made of 304 stainless steel, with both surfaces treated chemically with a vacuum-compatible 
lubricant. This combination of materials is known not to seize even in ultra-high vacuum (UHV), 
and the hardness of the materials permits high-precision repetitive motion. We believe that 
replacement of the crossed-roller bearings is the primary reason for improved performance of the 
new design relative to the original. , 

Other design modifications include a significant reduction in the number of parts and use of more 
robust components. Reduction in the number of parts was accomplished by eliminating the 
crossed-roller bearings, by eliminating unneeded adjustments in the mechanismS, and by 
consolidating multiple pieces into integrally machined components wherever possible. A 
photograph of the assembled monochromator including the crystal mounts in the small angle 
configuration is shown in Fig. I. Robustness was achieved simply by making many parts heavier 
or larger or using ribs for added strength in some larger components. Ease of alignment also has 
been enhanced by liberal use of fiducial marks throughout the mechanism, its support base, and 
the monochromator vacuum chamber. Finally, all precision parts were machined using 
numerically controlled techniques with specially prepared and matched machine tools. This latter 
effort was necessary to guarantee precise mating of the dovetail slides. 

PERFORMANCE OF THE MONOCHROMATOR 

To test the precision ofthe monochromator while scanning, a bench-top approach was used. A 
two-axis auto-collimator was aligned(< 1 arcsec) with respect to a right-angle mirror. The 
monochromator, equipped with mirrors in place of the two crystals, was positioned between the 
right-angle mirror and the auto-collimator with the axis of its linear motion parallel (1 0-20 arcmin) 
to the axis of the auto-collimator. As the monochromator is scanned, angular misalignments 
between the two mirrors riding on the mechanism, both parallel(theta) and perpendicular (chi) to 
the diffraction plane, can be measured using the auto-collimator. 

Results of this test illustrate that the desired precision in theta has been met. For example, over 
15 em of linear travel in the boomerang mechanism, the two crystals (mirrors) remain parallel to 
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within 10 arcsec. This is at least 3 times better than the original design for the same amount of 
linear motion4,5. In addition, the change in angle is smooth and monotonic over this range. Over 
the entire range of motion ofthe new boomerang (23 em), performance degrades by a factor of2. 
Additional adjustment and testing is underway to improve these results. 

Tests with x-ray synchrotron radiation were performed at beamline X-23A2 at the NSLS. 
Absorption spectra at the Cr and Ti K edges taken with the new mechanism are shown in Figs. 2-
3. These results agree very well with standard spectra at these edges. Both measurements were 
taken with unfocused synchrotron radiation, thus only providing a test of theta alignment. 
Nevertheless, these spectra were recorded with the piezoelectric feedback system turned off, and 
the measured monochromatic flux varied by only 7-10% over the photon-energy ranges of the 
scans. 

SUMMARY 

Beamline 9.3 .1 at the ALS is a windowless beamline, covering the 1-6 ke V photon-energy range, 
designed to achieve the goals ofhigh energy resolution, high flux, and preservation of the high 
brightness from third generation synchrotron radiation sources like the ALS. For atomic and 
molecular spectroscopy experiments, a stable monochromatic x-ray beam is required. Hence, the 
beamline has to be equipped with a suitable monochromator. A double-crystal monochromator 
based on the boomerang design used at NSLS Beamline X-24A has been developed for this 
beamline. The measured mechanical precision of this new "Cowan type" monochromator shows 
significant improvement over existing designs, without having to use intensity feedback available 
with piezoelectric devices. In tests with x-rays, this new mechanism provided monochromatic 
light with an intensity variation of as little as 7% over several hundred e V in photon energy near 
the Cr Kedge without feedback. We are confident that this monochromator will provide a bright, 
high-resolution, and stable x-r11y beam for use in x-ray spectroscopy at the ALS. 
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FIGURE CAPTIONS 

Fig. 1 Photograph of the assembled unit including the crystal mounts in the small angle configuration. 

Fig. 2 Chromium K absorption spectrum measured without using an intensity feedback system. 

Fig. 3 Titanium K absorption spectrum measured without using an intensity feedback system. 
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First Results from the High-Brightness X-Ray Spectroscopy 
Beamline at ALS 

R. C. C. Perera, W. Ng and G. Jones 
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D. Hansen, J. Daniels, 0. Hemmers, P. Glans, S. Whitfield,"H. Wang and D. W. Lindle 
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Las Vegas, NV 89154-4003 

Beamline 9.3.1 at the Advanced Light Source (ALS) is a windowless beamline, covering the 1-6 
keV photon-energy range, designed to achieve the goal of high brightness at the ~ample foruse in 
the X-ray Atomic and Molecular Spectroscopy (XAMS) science, surface and interface science, 
biology and x-ray optical development programs at ALS. X-ray absorption and time of flight 
photo emission measurements in 2 - 5 ke V photon energy along with the flux, resolution, spot 
size and stability of the beamline will be discussed. Prospects for future XAMS measurements 
will also be presented .. 

INTRODUCTION 

Third-generation synchrotron-radiation sources like the Advanced Light Source (ALS) in 
Lawrence Berkeley National Lab. provide a unique opportunity for advancements in x-ray 
spectroscopy of atoms, molecules, and solids, because of the high brightness available[ 1]. 
Beamline 9.3 .1 at the ALS is a windowless beamline, covering the 1-6 ke V photon-energy range. 
The beamline is designed to achieve the goals ofhigh flux, and preservation of the high brightness 
from ALS. The brightness will be an order-of-magnitude higher than presently available in this 
energy range. The anticipated beam size is about 0.4 mm in diameter, and the flux at the focus is 
expected to be tOll phis in 0.5 eV bandpass. The beamline was commissioned in the spring of 
1995, we will discuss the initial operation ofthe beamline. 

BEAMLINE DESIGN 

The first mirror (M 1) in bearnline 9.3 .1 at the ALS is located 11.7 5 m from the source, it 
collimates the beam vertically and horizontally from bend magnet 9.3. The second mirror (M2), is 
located 15.50 m from the source, focuses the beam vertically and horizontally onto the sample at 
27.25 m from the source. The two-crystal monochromator is located 13.63 m from the source. 
This configuration allows for high resolution and high brightness by passing a collimated beam 
through the monochromator, and by focusing the ALS source on the sample with unit 
magnification. The maximum horizontal acceptance ofBL 9.3.1 is 8 mrads, but smaller horizontal 
acceptance of bend magnet radiation can be used to minimize the dominant mirror (spherical) 
aberrations. The sagittal and tangential radii of both toroidal mirrors (Ml and M2) are the same. 
The sagittal (minor) radius is 0.2585 m and the tangential (major) radius is adjustable from 1000 
m to oo (flat) in increments of 1% (approx.) by elastically bending the mirror. The nominal 
tangential radius of the mirror is 2136 m when the mirror is positioned such that the glancing 
incidence angle for the principle ray is 11 mrads. A detail study of the optical design of this 
beamline is presented elsewhere[2,3]. Both Ml and M2 are mounted rigidly to the vacuum tank. 
The mirror and the vacuum tank are mounted on a motorized 6 struts HEXAPOD system [4]. 
Each strut in the system uses a stepping motor in conjunction with a linear scale closed loop feed 
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back system. All 6 struts are controlled by a window based software system. A very attractive 
aspect of the HEXAPOD system is its ability to define the origin of its coordinate system 
anywhere within its range of travel. In our case, the origin was defined to be the center of the 
mirror surface. The designed range of travel and rotation and resolution of the HEXAPOD are 
shown in Table 1. 

Range Resolution 
X 10mm 10)lm 
y 20mm .. 0.1mm 
z 20mm 51J.m 
rX go 1Jliad 
rY 10 0.01° 
rZ 10 0.005° 

Table l Range and resolution of the HEXAPOD system in the X,Y, Z direction as well as rotation about these 
axis. 

MONOCHROMATOR DESIGN 

The design of our double crystal monochromator is based on the original "Cowan type" 
monochromator [5,6], but several significant enhancements have been introduced. The primary 
change is the removal of all bearings from the mechanism, particularly the crossed-roller bearings 
used in the original design. Movement of the crystal mounts along the boomerang arms as well as 
all other linear motions use dovetail slides made of al uminurnlbronze sliding on bases made of 3 04 
stainless steel, with both surfaces treated chemically with a vacuum-compatible lubricant. This 
combination of materials is known not to seize even in ultra-high vacuum (UHV), and the 
hardness of the materials permits high-precision repetitive motion. Other design modifications 
include a significant reduction in the number of parts and use of more robust components. 
Reduction in the number of parts was accomplished by eliminating the crossed-roller bearings, by 
eliminating unneeded adjustments in the mechanism, and by consolidating multiple pieces into 
integrally machined components wherever possible. Robustness was achieved simply by making 
many parts heavier or larger or using ribs for added strength in some larger components. Ease of 
alignment also has been enhanced by liberal use ·of fiducial marks throughout the mechanism, its 
support base, and the monochromator vacuum chamber. Photon-energy scanning is accomplished 
from outside vacuum by a single linear feed through with 15 em of total movement. The angle of 
the first crystal is monitored by vacuum compatible tilt Sensor[7]. The resolution of the sensor is 
in the J..Lrad range. The response time of the tilt sensors are in the minute range, which is not 
suitable for dosed loop operation but they are very useful as an absolute reference. The 
monochromator is controlled by a Labview based data acquisition program. The alignment of the 

second crystal can be adjusted in-situ in both 8 and X. The motions are actuated by vacuum 
compatible pico-motors[8], which have a range of 0.5'' and a resolution of 30nm. A closed loop 
feedback system designed to keep the final focus to within a fraction of the beam size will be 
installed. The system uses a 4 sector photodiode and a system of differential and summing 
amplifiers to feed back into the pico-motor. The monochromator operates at a based vacuum of 2 
x10.9 torr. A thin carbon foil is installed between the monochromtor tank and Ml and M2 mirror 
tank as a vacuum barrier. The vacuum ofMl and M2 chambers are maintained in 2 xl0.10 torr, 
which allows fast turn around time for crystal set change. 
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EXPERIMENTAL AND RESULTS 

The mechanical components ofbeamline 9.3.1 were commissioned in the spring of 1995. The 
Ml mirror was installed in Apr. The M2 mirror is expected to be deliver in the winter of 1995. 
The experiments reported here is done with the beamline in this unusual configuration. The SR 

. source is collimated by Ml and monochromatized by the monochromator. The exit beam is 
collimated and is 3cm x 1cm. The first set of experiments was done with a gas absorption cell in 
order to check the energy calibration and resolution of the monochromator. Ion current of the 
sample gas is collected by a two plate gas cell. Fig. 1 shows an absorption spectra for Ar K edge 
(5 torr). The spectra is not normalized and the feed back loop was not used. This data 
demonstrate the resolution and stability of the monochromator mechanism. 

The first time of flight (TOF) experiment 
on BL 9.3.1 was obtained during ALS 
two-bunch operation in August 1995. 
Since the exit beam of9.3.1 is not focus 
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were able to obtained TOF spectra with energy(eV) 

reasonable count rate. Fig. 2 shows a Fig. 1. The Ar K absorption spectra 

spectrum taken at a photon energy above the argon K-shell threshold. The data were collected 
using a space-focused ion time-of-flight mass spectrometer. Because of the double-bunch mode of 
operation, two spectra, indicated by labels above or below the baseline, respectively, are shown. 
The time axis is scaled to give the correct flight time for the peaks with labels below the 
spectrum. All of the peaks in the second spectrum (labels above the spectrum) are shifted by 328 
ns, the time separation between the two ALS bunches. The maximum time resolution for the 
experiment can be determined from the width of the prompt peaks resulting from light scattered 
from the sample onto the detector. These peaks, which actually have a flight time near zero, have 

Argon a full width at half maximum (FWHM) of only 
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Fig. 2. This figure shows a time of flight spectrum 
taken at a photon energy above the argon K-shell 
threshold (3205 e V). The data were collected using a 
space-focused ion time-ot-flight spectrometer. Because 
of the double-bunch mode of operation, two spectra 
are shown in Fig. 2, indicated by labels above or 
below the ·baseline, respectively. 

200 ps. The most intense peak in the 
spectrum,Ar«, shows a FWHM of 840 ps, while 
Ar+7

, which is the most efficiently space focused 
peak, shows a FWHM of 600 ps. The high degree 
of time resolution observed is a result of the 
excellent timing characteristics of the ALS, proper 
handling of the timing signal in the ion~TOF 
analyzer and associated electronics,· and the 
optimization of the analyzer space-focusing 
parameters. 
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SUMMARY 

We have designed a windowless beamline at ALS, covering the 1-6 ke V photon-energy range, to 
achieve the goals of high energy resolution, high flux, and high brightness at the sample. When 
completed later this year, it will be the first ALS monochromatic hard-x-ray beamline providing 
flux and resolution comparable to any other beamline now in operation. The brightness will be an 
order-of-magnitude higher than presently available in this energy range. To achieve these goals, 
two technical improvements, relative to x-ray beamlines, a somewhat novel ·optical design for x­
rays, in which matched toroidal mirrors are positioned before and after the double-crystal 
monochromator, was adopted, and a new "Cowan type" double-crystal monochromator 
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ABSTRACT 

Beamline 9.3.1 at the Advanced Light Source (ALS) is a windowless beamline, covering the 1-6 
keV photon-energy range, designed to achieve the goals of high energy resolution, high flux, and 
high brightness at the sample. When completed later this year, it will be the first ALS 
monochromatic hard x-ray beamline, and its brightness will be an order of magnitude higher than 
presently available in this energy range. In addition, it will provide flux and resolution comparable 
to any other beamline now in operation. To achieve these goals, two technical improvements, 
relative to existing x-ray beamlines, were incorporated. First, a somewhat novel optical design for 
x-rays, in which matched toroidal mirrors are positioned before and after the double-crystal 
monochromator, was adopted. This configuration allows for high resolution by passing a 
collimated beam through the monochromator, and for high brightness by focusing the ALS source 
on the sample with unit magnification. Second, a new "Cowan type" double-crystal 
monochromator based on the design used at NSLS beamline X-24A was developed. The 
measured mechanical precision of this new monochromator shows significant improvement over 
existing designs, without using positional feedback available With piezoelectric devices. Such 
precision is essential because of the high brightness of the radiation and the long distance (12m) 
.from the source (sample) to the collimating (focusing) mirror. This combination of features will 
provide a bright, high resolution, and s.table x-ray beam for use in the x-ray spectroscopy 
program at the ALS. 

INTRODUCTION 

Beamline 9.3.1 at the Advanced Light Source (ALS) is a windowless beamline, covering the 1-6 
keV photon-energy range. The beamline is designed to achieve the goals ofhigh energy resolution, 
high flux, and preservation of the high brightness from third generation synchrotron radiation 

(SR) sources like the ALS. This beamline will provide flux and resolution (loll ph!s in- 0.5 eV 
bandpass) comparable to those of any other beamline now in operation. The brightness will be an 
order of magnitude higher than presently available in this energy range. The anticipated beam size 
is about 0.4 mm in diameter. 

For the ALS, operating at 1.5 GeV, the approximate vertical opening half-angle of the radiation at 
the critical energy is: 

1/y= me c2 IE= 0.34 rnrad 

The vertical electron beam size is at its smallest value at all bend magnet 2 (BM 2) and BM 3 
positions in the storage ring lattice. The bend magnet field is B = 1.069 T. The critical energy is 
given by: 

Beamline9.3.1 Abstracts • 316 



Ec(keV) = 0.665 E2 (GeV) B(T) = 1.60 keV 

The ALS storage ring has a natural rms horizontal emittance! of3.4 x 10 -9 rnrad and a 10% 
emittance ratio ·into the vertical direction. The electron beam emittances are: 

Eh = 3.4 X IQ-9 rnrad, ev = 3.4 X IQ-10 rnrad 

In BM 3 the horizontal and vertical beta functions (fh and fv) take the values 0.8545m and 

1.4575 m, respectively, I and the horizontal dispersion; Dh, is 0.0944. The relative momentum 

spread, Ip/p, is 8 x 10-4. Hence the rms photon beam dimensions are: 

and 

The electron beam emittances and photon beam dimensions taken together completely define the 
source. 

OPTICAL DESIGN 

The optical layout of the ALS beamline 9.3 .1 is shown in Figure 1. The first mirror (M 1 ), located 
11.75 m from the source, collimates the beam vertically and horizontally from bend magnet 9.3. 
The second mirror (M2), located I5.50 m from the source, focuses the beam vertically and 
horizontally onto the sample at 27.25 m from the source. The two-crystal monochromator will 
be located 13.63 m from the source. This configuration allows for high resolution and high 
brightness by passing a collimated beam through the monochromator, and by focusing the ALS 
source on the sample with unit magnification. The optical design used at NSLS beamline X-24A, 
the brightest source of x-rays presently available in this spectral range, was not good enough to 
preserve the high brightness of ALS. The maximum horizontal acceptance ofBL 9.3.1 is 8 mrads, 
but smaller horizontal acceptance of bend magnet radiation can be used to minimize the dominant 
mirror (spherical) aberrations. A detail study of the optical design of this beamline is presented 
elsewhere. 3 A summary of the ray tracings of the beamline will be presented in the next section. 

The sagittal and tangential radii of both toroidal mirrors (M1 and M2) are the same. The sagittal 
(minor) radius is 0.2585 meters and the tangential (major) radius is adjustable from 1000 meters 
to oo (flat) in increments of I% (approx.) by elastically bending the mirror. The nominal 
tangential radius of the mirror is 2136 meters when the mirror is positioned such that the glancing 
incidence angle for the principle ray is II rnrads. 

The best configuration to combine the action of two mirrors has been studied by several authors.2 
The configurations used in BL 9.3.1 radically violate the Abbe' sine condition, because the angle 
to the axis increases at the outgoing side, when the angle to the axis decreases on the incoming 
side. But, this design results in approximate cancellation of the spherical aberrations originating 
from the non-unity magnification values used in the design of the beamline. This effect was first 
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Figure l. A schematic diagram of the beamline 9.3.1 at ALS. 

--------------1mm ---------------

Figure 3. The image at the sample computed 
by SHADOW neglecting figure errors of the 

two mirrors. 

Figure 2. The cross-section of the synchrotron 
radiation source at the waist of the ALS BM3 
modeled by the ray-tracing program SHADOW. 

------- 1 mm ---------
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observed during the initial ray tracing studies performed to determine the optimum optical layout 
for this beamline. 

RAY TRACING THE BEAM LINE 

In principle, the optical properties of a beamline can be analytically described. With matrices, 
each corresponding to an optical element, operating on a representation of the beam in four­
dimensional phase space (two position and two angular coordinates), the net effect of an optical 
system can be determined. Since these calculations are generally very complex, a more practical 
approach is to use the ray-tracing method based on the propagation of randomly generated rays 
of equal amplitude, weighted with appropriate distribution functions. 

The x-ray optics ray tracing program4 SHADOW, based on the geometrical optics tracings of the 
rays propagating through an optical system formed by sequential surfaces, was used. The ALS 
BM3 source was modeled assuming random (Monte Carlo) distributions in both real and 
momentum space. The parameters used in generating the BM3 source using SHADOW are 
presented in Table 1 and the cross-section of the synchrotron radiation source at the waist of the 
BM3 is shown in Figure 2. Ray tracing of the imaging system for an acceptance of 4 mrad 
bendmagnet radiation was performed. Figure 3 shows the image plane computed by the ray 
tracing program, neglecting the figure errors of the two mirrors. The rms beam dimensions at the 

image plane, .shown in Figure 3, are 01J. = 108J!m and O'v = 33 Jlm, compared to 01J. = 93 Jlm and 

crv = 22 Jlm at the waist of the bendmagnet source, which indicates that the image quality is 

extremely good. 

If the M2 mirror shown in Figure 1 is rotated by 180° along the beam axis, the two toroidal 
mirrors are configured to obey the sine condition. The ray tracing performed on such an optical 

system showed that the final image is highly abberated and beam dimensions are O'h = 206 J..:Lm 

and O'v = 626 Jlm. This illustrate that the dominant aberrations (spherical) would not be improved 
by satisfying the sine condition, which led into a detailed study of aberration - canceling schemes 
for SR beamline mirror systems. 5 

FIGURE ERRORS 

Figure errors in the optical components need to be minimal to preserve the high brightness of the 
ALS. The two mirrors in ALS BL 9.3.1 will have a slope error deviation from best-fit sphere of 5 
Jlrads or better (including thermal distortions) over a frequency range of 5 mm to the size of the 
clear aperture. The errors of the mirror surfaces were modeled with a sine wave with origin at the 
center of the mirror. Slope errors were considered only in the tangential directions, as the saggital 
slope errors have a negligible effect, due to the forgiveness factor. For worst-case RMS 
displacement of 5 Jlrads and ripple wavelengths of0.1, 1.0, and 10 em, the niy tracings were 
performed. As expected, O'h remained unchanged, and the resulting O'v for the three cases are 169, 
168, and 183 Jlm, respectively. 

POWER LOADING 

When operating at 1.5 GeV and 400 mA, the ALS produces 37.2 kW of total bend magnet power, 
distributed over the 27t radians. Therefore, in BL 9.3.1, when accepting 8 1mads of bend magnet 
radiation, receive 4 7.4 watts. The first mirror and first crystal in the monochromator accept most 
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of this power. The first mirror will nominally be operating between 11 and 14 mrads of grazing 
incidence_. The power absorbed by the optical components in the beamline was calculated using 
SHADOW for the worst case (8 mrads of acceptance) for 11 and 14 imads of grazing incidence of 

-M 1. The first mirror will absorb 11.7 to 19.4 watts, whereas the first crystal will absorb 3 5.4 to 
28.0 watts, respectively. The power absorbed on the M1 is distributed over a 9.5 em by 80 em 
area of the mirror. Based on this analysis and other thermal calculations, M1 is not cooled, but 
the first crystal in the monochromator needs to be cooled. 

MONOCHROMATOR 

A new ucowan typeu double-crystal monochromator based on the design6,7 used at NSLS 
beamline X-24A was developed. The measured mechanical precision of this new monochromator 
shows significant improvement over existing designs, without using positional feedback available 
with piezoelectric devices. Such precision is essential because of the high brightness of the 
radiation and the long distance (12m) from the source (sample) to the collimating (focusing) 
mirror. Design details and the measured performance of the monochromator are presented 
elsewhere. 8 

CONCLUSION 

We have designed a windowless beamline at ALS, covering the 1-6 keV photon-energy range, to 
achieve the goals of high energy resolution, high flux, and high brightness at the sample. When 
completed later this year, it will be the first ALS monochromatic hard-x-ray beamline providing 
flux and resolution comparable to any other beamline now in operation. The brightness will be an 
order-of-magnitude higher than presently available in this energy range. To achieve these goals, 
two technical improvements, relative to existing x-ray beamlines, a somewhat novel optical design 
for x-rays, in which matched toroidal mirror~ are positioned before and after the double-crystal 
monochromator, was adopted, and a new ucowan typeu double-crystal monochromator ba&ed on 
the design used at NSLS beamline X-24A was developed. The beamline 9.3.1 at ALS will provide 
a bright, high resolution, and stable x-ray beam for use in the x-ray spectroscopy program at the 
ALS. 

TABLE 1. Source Description of ALS Bend Magnet 3 

Random Source. 
Generated total 5000 rays. 
Source assumed TRIDIMENSIONAL. 
Source Spatial Characteristics: GAUSSIAN 

Sigma X : 0.92 E-04 m Sigma Z : 0.22 E-04 m 
Depth: SYNCHROTRON SOURCE. 

Source Emission Characteristics 
Distribution Type: SYNCHROTRON 
Distribution Limits. X: 4.0 mrad 

Z: 1.0 mrad 
Magnetic Radius = 4.81 m. 
Distance from Waist. X: 0 
Polarization Used: SR TOTAL 

Beam Energy= 1.5 GeV. 

Source Photon Energy Distribution: BOX DISTR 
from Photon Energy: 1000 e V to 10000 e V 
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INTRODUCTION 

Beamline 9.3.1 at the ALS is a windowless beamline, covering the 1-6 keV photon-energy range1. 
This beamline is the first monochromatic hard x-ray beamline in the ALS, and designed to achieve 
the goals of high energy resolution, andpreservation of the high brightness from the ALS. It 
consists of a new "Cowan type" double-crystal monochromator and two toroidal mirrors which 
are positioned before and after the monochromator. 

The construction of the beamline was completed in December of 1995, with imperfect mirrors. 
In this report, we describe the experimental results of absolute flux measurements and x-ray 
absorption measurements of gases and solid samples using the present set of mirrors. 

EXPERIMENT 

Flux measurements were performed using a silicon photo diode2, AXUV-100. The photo diode 
has been developed for applications in the 7 to 6000 eV spectral region, with large dynamic range 
(over eight orders of magnitude). The diode is a normal p-n junction type, without a doped dead­
region, which results in near theoretical quantum efficiencies to XUV photons. For majority of 
::XUV photons, about 3.63 eV of energy is required to generate one electron-hole pair. Thus, the 
electric current seen by an external circuit is: 

I (A)= Flux (Phis) X (E (eV) I 3.63) X 1.6 X w-19 

If the photon flux at 3 ke V is about 1010 phis, current of 1.32 x 1 o-6 A will be observed. AXUV-
100 has a square sensitive area of 100 mm2. The photo diode was placed just after a horizontal 
slit and a vertical slit. The beam size on the detector is about 2 x 2 trim. The output of the photo 
diode was amplified by a Keithley 427 (or 428) current amplifier and read by a multimeter. 

X-ray absorption measurements of gases were performed using a gas absorption cell by 
measuring the total electron yield. Ion current from sample gases was collected by a metal plate, 
and the current was amplified by a Keithley® amplifier. A thin gold foil was placed just before 
the gas cell to monitor the in-coming flux. Measurements of solid samples were performed in 
transmission mode using a sample chamber with a liner feed through as the sample holder. 
Powder samples were spread onto 2flm thick kapton tape. The transmitted intensity was 
detected by the silicon photo diode. 
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RESULTS AND DISCUSSION 

Flux measurement 

Photon energy, tilt sensor's read-out voltage, the photon flux, the ring current, and the 
normalized flux are presented in Tables 1 and 2 for 1.5 Ge V and 1.9 Gev operations. The 
monochromator is controlled by a Lab VIEW program3, based on the stepping motor position, 
which is related to the photon energy, which can be calculated from the Bragg angle. The read­
out voltage of the tilt sensor, which is mounted on the first crystal, is related to the Bragg angle 
by: 

8Bragg =A y2 + BV + C 

where, A= -0.018027, B = -5.2849 and C = 34.992. 

The values of A, B, and C were obtained using the energy values of absorption spectra. 

It is clear from the figures that the photon flux gradually decreases up to 4500 e V, then falls 
down rapidly. When the ring is operated in 1.9 GeV, the flux was constant up to about 4500 
eV,(about 2 x 1Q10 phis), which is higher than that obtained with 1.5 GeV operation. However, 
flux decreases rapidly above 4500 eV. 

Considering the calculated properties of the bend-magnet radiation from the ALS and the 
reflectivity of nickel-coated mirrors, we can expect more flux up to around 5000 eV, when the 
mirrors take the glancing angle of 11 mrad~ On the other hand, the surface roughness of the 
mirrors affects a lot on the reflectivity. This indicates that the rapid decrease of the flux from 
about 4500 e V should be due to the rough surface of the second mirror. More flux will be 
expected with a better second mirror and/or the usage of germanium (Ge) as the monochromator. 
crystals. 

Absorption Spectra of Gases 

Figure 1 shows the absorption spectra of the Cl Kedge ofCF3Cl, CF2Cl2, and CFCl3 (2- 3 
torr). This spectrum is normalized with the currents of the Io monitor. From the full width at half 
maximum (FWHM) of the first resonance peak, the energy resolution is estimated to be lower 
than 1.0 eV. The fine structure of these results agrees very well with the previously published 
data4. 

CONCLUSION 

We described performance tests of BL9 .3 .1. More than 2 x 1010 photons/sec of photons can be . 
obtained from 2000 to 4500 eV, when the storage ring is operated in 1.9 GeV. The photon flux 
decreases dramatically above 4500 eV. This should be due to the surface roughness of the second 
mirror. The absorption spectra of several gases and solid samples show that the energy resolution 
ofless than 1 eV can be obtained on the energy range of 2000 to 5000 eV. 
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Table I. Till sensor, photon flux, ring current, and photon 
flux nonnalizcd lo 400 mA al various energies for 1.5 GcV. 
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Figure l. The CI K absorption spectra of CF3Cl, 
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normalized to 250 mA at various energies for 1.9 GeV. 
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INTRODUCTION 

Heavy metal-rich acidic waters (SO/-, Asol-, Seo/-, Fe2+, Fe3+, Al3+, Cu2+, Zn2+, Cd2+) and 
related ochreous coatings are common around abandoned sulfide and coal mine sites1

-
3. This is 

mainly caused by the natural weathering of pyrite (FeS2), arsenopyrite (FeAsS), and other metal 
sulfide containing shales. Acid generation in the case of pyrite can be explained by a general 
reaction: 

FeS2+ 3.5 02 +H20 ~ Fe2+ + SO/- + 2H+ 
Also, these low pH waters interact with the soils, and mobilize their soluble elements. One of the 
common remediation s(:rategies is to allow these acid waters to react with limestone (CaC03-rich 
rock) and neutralize the pH and precipitate out soluble metals. Yet, the associated problem is the 
precipitation of Fe and Al oxides and hydroxy sulfate coatings on limestone surfaces, which block 
calcite reactive sites, and make them ineffective few hours after initiation of treatment The main 
objectives. of this research are to examine: 1) the chemistry of limestone surface coatings, and 2) 
their toxic metal uptake and the conditions that inhibit their formation. 

Previous molecular studies using X-ray diffraction, and vibrational spectroscopy4 on limestone 
surface coatings (sampled from Athens, OH) indicate that the surface-most layer (the layer in 
contact with water) is composed of schwertmannite (Fe(III)-hydroxy sulfate) like phases2

• 

However, white, X-ray amorphous; Al-, sulfate- and carbonate-rich; and Ca-poor phases 
appeared at the interface between the limestone and the iron oxide coatings. The structure, 
morphology, and coordination chemistry of component major and trace elements of these white 
precipitate phases have not previously been examined. 

METHODS 

Iron-rich acidic mine drainage (AMD) samples were collected from Iron Mountain, CA and were 
reacted with 1 em diameter limestone pieces and reagent grade, fine grained CaC03. The 
experiments in the case. of CaC03 were also conducted at different pH values by varying the 
concentration of CaC03 added. In addition, AMD reacted naturally occurring limestone samples 
were also collected from Iron Mountain, CA, and Athens, OH. 

Ca and S K-edge XANES studies were measured at the Beamline 9.3.1, Advanced Light Source 
(ALS). The XAS spectra were collected in transmission mode and under- 10-7 torr pressure~ The 
scan ranges for Sand Ca were 2460-2510 eV, and 4030-4100 eV, respectively, with 0.2 eV step 
size. These studies were conducted at both 1.5 GeV (for S) and 1.9 GeV (for Ca) multi-bunch 
mode. The XANES studies were also performed at ambient pressure and humidity conditions at 
the Stanford Synchrotron Radiation Laboratory (SSRL, B.L 6-2), to examine the influence of 

Beamline 9.3.1 Abstracts • 325 



water presence on sample S- XANES. At SSRL, the sample fluorescence was collected using a 
Lytle detector and the scan conditions were similar to those of ALS mentioned above. 

RESULTS 

S-XANES 

The data collected at ambient and UHV conditions 
suggest that the S-XANES features a few eV above 
the edge were dissimilar for minerals with high 
structural water, such as ettringite (C~Al2(S04)3 
(0H)12• 26H20) (Fig. 1). Ettringite samples also took 
longer time to equilibrate with the vacuum conditions 
of the sample chamber, which may have been due to 
slow escape of structural water molecules. However, 
solid phases with little crystalline water did not 
exhibit major changes i~ the spectra (e.g. Ferric 
sulfate). Also, the transmission spectra are useful for 
concentrated samples, which exhibit self-absorption 
for fluorescence spectra. 

The AMD reacted limestone and ochreous 
precipitate samples were examined and compared 
with different S structural models (not shown here). 
The data indicate that a) the energy position of the 
white line is sensitive to the S oxidation state and 
complexing cation, b) all of the field and laboratory 
samples indicate S in +VI oxidation state (Fig. 2), 
and c) poorly crystalline white precipitates have 
sulfate, dominantly complexed to AI. 

CaXANES 

Compounds with Ca in different coordination and 
ligand environment were examined to evaluate their 
influence on the white line shifts and other spectral 
features in the XANES region. TheCa K-edge 
spectra of these compounds exhibit contrasting 
features and are similar to those reported by Quatrieri 
et al.5

• Octahedral Ca, coordinated to "0" (e.g. 
CaC03) exhibits a stronger Is~ np transition (fl in 

A. 

Ettringite (ani>.) 
B.L 6-2 (SSRI.) 
o.~· 

fl&1 S K-e:lge XANES of ettringite in VdCUurn and 
atno;pheric pressures. The spectra '\\tte calilnted 
against S=S \\bite line features (2A69.2 eV) of scxliurn 
thia;ulfate, and \\ere not subtracted f<r background. 

~ ~ 0 5 ~ ~ ~ ~ ~ ~ 

Photon Energy ( e V) 

Fig. 2 S K-edge XANES (absorption) of 
AMD reacted samples. Edge is 
calibrated against S=S features in 
Na-thiosulfate (2467.9 eV). 

eaa,j 
:----~-------...---""1 

gypsum. CaSQ. m,d. ,. 

-10 0 10 20 30 40 

Relative Energy (eV) 

Fig. 3 Ca K-edge XANES of common Ca 
salts. The spectra were calibrated 
against calcite white line (4052.7 eV). 

Fig. 3). With increases in coordination (e.g. 8 in CaS04.2H20; and 9 in Ca(N03h.4H20), the 
intensity of this feature decreases. Compounds with Ca in 8 coordination, but with different local 
geometry also exhibit major changes in Ca-XANES spectra (e.g. Ca and AI polyhedra linkage in 
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ettringite; and Ca and S04 in CaS04.2H20). Ca coordination to strong electronegative elements 
(e.g. Cl), also produced major changes in 1s -7 np transition. 

White precipitates sampled from field sites were relatively poor for Ca concentration and thus 
their XANES transmission spectra were noisy and no distinguishable features could be recorded. 
However, XANES spectra of laboratory samples (AMD reacted with CaCOJ) suggest that the 
sample1s -7 np transition are intermediate between CaCOJ and CaS04.2H20 (Fig. 4). Also, the 
XANES features a few eV above the edge(- 25 eV) were different rrom these models. · 

CONCLUSIONS 

The present study shows that: 
1) sample modifications can 
occur under UHV conditions 
and natural samples with high 
crystalline water are not 
suitable for studying un~er 
vacuum, 2) The sensitivity of 
Ca and S XANES to the local 
coordination environment can 
be used for interpreting these 
element bonding in complex 
and poorly crystalline natural 
materials, and 3) Ca and S 

-~ 
"' c 
B c ..... 
-~ 
~ 
"' .D 
< 

Mine Water pH= 0.4 M:ine Water pH= 1.6 

-10 0 10 20 30 40 -10 0 10 20 30 40 

Relative Energy (eV) 

Fig. 4. Fine grained CaC03 reactions with AMD. The sample edges were 
calibrated against CaC03 white line, 4052.7 eV. 

XANES of field and laboratory samples indicated that Al/Al-Ca rich sulfates form on limestone 
surfaces and their coordination is different from the known well crystal).ine models. More 
structure related studies (EXAFS, and theoretical XANES calculations) have to be conducted to 
identify the coordination environment around Ca and S. 
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Dissociation of Deep-Core-Excited CH3CI 
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Using x-rays from B.L. 9.3.1, a space-focused time-of-flight (TOF) mass spectrometer 
was used to study photofragmentation of CH3Cl following excitation in the neighbor­
hood of the Cl K-shell threshold ( ""'2.S keV). Multi-ion coincidence measurements were 
used to search for selective dissociation of specific bonds in the molecule. Such selec-. 
tivity has been observed for excitation near outer-core-level thresholds (e.g., Cl 2p), but 
this is the first study in deep core levels, where very-short core-hole lifetimes and Auger 
cascade effects may influence fragmentation. Both high-resolution time-of-flight spec­
troscopy and multi-coincidence photoelectron-photoion-photoion (PE- PIPICO), as well 
as photoelectron-photoion-photoion-photoion (PE3PICO) measurements were performed. 
Dramatic changes in the line shapes for different fragment ions are observed as a function 
of the excitation energy, and are attributed to selective dissociation of the CH3Cl molecule 
along the C-Cl bond. In addition, pronounced angular distributions of the ejected ions 

CH3CI On Resonance CH3CI Above Resonance 
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FIG. 1. CHaCl Spectrum taken on the la1 -+ 8a1 
resonance. 

FIG. 2. CHaCI Spectrum taken above the Cl 
J( -threshold. 

are observed on resonance. This can be seen by comparing figures 1 and 2. Figure 1 
represents data taken at photon energy corresponding to excitation to the Cl a1 anti­
bonding orbital (1a1 -t Sa1 ). A distinct splitting of the peaks is observed as a result of 
the alignment of the core-excited molecule on the Sa1 resonance. Because of this align­
ment, ions produced in the fragmentation of the molecule are ejected towards, and away 
from the detector. Figure 2 represents data taken above the K-shell resonance, where no 
such splitting is observed due to isotropic fragmentation of the molecule. 
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Fr?Igmentation of HCI Following Excitation at the Chlorine K Edge 
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A space-focussed time-of-flight (TOF) mass spectrometer was used to study the relaxation 
dynamics of HCl following excitation in the vicinity of the Cl-K edge (rv2.8 keY) using 
x-rays from B.L. 9.3.1. At the lowest resonant excitation to a a* antibonding orbital 
(la --+ 6a), a significant fraction of the excited molecules decay by emission of a neutral 
H atom. While neutral-H emission has been observed for shallow core levels (e.g. Cl2p in 
HCl), we believe this to be the first observation of neutral-atom emission as a significant 
decay channel following reson_ant excitation of a deep core hole. The dissociation <;>f neutral 
hydrogen atoms raises the issue of how effectively dissociation competes with Auger decay 
in the relaxation of these deep core levels (i.e. Cl ls ). The figure shows the evidence for 
this neutral dissociation. For this figure, peaks in the TOF spectra were integrated and 
their fractional yield was plotted as a function of photon energy. The most prominent 
feature in this graph is the dip in the fraction of h dro en and the corres on din · ump 

in the fraction of cP+ detected on 
resonance. These changes corre­
spond to a 40% decrease in the 
amount of H+ detected. In addi­
tion, trends in fractional ion yields 
from Photo-Ion Photo-Ion COin­
cidence (PIPICO) spectra suggest 
the presence of post-collision inter­
action (PCI). While, electron spec­
troscopy studies are required to 
confirm the observation of this ef­
fect, we believe this to be the first 
evidence of PCI moderated disso­
ciation in molecules. 
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FIG. 1. Fractional ion yield as a· function of excitation 
energy relative to the (10' -t 60') resonance in the chlorine 
[( near-edge region. 
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An Advanced Photoelectron Spectrometer/Diffractometer for Studies 
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INTRODUCTION 

A next-generation experimental end station for surface and interface science studies has been 
developed with the aim of making full utilization of the capabilities of a third generation 
synchrotron radiation facility such as the Advanced Light Source. This system, the Advanced 
Photoelectron Spectrometer/[Diffractrometer (APSD) (1], has initially been installed on one half 
ofthe rotating platform on the bending magnet beamline 9.3.2 [2] and is planned to be moved to 
the Elliptical Polarized Undulator (EPU) beamline 4.0.1 in the latter part of 1997. The first phase 
of the APSD system is completely commissioned and it has been routinely used by both the PRT 
and independent investigators since November, 1994 for numerous studies, as discussed in a 
number of other reports in this compendium (3-1 0]. The following is a brief description of the 
important characteristics of this experimental end station as it now stands, together with the 
various improvements and additions for enhancing its capabilities that are either underway or 
planned . 

. SYSTEM CHARACTERISTICS AND PERFORMANCE 

In Fig. 1, we show a schematic view of the APSD. It has been configured for high-resolution, 
high-intensity photoelectron spectroscopy, diffraction, and holography measurements. Fig. 2 
shows a photograph of the system, with major components labelled. The electron energy analyzer 
is a tuneable-resolution large-diameter hemispherical electrostatic system (Scienta ES200) [11] 
that has been incorporated into a main analysis chamber which can rotate over 60 degrees in the 
plane of the electron storage ring. This rotation is made possible by a large-diameter bellows 
linking the main chamber to the beamline, as shown in these figures. Such in-plane analyzer 
rotation, although common for much smaller analyzers mounted inside the vacuum system, has 

) not been attempted before in such an ex situ mounting, and it here permits selectively probing the 
angular variation of the differential photoelectric cross section, keeping the photon-sample 
geometry fixed while measuring intensities over a large fraction of the 2n solid angle above the 
surface, and scanning the analyzer synchronously with the sample polar-angle motion so as to 
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Figure 1. Schematic drawing of the Advanced Photoelectron Spectrometer/Diffractometer (APSD), with various 
components labelled. The rotation of the main chamber, including electron analyzer, and the range of photon­
electron geometries possible are also indicated. 

Figure 2. Photograph of the APSD system, 
with various components labelled. 
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keep the photoelectron escape process from the surface constant while varying the photon 
incidence geometry (e. g. while going into a condition of total reflection from the surface). 

The spherical grating monochromator ofbeamline 9.3.2 [2] and the analyzer (operated with a 
typical 10:1 pre-retardation of the electrons in energy) [1] are together capable of operating at 
energy resolutions of AE!Ekin - 1: 1 o4. This performance has been directly verified for our 
system, with linewidths as low as 3 meV being measured for an analyzer pass energy of2 eV. 
The analyzer is also equipped with a demountable collimator at its entry to limit the solid angle of 
acceptance to ±1.5° for high angular resolution studies. This collimator also has the desirable· 
effect of limiting the area of the sample seen by the analyzer, thus eliminating any emission from \ 
the adjacent parts of the sample holder that could affect quantitative analyses of surface 
compositions. The main chamber is also equipped with a standard AlKa./MgKa. x-ray source that 
can be used for oftline quantitative analysis and x-ray photoelectron diffraction measurements, 
and a low-energy electron flood gun for neutralizing charge in studies of insulating samples. 
Examples of data obtained with this system appear elsewhere [3-1 0]. 

The sample preparation and characterization chamber situated at the top of the system is 
separated from the main chamber by a gate valve. This chamber incorporates a variety of 
instrumentation: low energy electron diffraction (LEED) optics, an ion sputtering gun, Knudsen 
cells for metal deposition, a quartz crystal oscillator for monitoring growth, and a large-gap in 
situ electromagnet for magnetizing samples and carrying out surface magnetooptic Kerr effect 
(SMOKE) measurements. A high-precision long-travel sample goniometer with computer control 
of both polar and azimuthal motions and -±0:3° accuracies in both motions translates samples 
between the two chambers and permits automated scanning of angle-resolved photoelectron 
spectra. This can accommodate up to eight samples on a carousel, with in situ transfer to the 
measurement position being possible via a wobble stick. The choice of different kinds of sample 
holders allows heating the sample with non-inductive resistive heating, resistive heating by direct­
current passage through the sample, or electron-bombardment heating for highest temperatures up 
to 2300 K. A preliminary liquid nitrogen cooling system also permits lowering temperatures to-
200-220K. 

ADDITIONAL IMPROVEMENTS IN PROGRESS 

The analyzer is presently equipped with the standard Scienta multichannel detector that is only 
capable of an integrated count rate of -100 kHz over its full counting area, or -600-700 kHz 
when operated in a new "grey-scale" mode. These limits on count rate are often found to prevent 
taking full advantage of the photon flux as delivered by this bend-magnet beamline at the ALS, 
with these problems expected to be at least 1 Ox worse in the future siting of this system on the 
EPU. Thus, it is desirable to replace the existing detector with a much higher speed multichannel 
detector that can operate at up to the GHz rate. A first version of this high-speed multichannel 
detector with 192 channels and projected to be capable of operating at about 200 MHz will be 
tested shortly; this has been developed in collaboration with Quantar Technology, Inc. A second. 
more powerful version capable of operating in the GHz range is also under parallel development 
at LBNL. In addition, an alternative single-channel spin detector of the so-called microMott type 
has been fabricated and this is currently undergoing first tests and commissioning. The 
multichannel detector and the spin detector can also be interchanged in situ via a novel design 
utilizing a large differentially-pumped rotary seal, together with t\vo sets of linear drives. This 
permits positioning either one of the two detectors at the detection plane of the Scienta analyzer 
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without breaking vacuum. This spin detector will be used, together with circular polarized 
excitation, in the study of magnetic materials, with some first results of this type being discussed 
elsewhere in this compendium [6,8,9]. Another important development underway is the 
replacement of the original data acquisition system and analysis package with a much more user 
friendly and rapidly responding software/hardware system, as needed for example for time­
resolved studies of surface reaction kinetics [ 4]. 

Other characterization techniques including SMOKE and scanning tunneling microscopy (STM) 
are also ready to be added to the analysis and preparation chamber in the near future. 

As a final very important improvement to this system during the current year, we will replace 
and/or modify the sample goniometer to include more efficient cryogenic cooling down to -20K 
and higher angular accuracies of ±0.1 o or better, without sacrificing any of the aforementioned 
heating options. 

I 
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Beamline 9.3.2 is a high resolution, SGM beamline on an ALS bending magnet with access to 
photon energies from 30-1500 e V. Features include circular polarization capability, a rotating 
chamber platform that allows switching between experiments without breaking vacuum, an 
active feedback system that keeps the beam centered on the entrance slit of the monochromator, 
and a bendable refocusing mirror. Figure 1 shows a schematic of the beamline. The beamline 
optics consist of horizontally and vertically focussing mirrors, a Spherical Grating 
Monochromator (SGM) with movable entrance and exit slits, and a bendable refocussing mirror. 
In addition, a movable aperature has been installed just upstream of the vertically focussing 
mirror which can select the x-rays above or below the plane of the synchrotron storage ring, 
allowing the user to select circularly or linearly polarized light. 

Her lzontolly 
Oef.lecllng P11rror 
nanv-nllatCrlll1dl!rJ 

AbD PEAMLINE I a Z 
0123,56 

METERS 

Figure 1. Schematic of Beamline 9.3.2 with Circular Polarization Aperature and Bendable Refocussing Mirror. 

CIRCULAR POLARIZATION 

Circularly polarized x-rays are used to study the magnetic properties of materials. Beamline 
9.3.2 can supply left and right circularly polarized x-rays by a computer controlled aperture 
which may be placed above or below the plane of the synchrotron storage ring. The degree of 
linear and circular polarization has been measured and calibrated (see J. B. Kortright, et. a. in 
this compendium for details). The figure below shows the calculated and measured values for 
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Figure 2. Measured and calculated flux for circularly polarized x-rays (see text) 

the degree of linear ( Pd and circular ( P c) polarization and the fractional flux as the aperture 
was stepped across the vertical opening angle for 367 e V photon energy. 

BENDABLE REFOCUSSING MIRROR 

A bendable refocusing mirror was recently installed on Beamline 9.3.2. Preloaded micrometers 
allow precise and accurate control of all six degrees of freedom. A rotary vacuum feedthrough 
drives the in-vacuum bender via a flexible shaft. The mechanism allows bending of the mirror 
from infinity to an 80 meter focal length. The bend only changes the vertical focus. The 
horizontal focus is adjusted by tilting the mirror to vary the angle of incidence. Once the 
horizontal focus is set, the mirror is bent to bring the vertical focus to the same plane. 

ACTIVE BEAM-POSITION FEEDBACK 

The beamline is designed for high resolution work. Consequently, the entrance aperature of the 
monochromator is often used at > 10 J.lm opening. Because of the 2: 1 demagnification of the 
source, the image on the entrance slit is -50 J.lm. These two characteristics lead to very tight 
tolerances on maintaining the positon of the beam at the entrance slit. Beam and mirror drift 
were found to be a significant hindrance to stable operation of the beamline. We solved that 
problem by introducing a feedback mechanism on the vertically deflecting M2 mirror that keeps 
the beam centered on the exit slit via a computer controlled loop. The figure below shows the 
resulting flux at the exit of the monochromator with and without the feedback control system 
operating. 
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Figure 3. Error function vs. Time with and without feedback control of the M2 mirror pitch. 

ELECTRON BEAM MOTION DIAGNOSTICS 

The feedback system works well as a diagnostic tool for electron beam motion. We have been 
able to identify correlations between the synchrotron electron beam motions and environmental 
factors by monitoring the control voltage of the feedback loop. The figure bdow identifies the 
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Figure 4. Flux, beam position from SR BPM's, and feedback-control-voltage vs. time during crane operation 
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cause of a beam motion as being from the crane which was operated during the time marked. 
Several other features that correlate x-ray flux changes with electron beam motions and their 
correction by the M2 feedback system have been identified. 
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Design and Performance of a Soft-X-Ray Interferometer for 
Ultra-High-Resolution Fourier Transform Spectroscopy 

E.J. Moler, Z. Hussain, R.M. Duarte, M. R. Howells 
Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

A Fourier Transform Soft X-ray spectrometer (Ff-SX) has been designed and is under construction for the Advanced Light 
Source (ALS) at Lawrence Berkeley National Laboratory as a branch ofbeamline 9.3.2. The spectrometer is a novel soft x­
ray interferometer designed for ultra-high resolution (theoretical resolving power FJAE-106) spectroscopy in the photon 
energy region of 60-120 eV. This instrument is expected to provide experimental results which sensitively test models of 
correlated electron processes in atomic and molecular physics. The design criteria and consequent technical challenges 
posed by the short wavelengths of x-rays and desired resolving power are discussed. The fundamental and practical aspects 
of soft x-ray interferometry are also explored. 

1. INTRODUCTION AND SCIENTIFIC 
MOTIVATION 

Correlated electron motion is at the center of any 
chemical ·process and thus constitutes a very 
important arena of basic scientific research. The 
many-body nature of the problem precludes 
analytical solutions leaving only approximations to 
the quantum problem potentially tractable. The 
central problem in theoretical electron correlation 
studies is to find the appropriate approximations 
that describe all of the main characteristics of the 
experimentally observed features of such systems. 
It is natural to start with excitations of the helium 
atom since this is the simplest correlated electron 
system and, with the availability of synchrotron 
radiation sources, increasingly detailed 
experimental observations have become available. 
The Ff-SX spectrometer has been designed to 
probe this prototypical system with unprecedented 
resolving power. Of particular interest are the 
regions of overlapping double excitation series 
where classically chaotic behavior is mixed with 

quantization effects 1. 

2. SYNCHROTRON RADIATION AND 
RESOLUTION LIMITS OF STANDARD SOFT 
X-RAY MONOCHROMATORS 

Synchrotron radiation has proved to be an 
extremely useful tools in basic atomic and 
molecular physics studies. The high photon flux 
and tunable photon energy enables detailed studies 
of excitation processes which are considerably 
challenging to the theoretical physics community. 
Third generation light sources, such as the 

Advanced Light Source (ALS) at Lawrence 
Berkeley National Laboratory, coupled with high 
resolution beam lines are providing extremely 
detailed observations of scientifically important 
systems such as the helium double excitation series, 
a correlated electron system, in the soft x-ray 
range. However, there is more to be gained with 
increased resolving power in x-ray absorption 
experiments. 

The highest resolving power soft x-ray beam lines 
available consist of a low emittance synchrotron 
source and a highly optimised, grating based 
monochromator, usually a Spherical Grating 
Monochromator (SGM). The low emittance source 
allows for relatively high photon flux while using 
the small aperatures necessary to operate the SGM 
at maximum resolving power. While the claim of 
experimentally achieved resolving power can vary 
depending on the interpretation of the data and 
caution of the investigators, it is apparent that the 
theoretically maximum resolving power of a 
spherical grating monochromator 2, (E/~50,000) 
has been closely approached by Kaindle, et al. in 
the region of the helium double excitations (- 65 
eV)2. 

3. SOFT X-RAY INTERFEROMETRY AND 
ESSENTIALS OF FOURIER TRANSFORM 
SPECTROMETRY 

To achieve a higher resolving power, a different 
approach must be used other than the "traditional" 
grating based monochromator. It has been known 
in optics for a long time that interferometers can 
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Figure 1. Schematic of Soft X-ray Interferometer. 

always, in principle, outperform gratings in terms 
of maximum resolving power or phase space 
acceptance for equivalent resolving power3. In 
practice, interferometry with x-rays is very difficult 
due to the short wavelengths. It is only recently 
that the mechanical, optical, and metrological 
technology have advanced enough to practically 
build a soft x-ray interferometer for Fourier 
transform spectrometry. 

The basic operation of a Fourier transform 
spectrometer is to split an incident beam into two 
parts and recombine them coherently after 
introducing a phase delay. The Fourier transform 
of the resulting interference pattern, as a function of 
phase delay or path-length difference, gives the 
energy spectrum of the incident beam. The 
Michelson interferometer, which is widely used in 
infra-red spectroscopy, is the most common 
example of such an instrument. The path-length­
difference is introduced by moving one or more 
mirrors to vary the geometric distance between the 

beam splitter(s) and the detector. The key 
components of any interferometer are the beam 
splitters, which usually determine the optical 
aperature and operating range of an interferometer, 
and the mirror translation stage, which determine 
the maximum resolution of the instrument. 

The resolution of any optical spectrometer depends 
on the maximum path length difference introduced 
between the various parts of the beam. More 
precisely, 

1 
8v=-

2M.. 

where M.., is the maximum path-length-difference 
introduced and <5v is the maximum resolution in 
wavenumber. If one can maintain the alignment of 
the mirrors to ensure proper overlap of the beams at 
the detector, the resolution of an interferometer can 
be arbitrarily small by simply increasing M.... A 
grating, on the other hand, has a limit to the 
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maximum path-length-difference which it can 
accomodate. 

4. OVERVIEW OF FT-SX BRANCHLINE 

The FT -SX spectrometer is a modified Mach­
Zehnder type interferometer designed to operate in 
the 60-120 eV photon energy range (wavelength 
10-20 nm) with a theoretical resolution of -65 
~eV.It is a permanent end-station branch of 
beamline 9.3.2 at the ALS. The synchrotron 
radiation is first pre-filtered by the SGM 
monochromator, operated in a moderate resolution 
mode with a 100 l/mm grating, to improve the 
signal/noise ratio of the absorption spectrum 
measured by the interferometer. The x-rays are then 
deflected by a simple plane mirror downstream of 
the monochromator exit slit then pass through the 
FT-SX spectrometer and a conventional gas 
ionization cell and impinge on a solid state detector. 
The entire interferometer is mounted in a' high­
vacuum chamber separated from the UHV beamline 
by a thin foil window. The vacuum vessel is 
mounted on an optical table to damp vibration. The 
moving mirror stage is driven by a double action, 
hydraulic piston which is external to the vacuum 

vessel. The mirror position in the interferometer is 
measured with a commercially available HEWLITT­
PACKARD heterodyne laser interferometer with a 
resolution of 3 A and an actual rms noise of 4.5 A. 
Both the piston drive and the laser interferometer are 
mounted on the optical table. The heart of the 
spectrometer is a flexture-hinged linear motion stage 
upon which is mounted four mirrors permanently 
aligned by optical contacting to a custom, high 
precision prism. 

5. SOME TECHNICAL CHALLENGES AND 
SOLUTIONS 

A detailed discussion of the design and specification 
considerations for a soft x-ray interferometer is 
beyond the scope of this paper. Here we present just 
a few ofthe key features of the FT-SX spectrometer. 

BEAM SPLIJTERS 

Beam splitters for soft x-rays are not readily 
available. We have chosen to use a wavefront 
dividing beamsplitter which is essentially an x-ray 
quality mirror with slots. The difficulty in 
fabricating such a device is to maintain a tolerable 
slope error on the reflecting parts (flatness <1 ~rad 
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and surface roughness -3 A rms) while creating 
slots which are small enough to allow coherent 
splitting of the incident x-ray beam. Additionally, 
the thin "bars" of mirror left between the slots must 

. have an optical coating to achieve reasonable 
reflectivity. Based on the coherence properties of 
the incident x-ray beam we determined a slot width 
of 50 J.Lm and a period of 100 J.Lm was sufficient to 
split the x-ray beam coherently. The scheme 
developed to fabricate the beam splitters is as 
follows: 

a) a single crystal Si wafer is polished to an x-ray 
quality finish with a specific orientation relative to 
the (llO) crystal plane. 

b) the back side of the wafer is ultrasonically 
machined to thin the center of the wafer where the 
slots will be and to cutout chamfers to allow the 
grazing incident x-rays to pass through the slots. 

c) the wafer is masked and the slots are chemically 
etched with an etchant that preferentially cuts along 
the [110] direction. 

d) the optical coating is applied in a manner to 
maintain a stress free thin film. For the ALS 
spectrometer we have selected molybdenum. 

The beam splitters have been successfully fabricated 
by Rockwell Power Systems Division of Rockwell 
International. 

THE MECHANICAL MIRROR STAGE 

The mirror stage must allow enough motion to 
introduce the desired path-length-difference between 
the two halves of the x-ray beams and must maintain 
an angular alignment which ensures coherent 
recombination of the two beams at the detector. For 
the FT-SX spectrometer the total range of motion is 
- 1 em and the angular tolerance is ±0.1 arc-seconds 
across the entire range. We have achieved this by 
using "cartwheel" type flexural hinges (see fig. 1) 
which were wire-EDM cut from a monolithic 
maraging steel slab. 

6. CONCLUSION 

An FT-SX spectrometer is currently under 
construction at the Advanced Light Source at 

Lawrence Berkeley National Laboratory. The 
technical challenges posed by the short wavelength 
of the x-rays and the desired, ultra-high resolving 
power have beeri met using state-of-the-art 
mechanical, optical, and metrological technology. 
We believe this general scheme may be adapted to 
other uses such as high throughput and high 
resolving power x-ray flourescence spectrometers. 
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Diffraction Patterns of the Beam Splitters Used in a Soft-X-Ray 
Interferometer with He-Ne Laser 
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Two 50% reflection-50% transmission-grating beam splitter(B.S.) are being used in the 
soft x-ray interferometry[1,2] at Beamline 9.3.2 of ALS. They are consisted of a rigid flat 
mirror with a series of slots width 50 Jf1Il etched in part(5 x 18 mm2

) of the area . 

TI1e diffraction patterns of the first B.S. and both B.S.s were investigated with He-Ne 
laser in both cases of normal incident and LfJ0 grazing incident to the B.S.[Fig. 1]. The 
intensities of each diffraction patterns were measured with a radiation power meter(ORIEL 
1wm, 70261) 

Laser 

Beam 

Figure 1. Optical path of the interferometer 

The normal incident pattern is str~ht line and shows nearly same intervals, and the 
intensities of them are similiar to that of the double slits with Fraunhofer diffraction 
theory. The diffraction patterns of grazing incident[3] show a circle spot line. The 
transmitted patterns and reflected patterns show a symmetric arc on a long distance 
screen, whose radii are same and confirm a modified diffraction equation[Fig. 2]. 

The intensities of all the fringes of the B.S. also follows to the Fraunhofer diffraction 
theory. Patterns of the grating were affected strongly by the single slit effect. It was 
observed that only 3 fringes of each pattern were illuminated on the 2nd beam splitter. 
For the soft x-ray( A = 10 nm), the number of fringes illuminating on the 2nd B.S. was 
calculated from the results of He-Ne laser beam( A =632.8 nm) experiment; and showed 
x=0.0314 mm(fringe interval), n= +95.5(number of order) and therefore the total number was 
191 fringes. 

Beamline 9.3.2 Abstracts • 344 



The patterns produced by the 2nd beam splitter were also investigated in. intensities and 
positions of them. Both patterns of upper beam and lower beam are same direction and 
same radll of circle[Fig. 3]. It was found that each fringe was consisted of fine fringes 
which was caused by two fringe beams that was arrived at the 2nd beam splitter. 
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FigUre 2; Diffraction pattern of B.S. Figure 3. Diffraction fringes through the interferometer 
(a) transmitted (a) transmitted beam 
(b) normal (b) interferometer beam(a+c) 
(c) reflected (c) reflected beam 
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INTRODUCTION 

Growing interest in utilizing circular polarization prompted the design of bend-magnet beamline 
9.3.2 at the Advanced Light Source, covering the 30-1500 eV spectral region, to include vertical 
aperturing capabilities for optimizing the collection of circular polarization above and below the 
orbit plane. 1 After commissioning and early use of the beamline, a multilayer polarimeter was 
used to characterize the polarization state of the beam as a function of vertical aperture position. 
This report partially summarizes the polarimetry measurements and compares results with 
theoretical calculations intended to simulate experimental conditions. A more ·complete 
discussion can be found in ref 3. 

EXPERIMENT 

ALS bend-magnet beamline 9.3.2 was designed to collect out-of-plane circular polarization using 
variable apertures upstream of the first vertically deflecting optical element. A narrow (0.037 
mrad) vertical aperture is much smaller than the vertical beam width. Two wide apertures (1;9 
mrad) can pass the entire beam when centered vertically, and can block the beam from above or 
below to define an arbitrary vertical aperture. All apertures are precisely positioned by computer. 
Both the narrow and wide apertures were systematically stepped across the beam and the 
polarimeter was used to determine the degrees of linear and circular polarization as a function of 
vertical aperture position. 

The polarimeter uses linear polarizers based on multilayer interference structures with Bragg 
peaks at the 45° Brewster angle.2 The polarimeter is capable of translating a laterally graded 
multilayer to form a continuously tunable polarizer for spectroscopic measurements. In these 
measurements we utilized three separate uniform multilayers which could be translated in vacuum 

/ 

to measure the polarization at three widely separated energies. These multilayers were designed 
to operate at 97 eV (Mo/Si multilayer),367 eV (W/B4C), and 722 eV (W/B4C). Using a 12 A 
period W/B4C multilayer, these were the first direct polarization measurements ofbend magnet 
radiation at energies above 700 eV. The polarimeter can house a transmission multilayer phase 
retarder4 which can experimentally distinguish between unpolarized and circularly polarized 
radiation. A phase retarder was not used in this case, and we have learned that the amount of 
unpolarized radiation is smaller than the uncertainty in our measurements. 
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RESULTS 

Polarization was measured as the narrow and wide vertical apertures were systematically stepped 
through the beam's vertical opening angle \jl. Measurements were made after a systematic 
alignment of the beamlines optical components, which effectively centered them on the vertical 
center of the beam. Only results from the highest energy studied are reported here. 

The intensity reflected from the polarizer as a function of azimuthal angle a is given by 

I( a)= So(Rs + R.p)/2 + 0.5(Rs- R.p)[Stcos2a + S2sin2a] 

where Rs and R.p are reflectivities of s- and p-component radiation from the polarizer, and So, St· 
and S2 are the first three of four Stokes parameters that define the intensity and polarization state 
of the beam. Thus we measure directly the degree oflinear polarization, PL = (S? + S/)112/So. 
Circular polarization is represented by the fourth Stokes parameter, S3, and the degree of circular 
polarization Pc = S3/S0• Pc is determined from PL2 + Pc2 ~ 1, with the equality holding in the case 
of no unpolarized radiation. 

Figure 1 shows results at 722 e V of scaniling the narrow vertical aperture through the beam. 
Symbols are experimental values and lines are theoretical values from calculations that include 
effects of non-zero slit width and the finite length of optical elements. The degree of linear 
polarization is in good agreement with theory over the entire vertical opening angle. In particular, 
the agreement of measurement with theory near \jl = 0 is within measurement error and indicates 
that the degree oflinear polarization (0.999) is essentially complete. We measure no unpolarized 
radiation near \jl = 0, and we assert that there is little reason to expect an increase in any 
unpolarized component away from 'I'= 0. Thus we conclude that any unpolarized radiation 
present is at or below our detection limit, and we use the equality above to determine the degree 
of circular polarization. The Pc values measured and calculated show good agreement. Similarly 
good agreement was obtained at the lower photon energies. 

Figure 1. Measured and calculated degrees of 
linear (PL) and circular (P c) polarization transmitted 
through a 0.037 mrad vertical aperture as it is 1.0 
scanned vertically through the vertical fan of bend 
magnet radiation~ 0.8 

~u 0.6 

~ 
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--Theory 0. 0 L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L..J._L-I....J 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

\jl (mrad) 

Beamline 9.3.2 Abstracts • 347 



Figure 2. Measured and calculated PL. Pc, and 
relative flux as a function of the obscuring edge 
position of a wide, semi-aperture that transmits 
all photons to higher I'VI· 
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Figure 2 shows polarization and flux results at 722 e V as the wide aperture is scanned through the 
beam. For positive 'V values this semi-aperture obscures the beam from below, while for negative 
'V values the semi-aperture obscures the beam from above. Symbols are experimental values. 
Lines are calculated theoretical values. The agreement between measurement and theory is 
reasonably good, although somewhat less good than was the case with the narrow vertical 
aperture. This is because the measurements with the wide, semi-aperture are more difficult to 
simulate accurately in the calculation because of the uncertain transmission of out-of-plane 
radiation with increasing I'VI· Reduced transmission at larger I'VI would result in reduced circular 
polarization and increased linear polarization, as is observed. The flux fraction is that fraction of 
flux transmitted through the semi-aperture compared to the flux transmitted with the aperture 
removed. Evidently the beamline transmission a large positive 'V was somewhat reduced, 
consistent with the above interpretation. With the semi-aperture removed to transmit the entire 
beam, measured values of the degree of linear and circular polarization equal those measured with 
the aperture edge at 'V = 0, confirming that the radiation of opposite helicity from above and 
below the orbit plane shows no coherence, as expected. 

The semi-aperture data allow us to investigate and optimize a generalized figure of merit of 
interest in experiments utilizing circular polarization. For photon-limited measurements a figure 
of merit often used is P c· I112, where I is the intensity in the incident beam. Here we substitute the 

fractional flux passing through the semi-aperture for I to investigate this figure of me~t as the 
aperture position is varied. Measured and calculated quantities are in Figure 3, and both have the 
same general shape. A shallow minimum at 'V = 0 is predicted but does not appear to be observed 
experimentally. Out-of-plane effects mentioned above cause the measured figure of merit to fall 
more rapidly with 'V than predicted. The figure of merit is optimized with the semi-aperture at or 
just beyond 'V = 0. Thus experiments using left or right circular polarization are best illuminated 
with only roughly a factor of 2 loss in total intensity, assuming this figure of merit overrides other 
experimental considerations. For many experiments, a high value ofPc may be more important 
than this figure of merit, in which case a more extreme out-of-plane aperture may be selected. 
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Figure 3. Measured and calculated values of 
a figure of merit given by the square root of the 
flux fraction times the degree of circular 
polarization as the wide, semi-aperture is 
stepped across the vertical opening angle 
at 722 eV. 
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CONCLUSIONS 
'I' (mrad) 

Multilayer linear polarizers enable the direct measurement of polarization in a range from roughly 
50 to at least 1000 eV spanning the EUV and soft x-ray. Even with low reflectivities at the higher 
photon energies, intense synchrotron beams are easily measured. The degrees of linear and 
circular polarization measured with the well-defined, narrow vertical aperture are in very good 
agreement with theoretical predictions. Any unpolarized radiation that may be present has 
intensity smaller than our experimental uncertainty. Further work is necessary to quantify any 
small residual unpolarized component. Thus, careful vertical aperturing and well aligned optics 
produce beams whose polarization is measured to be quite close to theoretical predictions. 
Conversely, users of bend-magnet radiation without careful alignment, aperturing and polarimetry 
are likely to be using beams of unknown polarization state. To obtain a beam with PL = 1, a 
narrow slit on axis must be used. The figure of merit given by Pc * 1112 is maximized with the 
semi-aperture edge on the orbit plane, so that only half of the total available flux is lost in 
optimizing this figure of merit. 
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Adsorption Site and Structure Determination of c(2x2) NzfNi(lOO) 
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We have determined the atomic spatial structure of c(2x2) N2/Ni(100) with Angle-Resolved 
Photoemission Extended Fine Structure (ARPEFS) from the nitrogen 1s core level using 
monochromatized x-rays from beamline 6.1 at SSRL and beamline 9.3.2 at the ALS. The 
chemically shifted N 1s peak intensities were summed together to obtain ARPEFS curves for 
both nitrogen atoms in the molecule. We used a new, highly-optimized program based on the 
Rehr-Albers scattering matrix formalism to fmd the adsorption site and to quantitatively 
determine the bond-lengths. The nitrogen molecule stands upright at an atop site, with a N-Ni 
bond length of2.25(1) A, aN-N bond length of 1.10(7) A, and a first layer Ni-Ni spacing of 
1.76(4) A. The shake-up peak shows an identical ARPEFS diffraction pattern, confirming its 
intrinsic nature and supporting a previous use of this feature to decompose the peak into 
contributions from the chemically inequivalent nitrogen atoms. Comparison to a previously 
published theoretical treatment ofN-N-Ni and experimental structures of analogous adsorbate 
systems demonstrates the importance of adsorbate-adsorbate interactions in weakly chemisorbed 
systems. 

INTRODUCTION 
Angle-Resolved Photoemission Extended Fine 
Structure (ARPEFS) is a well established 
technique for determining the spatial structure 
of atomic and molecular adsorbates on metal 
surfaces 1-3. We have used ARPEFS to 
determine the adsorption site and bond lengths 
of c(2x2) molecular nitrogen on Ni(1 00). · 
Nilsson and Martensson found two sharp 
peaks in the photoemission spectrum of the N 
1 s core-level corresponding to the two 
chemically inequivalent nitrogen atoms in the 
molecular adsorbate4. They also investigated 
the broad satellite peak 6 e V below the main 
peaks and concluded that it was a shake-up 
peak associated with final-state molecular 
excitations. Their analysis of the shake-up 
satellite was based on the implicit assumption 
that the satellite peak showed identical 
scattering characteristics to the main peak. 

This assumption has not been previously 
established. 

SURFACE STRUCTURE 
DETERMINATION 
The photoemission intensities were extracted 
from the XPS spectra in the standard 
method1. We have performed full Multiple 
Scattering Spherical Wave (MSSW) 
calculations using the formalism ofRehr and 
Albers5 to determine the best match of 
adsorption site and bond lengths to the 
experimental ARPEFS x-curve. The program, 
developed entirely within our group, is highly 
optimized for obtaining a best fit to 
experimental data including multiple emitters6. 
We used second order matrices ( 6x6) and up to 
8th order scattering, which produce a 
convergent calculation at these energies and 
inter-atomic distances. The best fit was 
defined by.the conventiot:~al R-factor 
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analysis 1. We show the experimental chi­
curve and the best fit for each of the three 
adsorption sites in figure 1. 
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Figure 1. Experimental ARPEFS curve and 
best fit calculation for each adsorption site. 
The experimental curve is derived from the 
sum of the intensities from the two main 
peaks in the XPS spectrum. Clearly the 
atop adsorption site gives the best fit with 
an R-factor of0.34. 

To obtain these fits we allowed theN-Nand 
N-Ni distances and the spacing between the 
first two nickel layers to vary. We also 
allowed the inner potential, the Debye 
temperatures of the near surface layers, and 
the tilt of the N-N molecule to vary. Clearly 
the atop site is the best fit, with an R-factor of 
0.34. The N-Ni bond length is found to be 
2.25 A and the N-N bond length is found to be 
the gas-phase nitrogen value of 1.10 A. 
Interestingly, the spacing between the first 
two nickel layers is found to be the bulk nickel 
value of 1.76 A, in contrast to the contracted 
clean-metal layer spacing of 1.60 A as 
reported by Frenken, et. al. 7 . Oed, et. al. 
have found the clean metal contraction to be 
~1%, a spacing of 1.74 A8. A surface debye 
temperature of 220 K and an inner potential of 
15.1 e V were found to give the best fit. 
To examine the sensitivity to the layer 
spacings and establish error bars we calculated 
the R-factor for various interlayer spacings 
andinner potentials. It has been shown that 
the inner potential may affect the derived layer · 
spacings and must be included in the R-factor 
analysis9. The uncertainty is reported as one 
standard deviation, i.e. a confidence level of 

0.68, and is written· in parentheses following 
the last significant digit. All other layer 
spacings were optimised to the best fit for 
each fixed parameter value in the R-factor 
determination. Figure 2 shows the R-factor 
contour for the N-Ni layer spacing and inner 
potential and for the first layer Ni-Ni spacing 
and inner potential.. 
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Figure 2. R-factor vs. inner potential and N­
Ni layer spacing. The minimum is at a 
layer spacing of2.255 A. R-factor vs. inner 
potential and spacing between the first and 
second nickel layers. 

Extraction of the error bars from the R-factor 
analysis has been discussed previouslylO. We 
conclude from these analyses that the error in 
the N-Ni layer spacing is 0.01 A, the Ni-Ni . 
layer spacing is 0.04 A, and the N-N bond 
length is 0.07 A. 

THE SATELLITE PEAK 
An interesting feature of the photoemission 
spectra is the broad, intense peak at 6 e V 
below the main peaks. Nilsson and 
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Martensson assigned this peak as an intrinsic 
satellite feature, and shows that it contains 
contributions from both of the main peaks by 
spectrum subtraction, making use of/the 
variation in peak intensities with emission 
angle7. In fig. 5 we compare the x-curve of 
the sum of the main peaks to the x-curve of 
the 6 e V satellite. 
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NJNi(IOO) 

N Is Initial State 
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) 

Figure 3. Comparison of ARPEFS chi­
curves for the main peaks and the satellite 
peak. The curves have been Fourier 
smoothed to a 13 A cutoff to facilitate 
comparison. 

The main peak curve (solid) and the satellite 
curve (dotted) are each plotted against the k­
value of its corresponding peak. The peak 3 
curve is also plotted vs. the k-value of the 
main peak (dash-dotted). The peak 3 chi­
curve, plotted vs. its own k-value, follows the 
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summed main peak chi-curves very closely, 
showing that it displays an identical ARPEFS 
diffraction pattern to the main peaks, including 
identical amplitudes. We infer that the 6 e V 
peak arises from intrinsic satellite structures, 
each having the same intensity ratio as its main 
peak. 

CONCLUSION 
We have measured the nitrogen 1 s ARPEFS 
oscillations from c(2x2) N2/Ni(IOO). We find 
that the nitrogen molecule adsorbs in an atop 
site with the N-N bond normal to the surface 
with aN-N length of 1.10(7) A. The N-Ni 
bond length is 2.25(1) A and the first Ni-Ni 
layer spacing is 1.76(4) A. The satellite peak 
intensity shows the same chi curve as the sum 
of the two main peaks, confirming that the 
co~ponent satellite peaks are intrinsic, and 
with the same intensity ratio as the main 
peaks. Comparison with theoretical 
treatments of the N-N-Ni system and 
experimental structures of analogous adsorbate 
systems suggests that a quantitative 
theoretical treatment of weakly adsorbed 
systems must include lateral interactions 
between adsorbates. 
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INTRODUCTION 

Magnetic dichroism in core-level photoelectron emission from solids represents a promising new 
element-specific probe of surface and interface atomic structure and magnetic order. One way of 
measuring such effects is by using photoelectrons excited by circular polarized radiation, thus 
leading to magnetic circular dichroism (MCD) if the intensity with right-circular polarized (RCP) 
light is not equal to that with left-circular polarized (LCP) light. The spin-integrated 
photoelectron intensity in a certain emission direction also in general depends on the direction of 
the magnetization in a magnetic material. In fact, if the magnetization lies in a surface mirror 
plane, then inverting its direction can provide a second way of measuring MCD. Purely atomic 
theoretical models have been successful in explaining many aspects of such data [1]. By varying 
the emission direction one also probes the geometric structure of the sample. But such MCD in 
photoelectron angular distributions (MCDAD) then has to be interpreted also in terms of 
photoelectron diffraction. Measuring the temperature dependence of such MCD effects also 
provides a useful tool for studying magnetic transition temperatures. We have here studied such 
effects in core-level emission from Gd(0001). 

EXPERIMENT 

The experiments have been performed on beamline 9.3.2 [2a] using the advanced photoelectron 
spectroscopy/diffraction endstation [2b]. Photoelectron spectra were measured with a Scienta-
200 electronanalyzer, and with an overall photon-plus-analyzer energy resolution of about 1 eV. 
All spectra shown have been taken at a photon energy of about 450 eV yielding Gd 4d 
photoelectron energies of ab~ut 290-298 eV. The helicity of the photons can be chosen by 
moving an aperture above or below the plane of the storage ring, with the degree of circular 
polarization being about 80-85% [2a]. In the experiments presented here, we have largely used 
LCP light, but spot checks were also made to see if inverting magnetization in a mirror plane 
yielded the same effects as switching to RCP light. 

The samples used were atomically thick films of Gd evaporated at room temperature onto a clean 
W(110) substrate. The thickness ofthe Gd films was chosen to be 100ML (:::300A), as monitored 
by a quartz crystal microbalance, with final annealing at 700 K to insure monatomically flat 
surfaces. The cleanliness and crystalline order of the substrate and the final films were checked by 
x-ray photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED), 
respectively. The Gd films have been studied with remanent in-plane magnetization, as induced 
by an in-situ magnetic field of about 200 G lying along a high-symmetry direction containing a 
mirror-plane of the crystal. During photoemission measurements, the light impinged on the 
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sample at an angle of 20° relative to the surface. Photoelectrons were collected either in normal 
emission or in emission at 20° with respect to the surface normal, and the sample was rotated 
stepwise about its surface normal so as to vary the azimuthal emission angle. The geometry is 
shown as an inset in Figure 1; the photon incidence direction q, the surface normal n, and the 
photoelectron wave vector k all lie in a plane. The MCD measurements were performed by 
inverting the magnetization direction; this was done simply by rotating the sample by 180° around 
the surface normal. The angle varied in the angle-dependent spectra shown below (<l>M).is thus 
also the angle between the magnetization directions and the plane defined by q, n, and k. 

RESULTS 

Figure 1 shows an example of Gd 4d core-level spectra taken with the two different orientations 
ofthe magnetization axis (here denoted as parallel (p) and anti-parallel (a)). Also shown is a 
normalized MCD difference or asymmetry curve obtained from these two spectra. This 
asymmetry curve agrees very well with a free-atom theoretical description by van der Laan et al. 
[1], although the present data better resolve the individual final states of the Gd+ ion than the 
experimental results presented in this prior study. As an overall measure of the MCD effect, we 
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have taken the difference between the maximum and minimum values ofMCD curves such as that 
in the bottom panel ofFig. 1. For normal emission, Fig. 2(a) shows this overall MCD as a 
function of<I>M. The same quantity for emission at 20° off normal is shown in Fig. 2(b). 

The data in Fig. 2(a) basically exhibit a cosine-like behavior which would be expected from the 
free atom case, and there is excellent agreement with calculations based on such a free-atom 
model. However, the MCD behavior in Fig. 2(b) shows noticeable deViations from free-atom 
behavior, and this is reproducible over three different samples studied. The additional MCD 
modulations riding on the overall cosine-like curve are due to photoelectron diffraction. In order 
to learn more about the scattering processes involved, we have performed simulations using 
single-scattering and multiple scattering cluster calculations and including spin-orbit splitting and 
exchange splitting in the initial state (3]. The results ofthese calculations are shown in Fig. 2(b) 
as a dotted line. The theory well reproduces the additional modulations found in the experiment 
and clearly identifies them as diffraction features. 

Turning now to the temperature dependent data, we note that the Curie temperature for bulk Gd 
material is about 293K. Thus, our samples were initially cooled to approximately 260K and then 
heated up to about 340 K in order to determine the manner in which the magnetic order 
disappears. Some preliminary results are shown in Fig. 3, where we plot the overall MCD 
asymmetry as a function of temperature for two runs on different samples. As temperature is 
increased, one clearly observes the decrease of the MCD signal to a negligibly small value when 
T c has been exceeded, with the second run having a slightly higher transition temperature by 
about 1 OK. Shown also in Fig. 3 are magneto-optical Kerr effect (MOKE) measurements for two 
different annealing temperatures in preparing the Gd that span our choice of700K [4]; these 
confirm the transition temperature seen in our first run, which is essentially the bulk value. Since 
MOKE penetrates a number of atomic layers into the sample, it is not surprising that it yields a 
bulk transition temperature for such a thick film. However, photoemission is a surface sensitive 
probe, so we might also expect to detect a surface-specific transition temperature, if it is in fact 
higher than that of the bulk by 20-60K, as has been proposed previously (5]. There may be some 
indication of this in the data for our second MCD run, which in fact had a cleaner surface, but 
further measurements will be necessary to confirm this suggestion. 

CONCLUSIONS 

For thick Gd(OOOI) films grown on W(IIO), we have obtained angle~dependent magnetic circular 
dichroism (MCD) data which vary by as much as ±35%. These data also reveal modulations of~ 
±5% which are verified as due to photoelectron diffraction effects by comparison with diffraction 
calculations. Additionally, we have measured the temperature dependence of the MCD 
amplitude. This clearly shows the bulk Curie temperature, and perhaps an indication of a higher 
surface Curie temperature. More investigations of these issues, from both experimental and 
theoretical viewpoints, are underway. 
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Fig.3: Temperature depend­
ence of the MCD 
asymmetry for a takeoff 
angle of 70°. Shown are two 
different experimental 
MCD runs and MOKE 
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comparison [4]. The 
sample surface in the first 
run was slightly contami­
nated, and shows a lower 
transition temperature by 
about lOK. 
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The lubricating performance of motor oil is 
adversely affected by the carbon soot contami­
nation that is a natural by-product of the 
combustion process. Particularly in diesel 
engines, 'blow-by' is a problem that greatly 
decreases the longevity of the engine-lubricat­
ing oil. Motor oil manufactures spend consid­
erable resources developing new oil formula­
tions that counteract the adverse affects of this 
combustion soot. At present, the only effective 
way to test new formulations is in a working 
engine. This process is obviously expensive 
and not especially efficient. In this ongoing 
work in collaboration with Chevron Research 
and Technology, our goal is to find a form of 
carbon that chemically resembles the soot 
created by the 'blow-by' in a diesel engine. 
The chemically correct soot substitute can be 
used in bench tests to replace the expensive 
full motor testing for new formulations. The 
final testing would still be done in the test 
motors but only with promising candidates. 

To these ends, Near Edge X-ray Adsorp­
tion spectroscopy Extended Fine Structure 
(NEXAFS) is an attractive technique in that it 
has chemical specificity through the core-level 
binding energy and because it probes the 
chemically important unoccupied molecular 
orbitals of the material. Core-level 
photoabsorption has been used to characterize 
the empty electronic states of a wide variety of 
materials. Specifically, the near-edge region of 
the photoabsorption process has been used to 
determine the relative quantity of sp2 and sp3 

bonding in carbon films 1
• 

These experiments were performed on 

Beamline 9.3.2 at the Advanced Light Source 
(ALS) in Berkeley. The samples were fine 
grained powders pressed into pellets. The 
C(1s) absorption spectra were collected from 
each sample by measuring the total electron 
yield from the sample as a function of photon 
energy. The absorption intensity was normal­
ized to the incoming photon flux by measuring 
the photoyield from a fine gold mesh. Clean 
gold was evaporated on to the grid before 
starting the data collection. 

Figure 1 compares the absorption spectra 
for three related carbon black samples. R760 is 
a commercialy available carbon black (Raven 
760) that was added to two oil formulations, A 
and B, as a soot surrogate. These oils were 
tested in a diesel engine, and samples, RA and 
RB recovered from the oil after the test inter­
val. These spectra show very similar structure 
above the adsorption edge in the cr* region 
(above 289 eV). However, the uppermost 
sample, labeled R760, shows significantly 
different structure before the edge. Many past 
carbon NEXAFS studies have shown this 
region to correspond to ls-1t* transitions 
associated with the p-type unoccupied molecu­
lar orbitals2•4• The differences shown in Fig 1. 

I 

suggest that these samples differ in their 7t-

bonding. The energy shift of the most promi­
nent peak in this region could be due to 7t­

bonding to atoms other than carbon. 
Figure 2. compares the R760 and the RA 

carbon black samples to several model com­
pounds, acetylene black, vulcan black, and 
graphite. The RA sample is most similar to the 
vulcan black model compound with a single 
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Figure 1. Normalized C(1s) photoabsorption 
measured by total electron yield. R760, a commer­
cially available carbon black was added to fully 
formulated motor oils A and B. The oils were run in 
a diesel test engine, and soots RA and RB recov-, 
ered from the used oils. The spectra are very similar 
above the edge at 289 eV. However, below the edge 
the recovered soot differs from the parent com­
pound in the region where the 1t-bonding is probed. 

cr* peak, though the position of the peak in the 
vulcan black sample is shifted to lower energy 
by 1.5 eV. The R760 sample seems to be most 
like the acetylene black, with two pre-edge 
peaks at 283 and 286 e V respectively. These 
positions are shifted from those in the acety­
lene black by 400 me V toward higher binding 
energy. 
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Figure 2. Normalized C(ls) NE~S sp~tra 
comparing assorted carbon blacks, mcludmg 
recovered soot from a diesel test engine, RA. The 
R760 most closely resembles the acetylene black. 
Both show two pre-edge peaks in the 1t* region, 
with the peaks in the R760 compound shift~ 4~ 
me V to higher energy. The size of the edge JUmp ts 
also similar. The RA sample resembles the vulcan 
black with one 1t* resonance, shifted 1.5 e V higher 
in energy. 
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Characterization of Heterogeneous Nickel Sites in CO Dehydrogenase from 
Clostridium thermoaceticum by Nickel L-Edge X-Ray Spectroscopy 

C. Y. Ralston,1 M. Kumar,2 S. W. Ragsdale,2 and S. P. Cramer1,3 

(I) Department of Applied Science, University of California, Davis, CA 95616 
(2) Department of Biochemistry, University of Nebraska, Lincoln, NE 68583 

(3) Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

L-edge x-ray absorption spectroscopy (XAS) is a useful spectroscopic technique for determining 
the electronic state of transition metals. For first row transition metals, the L-edge represents a 
transition from 2p core levels to 3d valence levels. Coulomb and exchange interactions between 
the core hole and 3d valence electrons make the L-edge sensitive to the number and 
configuration of 3d electrons, hence to the metal spin state and oxidation state. We have used L­
edge XAS to characterize the Ni sites in the carbon monoxide dehydrogenase (CODH) enzyme 
from Clostridium thermoaceticum. This CODH catalyzes both CO oxidation and acetyl-CoA 
synthesis at two Ni and Fe containing centers, C and A, respectively [1,2]. Since the enzyme 
exhibits complex EPR signals that never integrate to one spin per Ni, there is evidence for 
heterogeneity in the types of Nj present. 

The NiL-edge protein spectra were recorded at ALS beamline 9.3.2. The photon energy 
resolutions used for protein samples and for Ni model compound spectra were 350 and 270 me V 
-respectively. During data collection the sample chamber was maintained at less than 5xi0-9 Torr 
using a helium cryopump. Model compound spectra were measured using total electron yield 
detection, while protein spectra were recorded using fluorescence detection with a windowless 
13-element germanium detector, and were calibrated using the total electron yield spectrum of 
NiF2 or NiO. Each protein spectrum presented represents the sum of approximately 40 15-
minute scans. 

In previous L-edge XAS studies of metalloproteins [3], computer simulations of the L-edge 
multiplet structure were used to derive information about the metal oxidation state and ligand 
field. However, in many of the CODH spectra the multiplet structure is not observable, and other 
properties of the spectra must be exploited. We have used the property of chemical shift with 
oxidation state (L3 centroid) and "branching ratio", the ratio of L3 intensity to overall intensity, 
I(L3) I [ I(L2) + I(L3) ], to systematically study Ni model compounds in a variety of symmetries, 
oxidation, and spin states. Using these two properties, we have created a two-dimensional 
diagram mapping the different types ofNi compounds. As shown in Figure 1, Ni(I) and Ni(II) 
can be clearly distinguished by the shift in L3 centroid position, and high spin and low spin 
Ni(II) can be distinguished using the difference in branching ratio. 

We next applied the technique to the study of aNi protein. The L-edges of CODH under native, 
CO-treated, and CO+phen-treated conditions are shown in Figure 2. The native enzyme spectrum 
falls within the low spin Ni(II) region of the correlation diagram. The current data suggest that a 
significant fraction of Center C Ni is also low spin, and since tetrahedral Ni(II) is generally high 
spin, a 5-coordinate Center C Ni seems favored. The spectrum of the CO-treated sample shows a 
clear low-energy shoulder at the L3 edge as compared with the spectra of the native enzyme. 
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Figure 1. Two dimensional correlation diagram of Ni model compounds of known oxidation and spin state, and 
several Ni proteins. Compounds are plotted as a function of L3 centroid position and branching ratio. Ellipses are 
drawn only to guide the eye, and do not represent error margins. 

This shoulder appears in the Ni(n energy region, suggesting that a fraction of nickel in CODH is 
reduced to Ni(I) upon CO treatment. We were able to fit the spectrum of CO-treated CODH with 
a combination of Ni(l) and Ni(Il) model compounds. The best fit uses a mix of Ni(l) and low 
spin Ni(Il) (Figure 2, inset). Since several high spin Ni(Il) complexes showed L3 absorption 
maxima (but not centroids j at energies close to those of Ni(l) compounds, we also attempted to 
fit the CODH spectrum with a combination of high spin and low spin Ni(Il), as shown in Figure 
2. Although high spin spectra can fit the CODH spectrum well near the center of the L3 peak, 
they cannot reproduce the low energy tail of the L3 edge. In addition, since phen treatment 
selectively removes the Ni from Center A [ 4], and since much of the low energy shoulder feature 
disappears in the CO+phen-treated sample spectrum, the data suggests that the CO-induced Ni(I) 
feature is from a form of Center A Ni. 

We have found that by using L-edge XAS we are able to distinguish between different spin and 
oxidation states of Ni compounds. We have used this result to characterize the Ni containing 
CODH protein in various states. The L-edge spectra are consistent with other results showing 
that when CODH is reacted with CO, the metal centers undergo reduction. The EPR spectrum of 
the adduct between CO and Center A shows a low spin quantitation of 0.25 - 0.35 spins per 
dimer, which is consistent with our finding from the L-edge spectra of incomplete conversion to 
Ni(l). Resonance Raman[5 ], and infrared [6] spectroscopic studies have shown that CO binds 
end-on to an Fe (not Ni) site within Center A. The Ni L-edge spectra are consistent with a model 
in which binding of CO to Center A converts Ni2+ -X-[Fe4S4] toNi 1 + -X-[Fe4S4]-CO, with spin 
density from the Ni distributed over the other components of Center A. The experimental 
sensitivity of L-edge spectroscopy is now adequate for obtaining good spectra on proteins, and 
the technique should be a valuable complement to other types of. spectroscopy. 
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Figure 2. L-edge spectra of CO-treated CODH (solid line), native CODH (dashed line) and CO+phen­
treated CODH (solid line with squares). Inset: L3 edge of CO-treated CODH (dashed line) as compared 
to a sum of 30% Ni(I) and 70% low spin Ni(II) spectra (solid line with squares), and a sum of 30% high 
spin Ni(II) and 70% low spin Ni(II) spectra (solid line). 

We gratefully acknowledge the following people for supplying Ni model compounds used in this 
study: Dr. E. Fujita, Prof. J.A. Kovacs, Dr. M. Woomer and Prof. T.J. Collins, Dr. C.A. 
Marganian and Prof. P.K. Mascharak, Prof. M.J. Maroney, Prof. M.W.W. Adams, and Mr. J. 
Allman. 

REFERENCES 

1. S. A. Raybuck, N.R. Bastian, W.H. Orme-Johnson, and C.T. Walsh, Biochemistry 27,7698 
(1988). 

2. M. Kumar, W.-P. Lu, L. Liu, and S.W. Ragsdale, J. Am. Chern. Soc. 115, 11646 (1993). 
3. S. J. George, J. van Elp, J. Chen, Y. Ma, C. T. Chen, J.-B. Park, M. W. W. Adams, B. G. 

Searle, F. M. F. deGroot, J. C. Fuggle, and S. P. Cramer, J. Am. Chern. Soc. 114, 4426 (1992). 
4. W. Shin, and P. A. Lindahl, Biochemistry 31, 12870(1992). 
5. D. Qiu, M. Kumar, S. W. Ragsdale, and T. G. Spiro, Science 264, 817 (1994). 
6. M. Kumar, and S. W. Ragsdale, J. Am. Chern. Soc. 114,8713 (1992). 

This work was supported by the National Institutes of Health Grant GM-44380 and the DOE Office of Health and 
Environmental Research. 

Principal investigator: Stephen P. Cramer, Advanced Light Source, Earnest Orlando Lawrence Berkeley National 
Laboratory. Email: SPcramer@lbl.gov. Telephone: 510-486-4720. 

Beamline 9.3.2 Abstracts • 362 



Circular Dichroism in Core Photoelectron Emission from (lxl) 
Oxygen on W(llO): Experiment and Theory 
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INTRODUCTION 

One of the several advantages of using synchrotron radiation is the possibility of varying it from 
linear polarization (LP) to left and right circular polarization (LCP and RCP), and we have used 
beamline 9.3.2 at the ALS (l(a)] to exploit this capability in high-resolution core-level 
photoelectron emission. This beamline is the only one at the ALS presently capable of varying 
polarization over a broad energy range from ~30 to 1500 eV. In connection with core 
photoelectron emission from surfaces, it then becomes possible to look for circular dichroism 
effects in which the intensity with LCP excitation (ILCP) is not equal to the intensity with RCP 
excitation (IRcp). Such effects are known to occur for both non-magnetic [2,3] and magnetic 
[ 4,5] systems. For the latter, they constitute a novel element-specific way of studying both 
atomic structure and local magnetic order [4,5], but the question then arises of clearly 
distinguishing non-magnetic from magnetic circular dichroism effects [2(b),3]. 

In order to better understand the interrelationship between non-magnetic circular dichroism [2,3] 
and magnetic circular dichroism [ 4,5], we have performed circular dichroism measurements for 
the non-magnetic system of a (lxl) oxygen overlayer on W(ll 0). This incipient-oxide overlayer 
corresponds to a coverage of 1 ML of oxygen, leads to a (lx12) superstructure in its LEED 
pattern, and exhibits W 4f core spectra that are easily resolvable into "oxide" and bulk 
components separated by ~0.73 eV [6]. Such non-magnetic circular dichroism in core 
photoelectron angular distributions (CDAD) was first observed by Schonhense et al. from 
CO/Pd(lll) [2(a)]. This experiment showed that, even in what are overall non-chiral atomic 
geometries, circular dichroism may be present in core photoelectron emission. Subsequent to 
this, Daimon et al. observed similar effects in core emission from Si(lOO) (3(a)], and we will 
relate our experimental findings for 0/W to a theoretical model for these effects. introduced by 
them, as well as to more accurate multiple scattering photoelectron diffraction calculations of 
such effects. 

EXPERIMENT 

The experiment was performed at beamline 9.3.2 of the ALS (l(a)], with angle-resolved and 
chemical-state-resolved photoelectron spectra being measured using its advanced photoelectron 
spectrometer/diffractometer [l(b)]. The (lxl)-(lx12) oxygen overlayer was prepared on a clean 
W(llO) surface by a method described elsewhere [6]. The experimental geometry is shown in 
Fig: l(a). The photons were incident normal to the sample surface and were chosen to be linearly 
polarized, left circularly polarized, or right circularly polarized. A degree of circular polarization 
of 85% can be achieved by means of a movable aperture at the entrance to the beamline [l(a)]. 
The first photon energy was 366 eV, leading toW 4fphotoelectrons at 335-339 eV which were 
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analyzed using a Scienta SES 200 spectrometer [1(b)]. A typical spectrum is shown in Fig. 1(b), 
and each member of the 5/2, 7/2 doublet consists of a bulk peak and an oxide peak that is shifted 
to higher binding energy (lower kinetic energy) by ---0.73 eV. Separate photoelectron diffraction 
patterns have been measured for these two types of photoelectron peaks. The sample was rotated 
in azimuthal angle ( cj>) and the analyzer was rotated in polar angle (8) over a range of 
approximately 27.5°so as to preserve the normal incidence of the light. In this way, both 
intensities could be measured over a 8 range (as measured with respect to the surface) of 16.5° to 
44 o and a solid angle corresponding to ~41% of the 2n steradians above the surface. 
(a) 

hv= 366 eV 

W(110) 

(b) Bulk and Oxide Resolved W4f 
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Figure I. Circular dichroism' in 
the angular distributions 
(CDAD) of photoelectrons from 
a (lxl) oxygen overlayer on 
W(llO) with a (lxl2) oxide 
superstructure: (a) The 
experimental geometry, with 
radiation incident normal to the 
surface and a rotating Scienta 
spectrometer being used to 
measure at various takeoff angles 
9; (b) A typical W 4f 

spectrum with oxide and bulk 

peaks resolved in both the 
5/2and 7/2 components; (c) 
Azimuthal scans at a takeoff 
angle of26.5° for the oxide W4f 
component for linearly polarized 
light (LP), left circularly 
polarized light (LCP), and right 
circularly polarized light (RCP); 
(d) Comparison ofthe analogous 
experimental curve for bulk 
emission with theoretical 
photoelectron diffraction 
calculations. 

Azimuthal photoelectron 
diffraction patterns at a 
26.5° polar takeoff angle 
are shown in Figs. 1 (c) and 
(d) for oxide and bulk 
emission in all three 
polarizations. Comparing 
the diffraction patterns for 

LCP and RCP excitation for either oxide or bulk, we see that some features appear to exhibit 
azimuthal peak "rotations" across the [00 1] mirror plane at cj> = 90°, with the diffraction peaks 
for LCP being shifted to the left and those for RCP being shifted to the right. However, other 
differences between the LCP and RCP curves do not follow such a simple characterization. Fig. 
2 shows a full data set for both oxide and bulk emission, with the photon energy here being 280 
e V. Similar azimuthal peak rotations (especially visible in the oxide data) and other more 
complex changes between LCP and RCP can be seen here as well. The sum of ILcP and IRcP is 
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also found to be very nearly equal to ILP• a result which is not rigorously true for all cases, but 
can be shown to be a good approximation for W 4f in our geometry and for our kinetic energy 
range. 

Such diffraction peak rotations with 
changing circular polarization were first (a) 

observed and theoretically interpreted in 
terms of a physically intuitive model by 
Daimon et al. [3(a)]. This model relies LP 

on the dipole selection rules for circularly 
polarized light (~m = mf- mi = -1 for 
LCP and ~ = + 1 for RCP), combined 

Oxide Bulk 
(d) 

with an estimate of the relative strengths 15 4.5 75 75 45 

thata 

15 

theta 

of the various allowed transitions to 
different ltf,mr = lti ± 1 ,mf> final states. (b) 

This leads to final-state wave functions 
that are for many cases dominated by 
ltf,mf> = lti + 1, ti ± 1>, with the two LCP 

signs holding for the two different 
circular polarizations. The spherical 
harmonics associated with these wave 
functions in turn have an azimuthal 
dependence of exp(imr¢), and they thus 
yield spiraling surfaces of constant 
phase in azimuth, rather than the simpler (c) 

spherical surfaces of constant phase that 
are more often seen in the radial 
dependence of the wave functions. Since RCP 

the photoelectron current will be carried 
perpendicular to these constant phase 
surfaces, the photoelectron diffraction 
features are predicted to be rotated in 
opposite directions by the two 
polarizations. Simple formulas for 
estimating these rotations have been 
presented elsewhere and compared to 
experimental data, where they are found 
to well reproduce Si(OOl) peak shifts [3]. 

A more accurate picture of these effects is 
to include all allowed transitions with 

(e) 
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Figure 2. Large-solid-angle photoelectron diffraction patterns 
for oxide ((a),(b),(c)) and bulk ((d),(e),(f)) W 4f emission . 
from a (lxl)-(lx12) oxygen overlayer on W(llO). Panels (a) 
and (d) are for excitation with linearly polarized light, (b) and 
(e) are for left circularly polarized light, and (c) and (f) are for 
right circularly polarized light. Note the apparent rotations of 
certain major features in the patterns between left and right 
circular polatization. 

their precise weightings, as well as single and multiple scattering of the outgoing photoelectron 
wave. Such calculations have been applied successfully to Si(~O 1) by Kaduwela et al. [7], and 
we here apply them to our data for 0/W. These calculations were performed using a program 
developed by Kaduwela et. al. [7] and based on the Rehr-Albers approximation for treating 
multiple scattering. The preliminary calculated curves in Fig. 1 (d) were obtained for bulk 
emission. Even though the atomic cluster used did not include the 0 atoms (a reasonable first 
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approximation due to their being much weaker scatterers than W), this theory correctly predicts 
not only the gross motion of certain features that one can describe as rotations, but also various 
other peak distortions beyond this simple description. It is thus clear that, although the model of 
Daimon et al. (3(a)] correctly describes the basic physics of the peak rotation phenomenon, a 
fully quantitative description of such non-magnetic CDAD effects will require a complete 
treatment of the excitation matrix elements, including photoelectron scattering and diffraction. 

CONCLUSIONS 

Circular dichroism in core photoelectron angular distributions for non-magnetic systems can 
result in large differences in ILcP and I ReP of up to ±50%, and such effects are expected to be 
very generally observable. Our results for 0/W show that these effects can arise for different 
chemical states in a single sample and that they can be predicted quantitatively by photoelectron 
diffraction calculations. Such non-magnetic circular dichroism effects due to photoelectron 
diffraction must also be included in any interpretation of analogous MCD experiments with 
magnetic materials. For example, in the 2p levels of the 3d ferromagnetic metals, MCD is only± 
a few% in magnitude [4], and thus potentially much smaller than the non-magnetic contributions 
[2(b)]. For the high-spin 4fferromagnet Gd, MCD has been found to be about ±35%, and thus 
about 7 times larger than the non-magnetic diffraction contributions [5]; nonetheless, even for 
this case the non-magnetic diffraction effects cannot be fully neglected. 
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ABSTRACT 
We present a unique method of experimentally determining the angular momentum and 
intrinsic/extrinsic origin of core-level photoemission satellites by examining the satellite 
diffraction pattern in the Angle Resolved Photoemission Extended Fine Structure (ARPEFS) 
mode. We show for the first time that satellite peaks not associated with chemically 
differentiated atomic species display an ARPEFS intensity oscillation. We present ARPEFS 
data for the carbon 1s from (...J3x...J3)R30 CO/Cu(111) and p2mg(2x1)CO/Ni(110), nitrogen 1s 
from c(2x2) N2/Ni(lOO), cobalt 1s from p(lx1) Co/Cu(l 00), and nickel3p from clean nickel 
(111). The satellite peaks and tails of the Doniach-Sunjic line shapes in all cases exhibit ARPEFS 
curves which indicate an angular momentum identical to the main peak and are of an intrinsic 
nature. 

INTRODUCTION 
The nature of core level photoemission satellites from clean metals has been an active area of 
investigation for many years 1-10. The interpretation of satellites from molecular adsorbates on 
metal surfaces have been employed as a probe into the nature of the surface chemical bond on a 
variety of systems 11-1 7. Generally, these satellites are interpreted as correlated excitations of 
valence level electrons into either unoccupied bound states (shake-up or electron-hole pair 
excitations) or into the continuum (shake-oft) which are associated in some way with the 
photoemission process. There are, however, open questions regarding the nature of these 
satellite structures. 
Two questions often arise in the interpretation of core-level satellites in solid and adsorbate 
systems. One question is whether the peak is intrinsic, i.e. a shake-up or shake-off peak, or 
extrinsic, from an inelastic scattering process encountered before the electron leaves the solid, e.g. 
a plasmon loss. The second question concerns the character of the valence excitation, which can 
be to a HOMO-LUMO type transition, for example, or an excitation into a Rydberg-like state, 
each of which involves transitions to a state of some specific angular momentum. 
We show in this paper that both of these questions can be approached by examining the Angle 
Resolved Photoemission Extended Fine Structure (ARPEFS) curves associated with the main 
peak and its satellites. ARPEFS is a well known technique for finding ,the spatial atomic 
structure of surfaces to very high accuracy18. It is based on measuring the intensity of a core 
level photoelectron with an angle-resolved electron energy analyzer while varying the electron 
kinetic energy. This technique is also known as scanned-energy photoelectron diffraction. We 
have found that the satellite structures not associated with a chemically differentiated atomic 
species can display an ARPEFS diffraction pattern and can thus be used to infer certain features 
of the origin of these peaks. 
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EXPERIMENTAL 
The CO/Cu( 111) experiment was performed on beam line 9.3 .2 at the Advanced Light Source 
(ALS) at Lawrence Berkeley National Laboratory. The N2/Ni(100) experiment was performed 
on beam line 6.1 at the Stanford Synchrotron Radiation Laboratory (SSRL ). The clean nickel and 
CO/Ni(llO) experiments were performed using beam line U3-C at the National Synchrotron 
Light Source (NSLS) at Brookhaven National Laboratory. The Co/Cu(100) experiment was 
performed using beam line 6-2 at SSRL. 

DATAREDUCTION 
An example XPS spectra for each system is shown in Fig. 1 top. The experimental data points 
are shown as circles. The best fit lines and fitting components are also shown. These fits are 
used to extract the peak intensities for the ARPEFS curves. The region of integration, if not a 
peak, is demarcated by vertical solid lines. The integrated intensity above the background in 
these regions are used to extract the ARPEFS curves. The ARPEFS curve, representing the 
intensity oscillation for each peak in the XPS spectrum, is shown below the respective spectrum. 
The abscissa is the electron wave-number, in A-1, for each peak. 
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Figure 1. XPS regions used to extract chi (top). The ARPEFS curves are compared, each plotted vs. 
the k-value of its respective peak. 

It is clear from the figures that the satellite peaks exhibit the same ARPEFS diffraction pattern as 
the main peak with the exception ofthe nickel13 eV satellite, which will be discussed further 
below. The ARPEFS curves for the p2mg(2x1)CO/Ni(110) and p(1x1) Co/Cu(100) systems 
have been Fourier smoothed to 10 A to aid comparison. 
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RESULTS AND DISCUSSION 
Two important conclusions can be drawn from the similarities between the main and the satellite 
peak ARPEFS curves. The first is that these satellite peaks and the DS tails must be intrinsic. 
This stems from the extreme sensitivity of ARPEFS to the position of the outgoing electron 
wave's origin, which is - 0.0 I A. An inelastic scattering event from valence electrons would most 
likely lead to an outgoing electron wave which is not centered at an equivalent ion core and thus 
would exhibit a very different diffraction pattern, if any at all. The fact that we fmd these peaks 
to be intrinsic is compatible with the interpretation of Tillborg, Nilsson, and Martensson that the 
molecular adsorbate satellites are due to shake-up transitions which originate from a single-step 
process I2. This interpretation considers the final state of the remaining electrons to be strongly 
influenced by the newly created core-hole. This state is not an eigenstate of the unperturbed 
system, leading to a final state which is a sum of the new eigenstates of the adsorbate-plus-core­
hole system and thus has significant probability of valence excitations. The nickel6 eV satellite is 
also intrinsic. This is consistent with the current understanding of its origin as being due to an 
excitation of a singled-level electron correlated with the 3p core excitation into the continu~, 
leaving a 3d9 valence configuration in the final state3. The DS line shape is also derived assuming 
an intrinsic excitation of the Fermi sea in the core-hole creation process. Our results confirm the 
intrinsic origin of the DS tail. 
The second conclusion which can be drawn from the similarities in the ARPEFS curves is that the 
satellite peaks have the same angular momentum as the main peak. The dipole selection rules of 
photoemission are known to be valid for the main peaks and have been used to successfully 
model the diffraction curves from m,any systems. The similarity of the ARPEFS curves indicates 
that the angular momentum of the satellites are the same as that of the main peak. This restricts 
the valence excitations to monopole transitions for single electrons and a net zero angular 
momentum change for two electron excitations in these systems. This agrees well with previous 
theoretical investigations into the 6 e V nickel satellite where a d-d transition is considered the 
most likely origin of that satellite structure3. It has been suggested that there may be excitations 
to sand d-like Rydberg states in the carbon Is XPS of c(2x2) CO/Ni(IOO)I2, which is closely 
related to the CO/Cu(lil) system . .It is apparent from our data that there is essentially no 
angular momentum transfer and that the transitions to np states dominate. 

CONCLUSION 
We have shown for the first time that photoemission satellite peaks from multi-electron 
excitations exhibit an ARPEFS diffraction pattern. Examination of this pattern leads to unique 
information on the angular momentum and intrinsic/extrinsic nature of the satellite. We find that 
the core level satellite peaks of carbon Is from (~3x~3)R30 CO/Cu(lil), nitrogen ls from c(2x2) 
N2/Ni(l 00), and nickel 3p from clean nickel(lll) are all intrinsic peaks with final state angular 
momenta identical to that dictated by the photoemission selection rules. Similarly, the tail of the 
Doniach-Sunjic line shapes in cobalt Is from p(lxl) Co/Cu(IOO) and p2mg(2xl) CO/Ni(llO) also 
originate from an intrinsic process and have a fmal state angular momentum identical to the 
maximum of the peak. 
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INTRODUCTION 

Spin-polarized photoelectron diffraction (SPPD) has been used previously by our group to study 
two antiferromagnetic surfaces (KMnFJ(011) and Mn0(001)); these measurements provided 
evidence of a surface and/or short-range-order magnetic transition significantly above the bulk 
transition temperature [1]. We here report the first use of SPPD to study the order -disorder 
transitions on a ferromagnetic surface: Gd(OOOI). Prior work on Gd(OOOI) suggests that it is 
unusual in having a surface transition temperature that is 20-60 K above the bulk transition 
temperature [2], but there is still not total agreement on the existence of this effect and its origins. 
We have thus used the multiplet-split Gd 4s and Gd Ss photoelectron spectra as sources of spin­
polarized photoelectrons to study this magnetic transition. 

EXPERIMENT 

The experiments were performed with the advanced photoelectron spectrometer/diffractometer 
[3a] on ALS beamline 9.3.2 [3b]. Photon energies of 120 eV and 565 eV were used to excite 
photoelectrons from the Gd 4s and 5s levels at kinetic energies of -78 eV and -189 eV, ~ 
respectively. The two multiplet peaks present in both ofthese spectra correspond to low-spin 7s 
and high-spin 9s states of the final Gd+ ion, and yield highly spin-polarized photoelectrons that 
are predominantly parallel (up) and anti-parallel (down), respectively, as measured with respect to 
the 4fspin ofthe emitting Gd atom. These spectra were measured as a function oftemperature 
from 220K to 520K, thus spanning both the bulk Curie temperature T cb = 293K and the 
supposed surface Curie temperature T cs about 20-60K above this. Some example Ss and 4s 
spectra with a linear background subtracted are shown for several temperatures in Fig. 1, and 
small changes in the relative intensities of the two peaks with temperature of the order of a few % 
are evident there. Four different emission directions were studied in detail as a function of 
temperature: three for 5s emission, and one for 4s emission. 

RESULTS AND DISCUSSION 

The spin-up/spin-down intensity ratios in these multiplets are found to exhibit distintt and 
~ systematic changes as a function of temperature that are consistent with the existence of short­

range magnetic order up to 60-80 K above the bulk Curie temperature. Some of these data, 
expressed as a normalized spin asymmetry, are shown in Fig 2. Denoting the spin-up intensity as 
I(up), the spin-down intensity as I( down), and their ratio at a given measurement temperature as 
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R(T) = I(up)/l(down), we define this asymmetry as A(T) (in%)= IOO[R(T)-R(Tmax)]IR(Tmax), 
where Tmax is the highest temperature reached. For three ofthe cases shown in Fig. 2 ((a),(b), 
and (d)), there are distinct changes in the asymmetry over the full range oftemperatures from Tcb 
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Figure 1. Photoelectron spectra taken at normal 
emission (8 = 90°) of(a) Gd 5s excited from Gd(OOOl) 
with hv = 120 eV and at three temperatures of interest: 
220 K (solid line), 259 K (dashed line), and 400 K 
(dotted line). (b) Gd 4s excited with hv = 565 eV at 
two temperatures of interest: 220 K (solid line) and 
253 K (dashed line). All spectra have had the inelastic 
backgrounq subtracted and are normalized to have 
equal 9g intensity. A small peak due toN Is appears 
at -175 eV in (b); this corresponds to <0.01 ML of 
nitrogen on the surface. 
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Figure 2. Ex~rimental spin asymmetry A(T) derived 
from 7 S and S intensity ratios as a function of 
temperature T for (a) Gd 5s emission along the normal 
(9 = 90°, $ = 180°, the "c" axis), (b) Gd 5s emission (9 
= 54°, ~ = 180°, along the "-b" axis), (c) Gd 5s 
emission (9 = 54°, ~ = 90°, along the "a" axis), and 
(d) Gd 4s emission (8 = 90°, ~ = 180°, along the "c" 
axis) 

to what has been reported previously as Tcs· In the 5s results of(a) and (b), there is a broad 
peak with a sharp dropoffat -375K~ in the 4s results of(d) there are two distinct peaks very near 
the expected positions ofTcb and Tcs· For the fourth case in Fig. 2(c), no significant change in 
the asymmetry is observed, beyond a slow monotonic decrease as temperature is raised. 
Comparison of these results to theoretical calculations based on spin-dependent photoelectron 
scattering using a method proposed previously [ 1] also yields semi-quantitative agreement with 

Beamline 9.3.2 Abstracts • 372 



experiment: the magnitudes of the effects in Figs. 2(a), (b), and( d) are well predicted, as is the 
strong directionality that leads to a lack of a significant effect along the direction in Fig. 2(c). 

An additional effect seen for the first time in our data is a temperature dependence in the energy 
separation ofthe two multiplet peaks. In particular, this separation in the 5s multiplet is found to 
decrease slightly (by -20-60 me V out of J. 9 e V) on going through both T cb and T cs• with small 
dips being reproducibly seen near both temperatures for all three of the cases in Figs. 2(a)-(c). 
This effect also indicates the presence of two magnetic transitions, and suggests further the 
existence of interesting temperature- and spin- dependent configuration-interaction and/or 
electron-screening effects around the final Gct+ ionic states. These effects will be studied more 
quantitatively in the future. 

CONCLUSIONS 

Our results thus confirm ·the existence of a surface or near -surface magnetic transition for 
Gd(OOO l) that occurs 60-SOK above the bulk transition temperature, in agreement with, but 
slightly higher than, the temperatures reported in previous studies. This work also suggests the 
future utilization of both SPPD and multiplet peak separations for studying magnetic transitions 
on other ferromagnetic surfaces and interfaces: 
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INTRODUCTION 

We have studied the atomic structure ofthe clean W(IIO) surface by means of site-resolved 
scanned-angle W4f712 photoelectron diffraction (PD) data obtained over nearly the full27t solid 
angle above the surface. Prior to the availability of high-brightness sources such as the Advanced 
Light Source, such large high-resolution data sets were prohibitively time consuming to obtain. 
The well characterized W(llO) system [1-5] was used as a reference case to check the accuracy 
of structure deteminations from such scanned-angle data via R-factor comparisons of experiment 
with theoretical multiple scattering calculations. The photoelectron kinetic energy of -40 eV used 
was also lower than in many prior PD studies, providing further challenges to theory. The 
influence ofvarious non-structural theoretical input parameters (e.g., scattering phase shifts, 
electron inelastic attenuation length, and inner potential) was thus also assessed. A final 
optimized structure is presented, together with comments on the future applications of this 
method. 

EXPERIMENT 

These experiments were performed on bend-magnet beamline 9.3.2 at the ALS [6(a)] using its 
advanced photoelectron spectrometer/ diffractometer experimental station [ 6(b)]. 

The sample was prepared by an initial oxygen reduction at a temperature of 1200°C and a 
pressure of lxi0-7 torr 02 to reduce the amount of carbon from the near-surface region. This 
was followed by repeated flashing at up to 2200 oc by electron bombardment heating. Sample 
cleanliness was then monitored by x-ray photoelectron spectroscopy (XPS), low energy electron 
diffia~tion (LEED), and inost sensitively by the surface core level shift (SCLS) between the bulk 
and surface atoms, which reaches a maximum value of -320 meV for a fully clean surface [l(b)]. 
Fig. 1 shows (a) the schematic experimental geometry and (b) a typical spectrum. For a given 
sample preparation, the actual data collection time was limited to 30 minutes to maintain adequate 
cleanliness. The base pressure during measurements was l.3xio-lO torr. 

The photoelectrons were excited by 70 eV linear-polarized light from a spherical-grating 
monochromator [6(a)]. This resulted in W 4f712 photoelt!ctrons at a kinetic energy of -39-40 eV, 
as shown in·Fig. l(b). The angle between the incident radiation and the analyzer (which is in fact 
variable for this system [ 6(b) ]), was for this experiment fixed at 70°. To enable the most accurate 
measurement of the bulk and surface peak intensities, individual spectra were obtained at each 
direction and stored for later analysis by peak fitting. Data were obtained over the nearly full 2n 
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solid angle above the surface by rotating the sample on two perpendicular axes for polar takeoff 
angle 8 and azimuthal angle <jl. The data consisted of twenty-eight azimuthal scans spanning 
takeoff angles with respect to the surface from 9° to 90° (=normal emission) and with 3° steps in 
takeoff angle. The azimuthal step size was adjusted with takeoff angle such that the final data set 
consisted of 892 spectra representing roughly equal solid-angle increments. Angles below 9° 
were not used due to the much lower count rates and thus longer counting times involved. Due 
to the symmetry of the crystal surface, only a 90° azimuthal scan is in principle needed to provide 
information on the full360° intensity profile. However, to increase accuracy and average over 
any small sample misalignments, we collected data over 180° in azimuth, and then mirror­
averaged this into a 90° sector that was finally used to generate full360° representations of our 
data. At each direction, a W 4f712 photoelectron spectra was taken with a Scienta SES 200 
hemispherical electrostatic spectrometer [ 6(b)]; the high luminousity of this spectrometer 
permitted taking a single high-resolution spectrum in -20 seconds. Any variations of radiation 
flux with time were normalized out in determining the final intensities. 
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Figure 1. (a) A schematic of the experimental geometry, showing the two types of tungsten atom sites 
studied. (b) A W 4f712 photoelectron spectrum, showing the two component due to bulk atoms and surface 
atoms, with a surface core level shift (SCLC) between the two of 320 meV. Emission was at a takeoff 
angle with respect to the surface of e = 45° and an azimuthal angle of<!>= 900 (lying along the [100] 
direction in the W(llO) surface). 

RESULTS 

The easily resolvable surface core level shift in Fig. l(b) permits deriving site-specific 
photoelectron diffraction patterns from both the tungsten atoms in the surface layer and the 
tungsten atoms below the surface layer. The 39-40 eV kinetic energy range of the photoelectrons 
is also very near the minimum in their inelastic attenuation length, which we have estimated from 
an analysis of the takeoff-angle dependence of the surface/bulk intensity ratio [7] to be only 3.0-
4.0 A. This very small value enhances the surface contribution, making it stronger than that for 
the bulk in many emission directions, as illustrated in Fig. l(b). Due to the different local 
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geometry around the two types of atoms, the bulk and the surface diffraction patterns are also 
strikingly different, as seen in the full-solid-angle patterns presented in Figs. 2(a),(c). 

(e) R-Factor Comparison ofExpt. & MS Theo. 

~ 1.6 
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Figure 2. Full-solid-angle W4f7/2 photoelectron 
diffraction patterns: (a) bulk-resolved experiment, 
(b) bulk theory for the optimum interlayer distance, 
(c) surface-resolved experiment, and (d) surface 
theory for the optimum interlayer distance. (e) R­
factor comparison between experiment and multiple­
scattering theory for the surface-atom W 4f712 
photoelectron diffraction pattern of Fig. 2(b ). The 
curve represents a normalized sum of fiveR-factors 
defined in ref. lO(b). The horizontal line 
corresponds to an R-factor for calculations in which 
no bulk scatterers were present. 

Multiple scattt:?'ring diffraction calculations were performed using a program developed by Chen 
et. al. [8] and based on the previously-used Rehr-Albers approximation for treating the multiple 
scattering of photoelectrons [9]. Because of its high atomic number, tungsten is a very strong 
scatterer, particularly for low-energy electrons [9b]. Thus, several different sets ofcalculated 
scattering phase shifts were tried, along with variations in other non-structural parameters such as 
the electron attenuation length and the inner potential. Experiment was compared to theory via a 
set of 5 R-factors originally suggested for LEED analyses [lO(a)] and later modified for PD 
analyses [lO(b)]. The trial atomic geometries in theory involved a series of outward relaxations or 
inward contractions of the surface layer with respect to the second layer below, with the relevant 
distance being defined as ()z (measured relative to the unrelaxed bulk interlayer distance). Fig. 
2(e) shows the yariation of a normalized sum of these fiveR-factors with ()z. All fiveR factors 
are found to yield very nearly the same structure, with the overall conclusion being a small 0.15 ± 
0.05 A outward relaxation of the surface layer from its normal bulk termination. This is thus 
6.7% of the bulk interlayer distance of 2.23 A.. The excellent final agreement between experiment 
and theory for surface emission is illustrated in Figs. 2(c) and (d). The analogous comparison for 
bulk emission in Figs. 2(a) and (b) shows good agreement, with further calculations for this more 
complex multi-layer emission problem still in progress. Another interesting aspect of the surface­
atom analysis is that theory and experiment are in general in very good agreement if only the 
surface layer of scatterers is included in the calculation (i.e., if no bulk scatterers are present); this 
is represented by the horizontal line in Fig. 2( e). However, with a proper calculation including all 
scatterers, the influence of the bulk scatterers is evident: the minimum R-factors are slightly lower 
for the optimum geometry, and the values for interlayer distances more than about 0. 7 A away 
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from the optimum are significantly higher, such that the agreement decreases. Our final structural 
conclusion for this structure agrees with prior PD results by Jugnet et al. based on a much smaller 
data set, which show no relaxation to within± 0.2A [2]. Our structure is also in general 
agreement with prior LEED studies of this surface, which have reached conclusions varying from 
a small contraction of 0.07 A[3] to no relaxation at all [4,5]. 

CONCLUSIONS 

This study thus has applied site-resolved full-solid-angle photoelectron diffraction to the well­
defined test case of the clean W ( 11 0) surface, for which the surface and bulk diffraction patterns 
can be measured separately. Multiple scattering theory is found to provide an excellent 
description of the surface data, even at a low kinetic energy of -40 e V, and R -factor comparisons 
of experiment and theory permit deriving structural information with an accuracy of -±0.05 A. 
Future applications of such large-scale site-resolved data sets to various surfaces and interfaces 
are thus promising. 
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A key advantage of photoelectron diffraction (PD) as a surface structure probe is in permitting 
state-resolved or site-specific structural determinations via core level binding energy shifts [1]. 
This method has not been applied previously to metal-metal interfaces, and we here report site­
specific and full-solid-angle photoelectron diffraction data from interface W atoms just beneath 
ordered (lxl) Fe and (7x14) Gd monolayers on W(llO) [3]. These data were obtained by 
utilizing core level shifts in theW 4f7n spectrum. Shinn et al. [3] first observed interface core­
level shifts (ICLS's) in W 4f7/2 photoelectron spectra from W(llO) surfaces covered with one 
monolayer (ML) ofNi, Pt, or Fe in pseudomorphic (lxl) structures. In the case of(lxl) Fe, the 
W 4f712 spectrum consists of three components: one from the interfacial W layer shifted by -225 
me V from the bulk position, another from what appears to be the· second W layer shifted by -80 
meV, and a third from the bulk W atoms situated below (which is found to remain at the same 
distance from the Fermi level as for the clean surface) [3]. In this study, we have examined both 
the pseudomorphic (lxl) Fe monolayer on W(llO) [3] and the non-pseudomorphic (7x14) Gd 
monolayer on W( 11 0), which forms a Moire pattern with long-range order [ 4]. Comparison of 
our experimental data with multiple scattering calculations permits determining the Fe adsorption 
site and the relative interlayer spacing to the frrst and second W layers [2]. These Fe results are 
also compared to those from the very different Gd overlayer and from the clean W(llO) surface 
which has recently been studied by Y nzunza et aL as a reference case [ 5]. 

EXPERIMENT 

The PD measurements were performed with the advanced photoelectron 
spectrometer/diffractometer [6] situated on bend magnet beamline 9.3.2 of the ALS [7]. This 
system couples a high-resolution spherical grating monochromator to a high-resolution/high­
luminosity Scienta SES-200 analyzer, and it is possible with it to acquire individual photoelectron 
W 4f7/2 spectra with both excellent statistics (-40,000 peak counts) and resolution (~80 meV) in 
the short data acquisition times ( -40 s/spectrum) required for large-scale PD measurements. 
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RESULTS 

The W 4f7 12 photoelectron spectra for the 
clean W(110) surface, the (1x1) Fe-covered 
surface, and the (7x14) Gd-covered surface 
are shown in Figs. 1(a), (b), and (c), 
respectively. All of these spectra were 
obtained with e = 45° as measured with 
respect to the surface and with 4> pointing 
along theW [001] direction in the sample 
plane ( 4> = 900 in our notation). For each of 
the three spectra, there exist two prominent 
peaks, one at higher Eh corresponding to 
emission from the bulk W atoms (or 2nd layer 
W atoms for the (1xl) Fe-covered surface) 
and a second at lower Eh due to emission 
solely from the top layer ofW atotns (which 
can be at the free surface or at the metal-metal 
interface). In the case of the Fe or Gd 
covered surface, the PD effects associated 
with this lower Eh feature thus allow us to 
probe directly the local environment of the W 
atoms at the interface. The clean W(llO) 
surface shift is measured to be -320 meV, 
while the ICLS's for the (1x1) Fe covered 
surface are -235 meV and -90 meV for the 
interface and the 2nd layer, respectively, in 
excellent agreement with prior measurements 
[3]. The ICLS for (7x14) Gd is -390 meV, a 
noteworthy result because this is the largest 
shift yet observed for surface ·or metal-metal 
interface atoms on W(110). 

w 4f7/2 

hv=71cV 

Interface 

(b) (lxl) 
Fe/W(llO) 

Interface 
(c) 

(7x14) 
Gd/W(llO) 

1--320 meV 

0~--------.--------L~----~ 

30.5 31.0 31.5 

Eb (eV) 

Figure l. W 4f7/2 photoelectron spectra taken with 

hv = 71 eV, e = 45°, and ell along theW [001) 

azimuth from (a) the clean W(UO) surface, (b) 1.2 

ML of Fe in a(lxl) overlayer on W(llO), and (c) 1.2 

ML of Gd in a (7x14) Moire structure on W(llO). 

Considering first the Gd overlayer, we note that prior STM and LEED results show that it 
consists of a hexagonal overlayer which is very close to Gd(OOO 1) in atomic arrangement, with 
only a 1.2% expansion along W[001] and a 0.6% contraction along W[-110]. The resulting 
Moire pattern or coincidence lattice forces the Gd into 24 different adsorption sites and leaves the 
underlying W interface atoms largely undercoordinated in 32 inequivalent emitter sites. Thus, the 
Gd to first order looks like a loosely bound overlayer capable of screening the core hole formed in 
W 4f emission, and this qualitatively explains the decrease in binding energy ofthe interface W 
atoms relative to the clean-surface W atoms. In addition, the multiplicity of adsorption sites and 
emitter types means that the Gd overlayer acts as a source of more or less diffuse background 
scattering, as far as the interface and bulk W atoms are concerned. Therefore, the W PD patterns 
with the Gd overlayer are not expected to be very different from those of the clean surface, and 
this is in fact what we observe. Figs. 2(a),(c),(t), and (g) show some individual azi!nuthal 
diffraction data which illustrate this point. 
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Figure 2. Single W 4f7/2 azimuthal scans taken 
with hv = 71 eV, and 9 = 45° from (a) experiment 

for the -320 meV-shifted clean-surface peak; (b) 
theory for the clean surface peak in (a) (from ref. 
4); (c) experiment for the -390 meV-shifted 

interface peak of (7x14) Gd.IW(llO); (d) experiment 
for the -225 meV-shifted interface peak of (lxl) 
FeiW(llO); (e) theory for the Fe/W case in (d), with 
Fe at the optimum positions in the twofold bridge 
site; (t) experiment for the clean W(llO) bulk peak; 
(g) experiment for the bulk peak of (7x14) 
Gd/W(llO); and (h) experiment for the 2nd layer 
peak of (lxl) Fe/W(llO). 
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Figure 3. Full-solid-angle W 4f7/2 PD patterns for 
the (lxl) Fe/W(llO) system taken from (a) 
experimental data for the -235 meV-shifted W 
interface peak, (b) theoretical multiple scattering 
calculations for the (lxl) Fe/W{llO) interface with 
an optimized twofold bridge adsorption site for 
the Fe, and (c) experimental data for the -90 meV­
shifted W 2nd-layer peak. The photoelectron 
kinetic energy outside the surface was Ek = 40 eV 
in all cases. The data shown span takeoff angles 
relative to the surface from 12° to 90°(normal 

• emission), and the W(lOO) azimuth is toward the 
top of the page in each of these stereographic 
projections. 
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For the Fe overlayer however, theW atoms all have a definite coordination to the Fe, and the 
strength of the bond formed is illustrated by the considerable perturbation of both the interface 
and the second-layer W binding energies, as shown in Figs. 1(a) and (b). Full-solid-angle PD 
patterns were measured for this overlayer for both the interface and second-layer peak, and Figs. 
3(a) and 3(c) show our results for these two cases, respectively. These data were analyzed by 
using R-factors to compare them to multiple scattering calculations for different atomic 
geometries in which both the Fe-W interface vertical distance (z12) and the distance between the 
interface and second-layer W atoms (z23) were varied to achieve the best fit to experiment. The 
best fit was found for Fe sitting in a two-fold bridge site which is equivalent to continuing the bulk 
W structure, with a distance z12 = 2.17 A and a z23 corresponding to a slight expansion ( -0.05 A) 
relative to bulk W. The theoretical diffraction pattern for this optimized geometry is shown in 
Fig. 3(b). 

CONCLUSIONS 

The structure of a metal-metal interface ((1x1) Fe on W(110)) has thus been determined 
quantitatively for the first time by means of site~ specific photoelectron diffraction. This study thus 
opens up the possibility of using such high-resolution site-specific photoelectron diffraction to 
study a variety of metal-metal interface systems. 
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The interactions of halogens with semiconductor surfaces are of interest in both fundamental 
physics and modern technology. In this study, the chemisorption of I2 on Si(001)-2x1 is 
investigated using high-resolution soft x-ray photoelectron spectroscopy. A clean Si(001) surface 
was exposed in UHV to I2 produced in situ from a solid-state electrochemical cell [1]. 
Photoelectron spectra were collected from the 
iodine-saturated surface as a function: of both 
azimuthal and polar angles. 

High-resolution Si 2p core level spectra 
indicate that I2 dissociatively chemisorbs on 
Si(001) surface, forming Sii surface species. 
At saturation coverage, ~ 1 ML of iodine is 
adsorbed. These results imply that each Si en 
surface atom is bonded to a single I atom. A § 
2¥1 LEED pattern was observed from the € 

~ saturated surface, which indicates that the ~ 

diiner bonds remain intact. All these ~ 
Q) 

observations are consistent with the results of c 
ref. [2]. 

3 

[11 0] azimuth 

2 0 -1 -2 
Relative binding energy (eV) 

Core-level photoelectron diffraction is a very 
sensitive method for investigating surface 
geometrical structure [3,4]. Figure 1 shows 
three representative high-resolution Si 2p core­
level spectra which were collected as a 
function of azimuthal angle. It is clearly seen 
that the relative Sii intensity is dependent on 
the angle. This dependence results from 
photoelectron diffraction, and the data 
therefore contain information on the detailed 
surface structure, such as the Si-I bond angle. 
Our next step will be to compare our results to 
multiple scattering calculations [5] in order to 
quantitatively detemiine the surface structural 
parameters. 

Figure 1. Comparison of Si 2p core-level photoelectron 
spectra collected from an !-saturated Si(001)-(2x1) 
surface at different azimuthal angles. All the data were 
collected with a photon energy of 150 eV. The incident 
photon and electron emission angles were both 45° from 
the surface normal 
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We report a study of the spatial structure of (--/3 x --/3)R30° (low coverage) and (1.5 x 1.5)Rl8° (intermediate 
coverage) CO adsorbed on Cu(lll ), using the Angle-Resolved Photoemission Extended Fine Structure {ARPEFS) 
technique at beamline 9.3.2 at the Advanced Light Source. The CO molecule adsorbs on an atop site for both 
adsorption phases. Full multiple-scattering spherical-wave (MSSW) calculations were used to extract the C-Cu 
bond length and the first Cu-Cu layer spacing for each adsorption phase. We find that the C-Cu bond length 
remains unchanged with increasing coverage, but the 1st Cu-Cu layer spacing contracts at the inte~~diate coverage. 
We calculate the bending mode force constant in the (1.5 x 1.5)Rl8° phase to be K0 =2.2 (1) x 10- dyne·cm/rad 
from our experimentally determined bond lengths combined with previously publislied infra-red absorption 
frequencies. 

INTRODUCTION 

The adsorption of carbon monoxide on transition-metal surfaces has been extensively studied, 
bothexperimentallyl-12 and theoretically13-19, with the goal of gaining a basic understanding of 
the surface chemical bond. Experimentally determined spatial structures of CO adsorbates 
provide important tests of theoretical models for these systems. We have determined the carbon­
copper bond length and the first copper-copper layer spacing for two different, well-ordered 
coverage phases of CO on Cu(lll) using Angle-Resolved Photoemission Extended Fine Structure 
(ARPEFS)20. 

The ARPEFS structure determination technique is based on the oscillatory variation in the angle­
resolved photoemission intensity from the core levels of near-surface atoms with the electron 
kinetic energy. It has been successfully used to study the local structure of adsorbed atoms artd 
molecules and to determine the substrate layer relaxation 7,20-24. The surface structure can be 
determined quantitatively by fitting the experimental data with multiple-scattering spherical­
wave calculations 7 ,20,24,25. 

SURFACE STRUCTURE DETERMINATION 

The ARPEFS curves for both the ("-13 x "-13) R30° and (1.5 x 1.5) Rl8° overlayers are shown in 
Fig.· 1. Their similarity suggests that the adsorption site is the same for both structures with only 
small differences in the interlayer spacings, in agreement with previous FT-IR and EELS results 
which indicate only one kind of adsorption site for these structures&. 

We have performed full Multiple Scattering Spherical Wave (MSSW) calculations to 
quantitatively extract the inter-layer spacing between the overlayer and substrate and between 
the near-surface substrate layers. The calculation program is based on the formalism of Rehr and 
Albers (RA)25. The best fit was defined by the conventional R-factor analysis20. 
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The results of the MSSW calculations with lowest R-factor for each structure are shown in Fig. 
1. The R-factor is 0.12 for both structures. The carbon-copper layer spacing for both structures 
were found to be the same, 1.91 A. The first copper-copper layer spacing was found to be 2.07 
A and 2.01 A for the (--./3 x --./3) R30° and (1.5 x 1.5) R18° overlayer structures, respectively. 
These derived parameters proved to be insensitive to the C-0 bond-length and tilt. 

1.0_,...-----...;._.------, 
1.0 --r--------------, 

0.5 

~ 0:0 

-0.5 

-Experimental Data 
••••• Calculation -Experimental Data 

••••• Calculation 
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) 

Figure 1. Comparison of experimental data and MSSW calculation for the low coverage (left) and 
intermediate coverage (right) ofCO/Cu(lll). 

RESULTS AND DISCUSSION 

The results of this work are summarized in Table I. The chi curve based on the atop adsorption 
site of the CO molecule with the carbon end down shows excellent agreement (R =0.12) between 
the MSSW calculations and the experimental data, confirming the previous fmdings for the two 
lowest-coverage phases5,6,8,11,12. The C-Cu bond length is the same for both coverages, 1.91 
A. The first copper-copper layer spacing does not show any change from the clean copper 
surface spacing of2.07(2) A26 for the lower coverage (--./3 x --./3) R30° phase, within experimental 
uncertainty. There is a distinct contraction of the surface layer for the higher coverage (1.5 x 1.5) 
R18° phase to 2.01(4) A. 

LEED Structure C-Cu Bond Length First Cu-Cu Layer Spacing 
clean Cu(lll) metal ----------- 2.07(2) A ref 26 
(V3 X V3) R30° 1.91(1) A 2.07(3) A 
(1.5 X 1.5) Rl8° 1.91(2) A 2.01(4) A 
Table I. Summary of experimentally determined structural parameters for CO/Cu(lll) 

The fact that the Cu-C bond length remains constant for both adsorption coverages while the 1st 
Cu-Cu layer spacing changes has interesting implications regarding the energetics and dynamics of 
the two overlayers. The difference in Gibbs free energy between the adsorbed state and the same 
state activated for desorption has been shown to have a dramatic increase with decreasing 
coverage between the (1.5 x 1.5) R18° and the (--./3 x --./3) R30° phases11, while the change is less 
steeply sloped at lower and higher coverages. The coverage-dependent isosteric heat of 
adsorption also has a significant inflection in the region between the (1.5 x 1.5) R18° and the (--./3 
x --./3) R30° phases, with a nearly constant values of 50 kJ/mole at lower coverages and 38 
kJ/mole at higher coverages6. The authors of Reference 8 noted that this inflection could indicate 
the onset of a different adsorption site, but pointed out that this hypothesis did not explain why 
the heat of adsorption then remained constant throughout the high coverage region. Subsequent 
work showed that only atop species exist for these phases8. It has also been suggested that 
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competition for back-donated metal d-electrons may weaken the Cu-CO bond with increasing 
coverage6. Our results indicate that the Cu-CO bond does not weaken with greater coverage but 
that the changes in energy of adsorption are related to an adsorbate-induced contraction of the 
first substrate layer. There is little if any contraction of the first Cu-Cu layer up to a coverage of 
0.33 monolayer. The onset of the inflections in the thermodynamic properties occur at 
approximately this coverage. 

Hirschmugl, et. al. observed an IR adsorption band at ~285 cm-1 which was assigned to a bending 
(frustrated rotation) mode ofthe Cu-C-0 complex in the (1.5 x 1.5) R18° structure. Calculation 
of the force constant of the bending-mode vibration, v2 , of a linear molecule requires knowledge 
of the bond lengths betWeen the atoms. Using our results arl.d the frequency measurements of 
Hurschmugl, we can determine the bending mode force constant from the equations of 
Herzberg5,27. The values of theIR absorption frequencies for three isotopes as measured by 
Hirschmugl, et. al. are 285(8) cm-1, 273(8) cm-1, and 285(6) cm-1 for l2Cl60, 13Cl80, and 
12Cl80, respectively. We fmd the force constant to be k8 =2.2(1) x 10-12 dyne·cm/rad. The 
uncertainty was estimated by propagation of the experimental uncertainties28. 

CONCLUSION 

We have determined the spatial structure ofCO/Cu(111) for two coverages, characterized by 
(1.5 x 1.5) R18° and (...f3 x ...f3) R30° LEED patterns, using ARPEFS. The CO molecule adsorbs 
on an atop site at both coverages with a C-Cu bond length of 1.91 A, with an uncertainty of 
±0.01 A and ±0.02 A for the two respective structures. The first Cu-Cu layer spacings were 
found to be 2.07 (3) A and 2.01(4) A for the (1.5 x 1.5) R18° and (...f3 x ...f3) R30° structures, 
respectively. The bending mode force constants for the Cu-C-0 complex in the (1.5 x 1.5) R18° 
structure is calculated from the bond-lengths and published IR absorption frequencies to be 
k8 =2.2(1) x 10-12 dyne·cm/rad. 
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A great amount of attention has been given to 
investigating thin magnetic films and magnetic 
multilayers, especially systems involving iron 
and the noble metals1-8• In most of these studies 
the authors assume that the Fe layers will main­
tain bulk spacing even at interfaces. However, it 
is well known that for the clean metal the first 
and second layer spacing is contracted from the 
bulk value, and that absorbates can significantly 
expand this spacing9-20. Atomic structural details 
about these interfaces is important because the 
electronic states that are localized at the interface 
between the two different materials are critical in 
determining the magnetic properties of ultra-thin 
films and multilayers21· 22 

In this study we use Angle-Resolved Photoemis­
sion Extended Fine Structure (ARPEFS) to 
investigate thin (ca. 10 and 15 monolayers) Fe 
films grown on a Au( 1 00) single crystal. 
ARPEFS is a well established technique for 
determining the atomic structure of atomic and 
molecular adsorbates on metal surfacesiS,I9,24-27. 

The technique's advantages are its atomic selec­
tivity due to the unique binding energies of core 
level electrons, the large oscillations, which in 
this study are± 40%, and its inherent accuracy. 
In the past, structural determjnations have only 
been done with ARPEFS signals from initial 
states with zero angular momentum because of 
the difficulties in treating non-s initial states in 
the scattering calculations. This study presents 
the first structure determination of a bimetalic 
system using the ARPEFS from non-s initial 
states. We report results from a new computer 
simulation and fitting procedure based on the 
Rehr and Albers formalism28• This program, 
developed by our group, uses second-order 
matrices (6x6) and up to eighth-order scattering 
to produce a convergent calculation at these 

electron energies and inter-atomic distances29. 
The experiment was performed at the Advanced 
Light Source (ALS) on the bend magnet 
bearnline 9.3.2, which covers the photon energy 
range of 30 e V to 1500 e V. The system studied 
and reported here is for 15 monolayers (ML) of 
Fe grown on the Au(100) single crystal. Breaks 
in the slope of the Fe 3p photoemission intensity 
vs. evaporation time curves confirm the layer-by­
layer growth reported by other authors (Fig. 1). 
Comparison of the Fe and Au photoemission 
intensities as well as sputtering studies confirm 
that the Fe layers grow with one ML of Au 
atoms, acting as a surfactant, on the top of the 
growing Fe layers. 
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Figure 1. The Fe 3p photoemission intensity plotted 
against the Fe evaporation time. The breaks in the 
slope of the curve indicate layer-by-layer growth. One 
ML of Au atoms, acting as a surfactar!t, remains on 
top of the growing Fe layers. The LEED pattern is lxl 

We collected the ARPEFS intensity modulations, 
I(k), from the Au 4f712 core level along the 
normal and the 45° off-normal emission direc­
tions. This function I(k) has two components; a 
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slowly varying, atomic-like portion, 1
0
(k), upon 

which is superimposed a rapidly oscillating beat 
pattern that arises.from the interference between 
the primary wave propagating directly to the 
detector and waves which scatter elastically off 
nearby atomic potentials before reaching the 
detector. diffraction curves, x(k) are obtained by 
removing the slowly varying lu(k) portion from 
l(k). 

(k) = I(k)- 10(k) 
X Io(k) 

Figure 2. shows the experiemntal x(k) curves. 
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Figure 2. The Au 4f
712 

ARPEFS data from Au(1ML)/ 
Fe(15ML)/Au(100) collected along the [001] and 
[011] emission directions. Schematics of the experi­
mental geometry are shown. Dashed lines are the best 
fit multiple scattering calculation results. The largest­
amplitude oscillations in each curve arise from strong 
backscattering off the nearest-neighbor Fe atoms in 
the [001] and [011] directions, respectively. See 
Fourier transforms in Fig. 3. 

The auto-regressive linear-prediction based 
Fourier transform (ARLP-FT), shown in Fig. 3, 
transforms the diffraction data from momentum 
space to real space30• In ARPEFS, the positions 
of the strong backscattering peaks in ARLP-FTs 
from adsorbate/substrate systems can be pre­
dicted with very good accuracy using the single­
scattering cluster model together with the con­
cept of strong backscattering from atoms located 
within a cone around 180. from the emission 
direction. The ARLP-FT peaks correspond to 
path-length differences between that component 
of the wave which propagates directly to the 
detector and those components which are first 
elasticly scattered by the atomic potentials. 
Analysis of the ARLP-FT provides information 
about the adsorption site as well as the bonding 
distance of the gold atoms. Figure 3 shows the 
ARLP-FT for Fe/Au(lOO) 
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Figure 3. ARLP-Ffs oftheARPEFS [001] data (solid 
line) and the [011] data (dashed line). A model of the 
lattice with the backscattering cones for each emission 
direction indicates the scattering atoms coresponding 
to the FT peaks. Note the excellent agreement 
between peak positions and calculated values. 
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The observed peaks in the ARLP-Ff are most 
consistant with a structural model where the Au 
atoms sit in the four,..fold hollow site, 1.6 A 
above the surface plane of the bulk Fe. The 
ARLP-Ff shows peaks corresponding to scatter­
ing events from as far away as the fourth iron 
layer. The fact that we see such long PLD is an 
indication of the qualitiy of the Fe films and the 
sharpness of the Fe-Au interface. The very good 
agreement between the predicted and the ob­
served peaks in the ARLP-Ff and the presence 
of sharp ARLP-Ff peaks due to scattering from 
the fourth Fe layer, shows the Fe lattice to be 
very like the Fe bulk. 
Fitting the experimental diffraction curves to a 
multiple-scattering model yields more precise 
structural parameters than that given by the 
Fourier analysis alone. Chen et al. recently 
developed a new multiple-scattering code, based 
on the Rehr-Albers formalism, which can model 
initial states with arbitrary angular momentum 
and which is fast enough to allow practical 
fitting to be done28

• 
29

• This calculation requires 
both structural and non-structural parameters. 
We used the structural parameters determined by 
the Fourier analysis as the initial guesses in the 
fitting procedure. The non-structural parameters 
include the initial-state angular momentum, the 

. atomic scattering phase-shifts, the crystal tem­
perature, the inelastic mean free path, the emis­
sion and light polarization directions, the elec­
tron analyzer acceptance angle, and the inner 
potential. 
The best fits determine the Au-Fe1 spacing to be 
1.67 A, and the Fe1-Fe2, and the Fe2-Fe3 spac­
ing to be that of the bulk iron, 1.43 A, within the 
experimental error limits. It is interesting to note 
that this value is a slight expansion of interlayer 
spacings realatiave to the clean metaP1• 
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INTRODUCTION 

There is a considerable interest in understanding the interaction of small organic molecules with 
oxide surfaces; The chemistry of formate interactions with Ti02( 11 0) has been investigated by 
several groups [ 1-5], but there is little information on the structure of the adsorbate/surface 
complex. Recently we· combined high-energy x-ray photoelectron diffraction (XPD) 
measurements at PNNL with low-energy scanned-angle and scanned-energy photoelectron 
diffraction measurements at the ALS to investigate the structure of the formate ion on Ti02(110) in 
detail [6-8]. The high-energy XPD results reveal that formate binds through the oxygens in a 
bidentate fashion to Ti cation rows along the [001] direction with an 0-C-0 bond angle of about 
126°. Low-energy photoelectron diffraction data, which is briefly described below, was used to 
identify the specific bonding geometry, including the bond length between the Ti cation and the 
oxygen in the formate. 

EXPERIMENT 

Low-energy photoelectron diffraction 
experiments were carried out on beam line 
9.3.2 at the ALS. The end station at this 
beam line was equipped with a Scienta SES 
200 hemispherical analyzer for collection of 
photoelectron spectra, along with a five-axis 
sample manipulator and in situ sample 
cleaning capabilities. A vacuum-reduced. 
Ti02(110) surface. [2-4] was cleaned and 

Formate 01 s ARPEFS 

5 6 7 8 9 
k <A -1) 

10 

ordered by cycles of light Ar+ ion sputtering 
at 500 e V and annealing in oxygen at a 
pressure of 1 x 10-6 torr and a temperature of 
900 K. 96% pure formic acid, purified by 
several freeze-pump-thaw cyeles, was dosed 
onto the substrate at room temperature by 
backfilling the chamber to -2x10-7 torr with 
formic acid vapor from a liquid reservoir for 
150 seconds. This leads to a saturation 
coverage of 0.5 ML of formate anions with 
respect to the exposed five-coordinate Ti-t4 
cations on the surface. TheoretiCal 
simulations were carried out using spherical 
wave single and multiple scattering cluster 
theory for select trial geometries [9] with the 
partial wave phase shifts being computed 

Fig. 1: Experimental formate 01s ARPEFS scan 
taken 1 oo off normal toward [00 1] with calculated 
scans using single scattering (SS) and multiple 
scattering (MS) for the cluster with the vertical 
distance obetween Ti and formate oxygen of 
Z=2.05 A. 
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using the program FEFF [10]. The cluster 
size was 773 atoms (21 OCO moieties and 
710 substrate atoms) for the single scattering 
calculations. The multiple scattering 
calculations were limited to a 230 atom 
wedge shaped cluster (18 OCO moieties and 
176 substrate atoms) spanning only a 180° 
azimuthal angle range due to computer 
memory limitations. 

RESULTS 

Our ALS experimental results are 
summarized in Figs. 1 and 2. Fig. 1 shows 
the experimental formate 01 s scanned energy 
photoelectron diffraction data, or angle­
resolved photoemission fine structure 
(ARPEFS), after a four-point smoothing, 
along with the calculated single and multiple 
scattering intensities using the optimized 
cluster geometry. Hartree-Fock calculations 
predicted the bond length between the Ti 
cation and the formate 0 to be 2.05 A [6]. 
Several geometries were considered with 
different Ti-0 bond lengths in the single 
scattering calculations and the variation of the 
five distinct R-factors used [11] are shown in 
Fig. 3(a). From this analysis we can 
conclude that the R-factor minimum can be 
obtained for the vertical distance between the 
Ti cation and formate oxygen, Z, of 2.1±0.1 
A, 

Experimental scanned-angle data for takeoff 
angles of 25°, 30°, and 35° are shown in Fig. 
2, along with the calculated single and 
multiple scattering intensities using the 
optimized cluster geometry. Again, several 
geometries were considered for these 
calculations and a detailed R-factor analysis 
was carried out with single scattering. The 
R-factors for the three angles are summed 
and the average R-factors as a function of Z 
are shown in Fig. 3(b). In this case the R­
Factors minimum can be obtained as 1.9±0.1 
A. The width of the R-factor minimum is 
larger in the scanned-angle results as 
compared to the ARPEFS data and the 
difference in the widths may be caused by the 
relatively high angular acceptance (±6°) of the 
analyzer. Overall we can conclude that the 
optimum Z would be 2.0±0.2 A. 

Formate 01 s Scanned Angle Data 

0 
[001] 

45 

Azimuthal Angle e) 

90 
[110] 

Fig. 2: Experimental azimuthal scans at an energy of 77 
eV and takeoff angles of (a)9=25°, (b)9=30°, and (c) 
e=35°, with the calculated scans using single scattering 
(SS) and multiple scattering (MS) for clusters with the 
vertical 1istance between Ti and formate oxygen of 
Z=2.05A. 
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CONCLUSIONS 

In conclusion, we have used photoelectron 
diffraction to determine the chemisorption 
geometry of formate on TiOz(llO). The 
experimental scanned-energy and scanned­
angle data agree very well with theoretical 
simulations and are in agreement for the 
adsorption site and the adsorbate-substrate 
bond length predicted by Hartree-Fock 
theory. 

A-Factors as a function of the vertical 
distance between Ti and Formate 0 
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The first non-s initial state angle-resolved photoemission extended fine structure (ARPEFS) 
study of clean surfaces for the purpose of further understanding the technique is reported. The 
surface structure sensitivity of ARPEFS applied to clean surfaces and to arbitrary initial states is 
studied using normal photoemission data taken from the Ni 3p core levels of a Ni(lll) single 
crystal and the Cu 3s and the Cu 3p core-levels of a Cu(lll) single crystal. The Fourier 
transforms of these clean surface data are dominated by backscattering. Unlike the s initial state 
data, the p initial state data show a peak in the Fourier transform corresponding to in-plane 
scattering from the six nearest-neighbors to the emitter. Evidence was seen for single-scattering 
events from in the same plane as the emitters and double-scattering events. 

Using a newly developed, multiple-scattering calculation program, ARPEFS data from clean 
surfaces and from p initial states can be modeled to high precision. Although there are many 
layers of emitters when measuring photoemission from a clean surface, test calculations show 
that the ARPEFS signal is dominated by photoemission from atoms in the first two crystal 
layers. Thus, ARPEFS applied to clean surfaces is sensitive to surface reconstruction. The 
known contraction of the first two Cu(lll) layers is confirmed. The best-fit calculation for clean 
Ni( Ill) indicates an expansion of the first two layers. 

To better understand the ARPEFS technique, we stuq~\1 s and non-s initial state photoemission 
from clean m<t~t surfaces. As expected, the Cu 3s Xl ) curve is roughly 180° out of phase from 
the Cu 3p X~ ) curve. The clean surface ARPEFS data resemble data for adsorbate systems, 
showing strong backscattering signals from atoms up to four layers below the source atoms. In 
addition to the backscattering, the Ni 3p data and Cu 3p data show a peak in the FT at ~2.5 A 
corresponding to in-plane single-scattering of the photoemission wave 

Although there were many layers of emitters in this clean surface study, the ARPEFS fitting 
process was sensitive to the surface relaxation. The spacing between the first two nickel layers is 
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2.09(1) A which is a 3% expansion from the bulk nickel value. By contrast, the spacing between 
the first two copper layers is 2.06(5) A which is a 1.5% contraction from the bulk copper value. 

For the Cu(lll) 3s and 3p fitting, the R-factor was minimized as a function offe and qe. These 
contour plots indicate that the Cu 3p photoemission intensity is more directional than the Cu 3s 
photoemission intensity. This in turn indicates that the photoemission intensity from the Cu 3p 
core-levels must have mostly d-wave character. 

To study the scattering processes in more detail, two types of test calculations were completed. 
A cluster with a single emitter adsorbed on a layer of scattering potentials was used to investigate 
the possibility of detecting double-scattering events directly in the FT. To this end, the Cu 3p 
test results were more convincing than the Cu 3s test results. A second test system used a ten­
layer cluster and a single emitter moved successively through the first six layers. Although the 
signal from the deeper layers may modulate the high-frequency oscillation magnitudes slightly, 
the photoemission signal comes principally from the first two crystal layers. 

It has been shown that photoelectron holography signals from clean surfaces are dominated by 
forward scattering, with atomic positions being imaged up to three layers ahead of the emitting 
atom. A combination of these two photoelectron diffraction techniques would therefore provide 
a very good method for studying ordered interfaces. 
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Figure 1: Ni(lll) 3p ARPEFS X( k) data (solid line) and best fit (dashed line). A schematic of the 
experimental geometry is shown. 

Beamline 9.3.2 Abstracts • 396 



1.2 

0.8 

0.4 

/': 
/~ 
! 1-

0.0 .. =··/ ~ !'.; ll 
v 
' .0.4 

hV ~ (II~ 
~ 

Clean Cu(ll I) 
ARPEFS Data 

-Cu3s 
-Cu3p 

. Figure 2. Ni(lll) 3p ARPEFS X( k) data (solid line) and best fit (dashed line). A schematic of the 
experimental geometry is shown. 

:;; 
>< 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
5 6 7 

0.4 

a) Cu(lll) 3s 
Clean Surface 
- ARPEFS Data 
-Calculation 

10 II 

b) Cu(lll) :\'J 
Clean Surface 
- ARPEFS Data 
-· Calculation 

12 

-0.6 5~...1.....1-6~-L-..&-~7:-'-L-.&..~8-<--JL-..1..-~9 -'-'-'-:1~0_.__..~1';-1 ........ ~12 
!«A:~ 

Figure 3. ARPEFS X( k) data (solid line) and the MSSW best fit (dashed line) for a) Cu(lll) 3s and 
b) Cu(lll) 3p. 
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INTRODUCTION 

The brightness of third-generation synchrotron radiation from beamline 9.3.2 at the Advanced 
Light Source [l(a)] has been combined with the high-intensities and energy resolutions possible 
with its advanced photoelectron spectrometer/ diffractometer experimental station [ 1 (b)] in order 
to study the time dependence of the oxidation of the W(llO) surface. This has been done via 
chemical-state-resolved core-level photoelectron spectroscopy and diffraction. This system has 
been studied previously by other methods such as LEED and STM [3-6], but several questions 
remain as to the basic kinetics of oxidation and the precise adsorption structures involved. By 
studying the decay and growth with time of various peaks in theW 4f712 photoelectron spectra, it 
should be possible to draw quantitative conclusions concerning the reaction kinetics involved. We 
have also measured full-solid-angle photoelectron diffraction patterns for the two oxygen-induced 
W states, and these should permit fully defining the different structures involved in this oxidation 
process. 

RESULTS AND DISCUSSION 

The surface of a clean W(ll 0) surface at room temperature was reacted with oxygen at a pressure 
3xio-9 Torr 0 2; the base pressure in the chamber before beginning to leak in oxygen was 1.3xiO­
lO Torr. TheW 4f712 spectrum taken for the clean W(llO) surface at the onset of oxidation is 
shown in Fig. l(a). This figure showstwo well-resolved peaks, with a 320meV binding energy 
shift between them and the peak at higher kinetic energy (lower binding energy) being attributed 
to the top layer of tungsten atoms with no overlying adsorbate [2]. Spectra such as this were 
taken every 20 sec over a period of70 min. Figs. 1{b) and (c) show later spectra taken at 35 min 
and 70 min. By 35 min., the surface peak is gone, indicating that the top layer of tungsten is 
completely covered by some first adsorption state(s) of hydrogen [2] and/or oxygen. There are 
two chemically shifted peaks, one at a higher binding energy with +350 meV shift relative to bulk 
that we assign to a first and more weakly bound chemisorbed species, and the other with a +730 
meV that we assign to a second and more strongly bound "incipient-oxide-like" species. The 730 
meV peak is found to persist up to a 1 monolayer (ML) oxygen coverage where, with oxidation at 
higher temperature and pressure, it forms a highly ordered (lxl)-(lx12) long-range structure as 
seen in both scanning tunneling microscopy (STM) [6] and low energy electron diffraction 
(LEED) [7]. Figs. l(b) and (c) make it clear that the 350 meV state grows in first, but that the 
730 meV state becomes dominant by the end of the time interval. Fitting peak shapes to this set 
of spectra now permits determining the quantitative time dependence of all four of the peak 
intensities observed, as shown in Fig. l(d). From this figure, we can see that the decay of the 
surface peak occurs over the first 10-15 min., that it is accompanied by a growth ofthe bulk peak, 
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and that it is only after the 350 meV peak reaches a maximum at about 20-25 min. that the 730 
meV peak begins to grow in, at the expense of the 350 meV peak. These results clearly suggest a 
linkage in the kinetics ofthese adsorption and oxidation processes. We are presently analyzing 
these first-of-a-kind data in order to derive a more precise kinetic model. 
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Figure. 1. Time and state resolved W 4f 712 photoelectron spectra for a clean W(llO) surface exposed to oxygen: 
(a) t = 0 min.--Initial clean surface showing the surface core level shifted peak at -320 meV with respect to bulk; 
(b) t = 35 min.--Surface after 35 min. ex'"}>Osure showing the two ox-ygen-induced peaks at+ 350 meV and +730 
meV; (c) t = 70 min.--Final spectrum of the series after 70 min., showing the increase of the oxide peak at the 
expense of the chemisorbed oxide peak; (d) The time dependence of the four peaks observed in these spectra. 

We have also measured full-solid-angle photoelectron diffraction patterns for both the 
chemisorbed and oxide peaks in theW 4f712 spectrum, with these then permitting a direct 
structural determination for the two W states involved. The structure of the oxide state at 730 
me V has not been determined before, beyond the indication of a threefold adsorption site from 
STM [6(a)], although LEED has been used to determine the structure of what is probably the 350 
meV state [6(b)]. The LEED pattern shows superstructure spots whose symmetry depends on 
the oxygen coverage and the heat treatment during and after adsorption [this work and 6(b)]. For 
our study, one monolayer of oxygen is deposited, so that, by th_e end of the exposure, the LEED 
exhibits a (lxl)-(lxl2) pattern. We here discuss the results for the oxide peak at 730 meV 
associated with this (lx12) structure, with analysis for the other peak at 350 meV currently in 
progress. This oxide was formed in a purer state by doing a separate surface reaction at a 
pressure of 1.3xi0-6 Torr of oxygen and a temperature of700°C, a recipe used in a prior STM 
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study [6] and leading to a sharp (1x1)-(1x12) LEED pattern [7]. For this case, only a single 
oxide peak at 730 me V was observed, together with the bulk peak. The angle between the 
linearly-polarized incident radiation and the electron emission direction was fixed at 70°, with 
the sample being rotated on two perpendicular axes to obtain the full diffraction pattern. The 
excitation energies used were 127 eV and 170 eV, via third- and fourth- order light from the 
spherical grating monochromator on beamline 9.3.2 [1(a)]. We have measured ~900 W 4f712 
spectra over nearly the full solid angle above the surface, spanning the takeoff angle range from e 
= 9° to 90° (=normal emission) in 3° steps and the 180° azimuthal angle range from W [1-10] to 
[-110]. Fitting these spectra with appropriate peak shapes then permitted deriving separate 
diffraction patterns from each peak. The variation of radiation flux with time was normalized out 
in determining the fmal intensities. The experimental diffraction pattern for the oxide peak with 
170 eV excitation is shown in Fig. 2(a). 

The data in Fig. 2(a) have been analyzed by comparing experiment to theory via R-factors, with 
corollary structural information coming as well from a similar analysis of an experimental 
diffraction pattern obtained with higher-energy x-ray excitation at 1,487 eV [7]. The final 
optimum structure is for the oxygen in this incipient oxide structure to sit in a quasi-threefold 
hollow site on the W(110).surface, with an interlayer separation from the first W layer of0.95 ± 
0.05 A and a W-0 bond distance of 1.79 A that is very close to that found in bulk W oxides. The 
final theoretical diffraction pattern for the best fit geometry is shown in Fig. 2(b ), and it is in 
excellent agreement with experiment. Analysis of the data obtained with 127 e V excitation leads 
to a similar structural conclusion. 

(a) (b) 
90 90 

15 45 75 75 45 15 15 45 75 75 45 15 

theta theta 

Figure 2. Full-solid angle diffraction from the top layer of atoms ofO/W(llO) (lxl)-(lxl2); (a) experimental data; 
(b) multiple scattering theory with oxygen atoms occupying the threefold hollow sites at a bond distance of l. 79 A, 
and an interlayer distance of0.95 A. 
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CONCLUSIONS 

This study thus demonstrates the considerable potential of time and chemical-state resolved 
photoelectron spectroscopy at a third-generation synchrotron radiation source for studying 
surface reaction kinetics, as illustrated for the four-state system involved in the oxidation of clean 
W(llO). Being able to simultaneously use photoelectron diffraction to determine the local 
atomic geometries around species with different chemical states, as illustrated here for the 
incipient oxide state in the 0/W(llO) system, represents another unique capability that should be 
broadly applicable to various surface reactions and epitaxial growth processes. 

) 
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Oxygen adsorption on tungsten is one of the 
earliest and most studied model adsorption 
systems'. Researchers have identified multiple 
coverage-dependent phases on the W(110) face 
2. 3• The three ordered phases are the (2x 1) with 
a coverage of 8= 0.5 monolayer (ML), the 
(2x2) with e= 0.75 ML, and the (1x1) with e= 
1.0 ML. The higher coverage phases are 
considered to be two-dimensional oxides with 
the oxygen arranged along the close-packed 
substrate directions. Previous researchers 
found that annealing these high-coverage 
phases led to additional superstructures in 
LEED 2• These additional LEED spots were 
interpreted as due to a compressed "misfit" 
oxygen overlayer 2• This structure would be 
extremely difficult to determine with a diffrac­
tion technique like Angle-Resolved Photoemis­
sion Extended Fine Structure (ARPEFS), 
because of the number of different scattering 
geometries. Recently however, using scanning 
tunneling microscopy (STM), Chiang et al. 
showed that these high-order diffraction spots 
were instead due to very regularly spaced 
domain walls 4• These walls separate domains 
where the oxygen adsorption site switches 
from the left side to the right side of the unit 
cell. This configuration leads to domain walls 
which alternated between higher oxygen 
concentration and lower concentration than the 
rest of the surface. Figure 1 shows an illustra­
tion of these domain walls as well as the high­
symmetry adsorption sites. The distance 
between the walls is ca. 10 atomic units 4• 

Padley et al. labeled this LEED structure 
[(lx1)0/W(llO)]x12 5• 

0 • 
Surface Tungsten Oxygen 

• ~top snes [001] 

~§~.L,,. 

Heavy concentration domain wail Ught concentration domain wall 

Figure 1. Top panel: Surface structure of the (1x1) 
0/W(llO) showing possible high-symmetry 
adsorption sites. The bottom panel shows the 
oxygen atoms adsorbed into the quasi-threefold 
hollow site. The site exchange domain walls were 
proposed by Chiang et al. to explain the additional 
LEED superstructure seen when the (1x1)0/W(ll0) 
surface is annealed. The adsorption site exchange 
leads to alternating domain walls with light or 
heavy oxygen concentration. The LEED pattern for 
this structure is l2xl 

While the STM study showed the 
origin of these higher-order diffraction spots, 
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no detailed atomic-structural study has been 
done for this system to date. In the present 
study we use Angle-Resolved Photoemission 
Extended Fine Structure (ARPEFS) to deter­
mine the adsorption site and local atomic 
structure of [(lx1) 0/W(llO)] x 12. ARPEFS 
is a well established technique for determining 
the atomic structure of atomic and molecular 
adsorbates on metal surfaces 6-12• The 
technique's advantages are its elemental 
selectivity through the binding energies of core 
level electrons, the large oscillations in inten­
sity, and its inherent accuracy. 
These experiments were performed at the 
Advanced Light Source (ALS) on beamline 
9.3.2, a bend magnet bearnline with a spherical 
grating monochromator (SGM). Three gratings 
span an energy range from 30 e V to 1200 e V, 
with a maximum resolving power, E/ ~ = 
10,00013• 

The (lx1)x12 oxide preparation method is 
from Diamon 15• Mter the cleaning process, the 
crystal is warmed to 1000 K and exposed to 2 
x 10·6 Torr of 0

2 
for 11 minutes 40 seconds. 

The resulting LEED pattern is 1x1 with extra 
superstructure diffraction features. These 
higher-order spots align along the [1 13] 
direction. After the sample preparation, the 
crystal was still free from carbon or sulfur 
contamination and will remain so for literally 
days due to the passivation of the surface by 
the oxygen. The ARPEFS data were taken on 
this surface structure at room temperature. 
During the data collection the crystal was 
oriented such that the polarization vector, E., of 

the synchrotron radiation was along the <001> 
azimuth. The photoemission spectra were 
taken at two different angles, normal emission 
and 45° from normal emission along.the <001> 
azimuth. In the rest of this paper we will 
describe these directions as normal emission 
and off-normal emission, respectively. 
We collected the ARPEFS intensity modula­
tions, l(k), from the 0 1s core level along the 
normal and the 45° off-normal emission 
directions. This function l(k) has two compo­
nents; a slowly varying, atomic-like portion, 
10(k), upon which is superimposed a rapidly 

oscillating beat pattern that arises from the 
interference between the primary wave propa­
gating directly to the detector and waves which 
scatter elastically off nearby atomic potentials 
before reaching the detector. diffraction curves, 
x(k) are obtained by removing the slowly 
varying loCk) portion from l(k). 

(k) = l(k)- 10 (k) 
X Io(k) 

The auto-regre.ssive linear-prediction based 
Fourier transform (ARLP-FT) transforms the 
diffraction data from momentum space to real 
space16

• In ARPEFS, the positions of the strong 
backscattering peaks in ARLP-FT from adsor­
bate/substrate systems can be accurately 
predicted using the single-scattering cluster 
model together with the concept of strong 
backscattering from atoms located within a 
cone centered at 180° from the emission direc­
tion. The effective solid angle of this backscat­
tering cone is approximately 30° to 40°, though 
sig-nals from scattering atoms very close to the 
source atom may be observable even if the 
scatters lie outside the nominal backscattering 
cone. The ARLP-FT peaks correspond to path­
length differences between that component of 
the wave which propagates directly to the 
detector and those components which are first 
elastically scattered by the atomic potentials 
within this backscattering cone. 
Analysis of the ARLP-FT provides information 
about the adsorption,site as well as the bonding 
distance between the oxygen and tungsten 
atoms. Figure 2 shows the ARLP-FT for each 
emission direction. The 1 x 1 LEED structure 
suggests that oxygen adsorbs to a high-symme­
try site on the W(110) surface. Using plane 
geometry and ignoring. phase-shift effects, one 
can then calculate the path-length differences 
(PLD) and scattering angles for strong scatter­
ing events for each adsorption site geometry. 
Comparison of the predicted peak positions to 
the obs~rved peaks in the ARLP-FT usually 
favors one adsorption site. In this study we 
consider the atop, bridge, center and quasi 
threefold site as possible 0 adsorption sites. 
The off-normal ARLP-FT is dominated by one 
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peak at a PLD = 3.5 A. The strength of this 
peak immediately suggests a site with very 
strong backscattering geometry at 45° emis­
sion, eliminating the atop site. The normal­
emission peaks at 3.1 and 6.7 A are most 
consistent with the center or the threefold 
hollow sites. We cannot distinguish between 
the center and threefold hollow sites by com­
parison of the PLD because the scattering 
geometries are too similar. The Fourier analy­
sis agrees best if the 0 atom adsorbs in the 
center or three fold hollow site approximately 
1.15 A above the first-layer tungsten. For this 
geometry the predicted PLD and the observed 
ARLP-FT peaks are in good agreement and the 
relative peak strengths are reasonable for the 
scattering angles. 
In order to distinguish between the center and 

11 
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Figure 2. ARLP-Ff of the experimental X(k) 
curves for the 0 ls normal emission (solid line) and 
45° off-normal emission (dashed line). The model 
indicates the scattering atoms contributing t<;> peaks 
in theARLP-Ff. In the model the relative size of 
the W atoms indicates its position relative to the 
plane of the paper and the 0 plane. The larger atoms 
are sticking out of the paper plane and the smaller 
are into the paper plane. 

threefold sites and to extract more precise 
structural parameters than determined by the 
ARLP-FT analysis, we fitted the diffraction 
data to a full multiple-scattering model. The 
results of the fitting routine for the normal 
emission and off-normal emission data are 
shown in Fig. 3. The quasi threefold hollow 
site is clearly the best structure. The calcula­
tion code for this fitting routine was recently 

3 Fold Site 

5 7 

Figure 3. Best-fit calculations to the normal 
emission 0 ls x(k)to the threefold hollow and 
center sites. The normal and off-normal curves were 
fitted simultaneously. The threefold hollow is the 
best fit with an R-factor equal to 0.43. The best-fit 
parameters are O-Wl =·1.21 A; W1-W2 = 2.19 A; 
adsorption site 0.48 A from center position along 
[llO]. 

developed by Chen, Wu and Shirley and is 
based.on the Rehr-Albers formalism11•

18
• This 

calculation requires both structural and non­
structural parameters as input. We used the 
structural parameters determined by the ARLP­
FT analysis as the starting point for the mul-
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tiple-scattering calculations. The non-structural 
parameters include the initial-state angular 
momentum, the atomic scattering phase-shifts, 
the crystal temperature, the inelastic mean free 
path, the emission and light-polarization 
directions, the electron-analyzer acceptance 
angle, and the crystal's inner potential. 

The threefold-hollow site is obviously 
the best fit to the experimental data with an R­
factor equal to 0.43. The best fits determine the 
O-Wl interlayer spacing to be 1.21 A, and the 
Wl-W2 spacing to be 2.19 A. The a-adsorp­
tion site is very close to the ideal threefold site, 
located 0.46 A from the center of the long axis, 
along [llO]. The true threefold site, equally 
distant from each of the three W atoms, is 0.56 
A from the center site along the [1 Io]. A 
surface Debye temperature of 400 K and an 
inner potential of 8.01 V were found to give 
the best fit. 
The results of the MSSW calculations are very 
similar to those found by a previous LEED 
study for a different 0/W (11 0) phase. these 
researchers found for the (2x1)0/W(ll0) phase 
that the oxygen adsorbs near the threefold site. 
They reported the distance of the 0 atoms 
above the surface to be 1.25 A. This previous 
study did not report a value for the distance 
between the first and second layer tungsten. 
We find that the local geometry is the same for 
[(lx1)0/W(llO)]x12 phase as for the (2x1)0/ 
W ( 11 0) phase independent of the long range. 
order of the oxide layer. We report the oxygen 
adsorption site to be near the threefold hollow, 
1.21 ± 0.04 A above the surface-tungsten 
plane. 
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INTRODUCTION 

Perovskite and "layered perovskite" -type manganese oxides show a variety of electronic and 
magnetic properties such as the colossal magnetoresistance (CMR) [1,2]or the charge ordering [3]. 
Among them, Laa_5Sr~,5Mn04 (~NiF4 structure) which has 0.5 holes per Mn site (d 3

·
5

) shows the 
charge-order transition at -220 K [3,4] below which Mn3

+ and Mn4+ sites are believed to order in 
the CE-type [4,5]. Although the charge ordering phenomenon has also been observed in the 
perovskite manganites Pr0_5Sr1.5Mn03 or Pr0_5Ca~,5Mn03 [6], the present system has another 
advantage that it has a layered structure. This enables us to address the issue of the orbital 
symmetry which should be directly related to the charge ordering. In this report, we present the 
results of x-ray absorption spectroscopy (XAS) on Laa_5Sri.5Mn04 for two polarization angles and 
two (above and below the transition temperature Tc0 ) temperatures. 

EXPERIMENTAL 

High quality single crystals ofLaa5 Sri.5Mn04 were grown by the floating-zone method [3]. The 
experiment has been performed on ALS beamline 9.3.2. at two(290 K and 50 K) temperatures in 
the AMC chamber. The absorption intensity was obtained by measuring the partial electron yield. 
The photon energy was calibrated so that the first peak of the 0 ls XAS spectrum ofNiO should 
be located at 531.8 e V [7]. The spectral intensity has been normalized at -600 e V photon energy 
where no polarization effect was observed, after subtracting a constantbackground. At the same 
time, two cry~tal orientations were employed to detect in-plane or out of-plane unoccupied states: 
the normal incidence, in which the photon beam is perpendicular to the Mn02 planes, gives spectra 
sensitive to the in-plane states and the grazing incidence (the photon beam is 20 degrees away from 
the complete grazing) gives information of the out of-plane states. The crystals were cleaved in situ 
in a vacuum of 2xl0.10 torr at approximately 50 K by knocking off a post glued to the top of the 
sample. The energy resolution was typically about 0.1 e V. 

RESULTS 

Figure 1 shows the 0 ls XAS spectra ofLaa_5Sri.5Mn04 for two polarizations at two temperatures. 
The spectra are similar to those of Laa_6Sr~,4Mn04 (d 3

·
6

) by a recent study [8]. The broad structures . 
located between 540 eV and 547 eV have been assigned to Mn 4sp-related features and the peak at 
-536 eV originates from hybridization to La 5d and Sr4d states [9]. The peak at 532.5 eV which 
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shows large polarization dependence is characteristic of layered systems [8]. The recent study has 
shown that the intensity of the peak systematically changes from a single layered compound to a 
cubic one, suggesting that the 
peak is due to La(Sr)-0 sheets 
between Mn-0 planes [8]. At 
both the (i) high and (ii) low 
temperatures the spectra show 
large polarization dependence in 
a large energy scale from the 
absorption edge up to -545 eV, 
showing the layered nature of the 
electronic structure. The first 
peak located at -528 eV, 
originating from Mn 3d states, 
also shows a large polarization 
effect. Because the grazing 
incidence spectra are sensitive to 
the out of-plane states, d3z2.,2 
states (z is perpendicular to the 
Mn02 plane, namely the sample 
surface) would be dominant in 
the leading edge and the intensity 
around the top of the first peak 
would have mainlydx2.y2 state 
origin. On the other hand, the 
temperature dependence of the 
spectra in both the orientations is 
quite weaker than the polarization 
effect although the charge-order 
temperature T co-220 K is 
between the two temperatures. 

~ 
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c 
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Lao_5Sr 1_5Mn0 4 
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.··· .. 
·. 
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e 290K 

---- 50 K 
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Figure 1. 0 ls XAS spectra·ofLao5Sr~,5Mn04 at 290 K and 50 K. 
"Normal" and "Grazing" indicate that the photon beam was normal to 
the Mn02 plane and 10• away from the normal incidence, respectively. 

However, small but observable changes can be seen near the absorption edge in the grazing spectra 
(iv); the first peak of the 50 K spectrum has more intensity than the 290 K spectrum, which may 
correspond to dx2.y2 states rather than the d3z2.,2 states according to (i) and (ii) in the figure, whereas 
the absorption edge itself (d3z2.,2 states) does not show any significant change. This could be an 
observation of the charge-order transition because in the ordered state ( CE-type ordering) the d3x2.,2 

and thed3y2.,2 (in-plane) orbital ordering was proposed [10]. In this scenario, however, the very 
tiny change with temperature in the normal-incidence Spectra (iii) should be explained at the same 
time. Also, Mn 2p XAS spectra (not shown) did not show large changes with temperature. Further 
analysis and investigation should be needed. 

SUMMARY 

We have measured the 0 ls XAS spectra ofL3o5Sri.5Mn04 above and below the charge-order 
transition temperature. The spectra showed strong polarization effects at both the room temperature 
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and 50 K. Small temperature-dependent change was observed in the grazing incidence spectra, 
which could be related to the charge ordering. 

REFERENCES 

1. R. von Helmont, J. Wecker, B. Holzapfel, L. Schultz, and K. Samwer, Phys. Rev. Lett. 71, 
2331 (1993); K. Chahara, T. Ohno, M. Kasai, andY. Kozono, Appl. Phys. Lett. 63, 1990 
(1993); Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and N. 

· Furukawa, J. Phys. Soc. Jpn. 63, 3931 (1994). 
2. Y. Moritomo, A. Asamitsu, H. Kuwahara, andY. Tokura, Nature 380, 141 (1996). 
3. Y. Moritomo, Y. Tomioka, A. Asamitsu, andY. Tokura, Phys. Rev. B 51, 3297 (1995). 
4. B. J. Sternlieb, J.P. Hill, U. C. Wildgruber, G. M. Luke, B. Nachumi, Y. Moritomo, andY. 

Tokura, Phys. Rev. Lett. 76, 2169 (1996). 
5. E. 0. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955). 
6. Y. Tomioka, A. Asamitsu, Y. Moritomo, H. Kuwahara, andY. Tokura, Phys. Rev. Lett. 74, 

5108 (1995). 
7. This gives the same photon energy as Ref. 8. Another work adopted 531.7 eV for NiO. (F. M. 

F. de Groot, M. Grioni, J. C. Fuggle, J. Ghijsen, G. A. Sawatzky, and H. Petersen, Phys. 
Rev. B 40, 5715 (1989).) 

8. C. H. Park, D. S. Dessau, T. Saitoh, Z. -X. Shen, Y. Moritomo, andY. Tokura, 
unpublished. 

9. M. Abbate, F. M. F. de Groot, J. C. Fuggle, A. Fujimori, 0. Strebel, F. Lopez, M. Domke, 
G. Kaindl, G. A. Sawatzky, M. Takano, Y. Takeda, H. Eisaki, and S. Uchida, Phys. Rev. B 
46, 4511 (1992). 

10. Z. Jinik, S. Krupicka, Z. Simsa, M. Dlouha, and S. Vnitislav, J. Magn. Magn. Mater. 53, 
153 (1985). 

*Current Address: Center for Integrated Research in Science and Engineering, Nagoya University, Nagoya 464-01, 
Japan 

This work was funded by Office of Naval Research Young Investigator grant N00014-96-I-0768. 

Principal investigator: DanielS. Dessau, Department of Physics, University of Colorado, 80309. Email: 
dessau@spot.colorado.edu. Telephone: 303-492-1607. 

Beamline 9.3.2 Abstracts • 408 



X-Ray Magnetic Circular Dichroism and X-Ray Absorption 
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The optimization of the magnetic properties of materials for a wide range of applications requires a 
dynamic iteration between synthesis, property measurements and characterization at appropriate 
length scales. In addition, atomically engineered thin films and nanostructures offer new 
opportunities to elucidate the physics of magnetism, test theories and most importantly build new 
materials with unique properties. Our interest arises both from the increased appreciation of the 
degree to which magnetic properties can be influenced by tailored microstructures and the ability to 
characterize them by x-ray scattering/dichroism techniques. Preliminary results of our work at the 
ALS on "giant" moment in a"-Fe1~2 and "colossal" magnetoresistance in manganite perovskites 
is presented here. 

It has recently been claimed [1] that a"-Fe1~2 possesses a giant magnetization of 2.9 T ( -2300 
emu/cc) when grown on lattice-matched In0.2Gao.8As(001) and Fe/GaAs(001). However, 
attempts at growth on simpler substrates have resulted in only a modest enhancement in moment 
[2] and often in multiphase mixtures. Theoretical calculations [3] based on the band structure of 
Fe16N2 predict values for the magnetization around 2.3 T ( -1780 emu/cc), well below Sugita's 
claims, but consistent with the magnetization reported by several other workers. We have carried 
out preliminary XMCD measurements on the Fe L2,3 and N K edges of iron nitrides grown on 
Si(OOl). Using appropriate sum rules applied to the integrated MCD spectrum, we hope to 
determine the magnetic moment of the iron species in the a"-Fet6N2 films and other phases and 
resolve the orbital and spin contributions to the moment. 

There is also rapidly growing interest in the "colossal magnetoresistance" effect observed in 
manganese oxides for both fundamental and commercial applications [4,5]. Detailed 
understanding of these phenomena, including the nature of the charge carriers and spin polarized 
conduction band, is far from satisfactory. To address some of these issues we have measured the 
electron energy loss spectra (EELS) of manganese perovskites at room temperature. Our EELS 
results show a prepeak (0 2p hole) at the threshold of 0 2p [6] and the peak intensity proportional 
to the conductivity. The EELS results imply that in this material there is a significant 0 2p hole­
driven conductivity contrary to the current "double exchange" theory which is based on mixed Mn 
valence of Mn3+ and Mn4+ and their interactions through filled oxygen 2p states. Further, the 
precise relationship between the transport (metal to insulator) transition and magnetic 
(ferromagnetic to antiferromagnetic) transition is not yet understood. We hope that temperature 
dependent XMCD and XAS measurements of the Mn L2,3 edge would shed light on these 
questions. 

We have recently developed a crystallographic template for the growth of the range of Fe-N phases 
on Si(001) by lattice matching on Ag underlayers [7]. Epitaxial films of pure a-Pe, )"-Fe~ and 
a'-FegN (N martensite) were grown individually by the optimization of reactive N2 sputtering 
parameters. Annealing the a'-Fe8N films resulted in the formation of a':..FesN/a"-Fe16N:z 
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mixtures. Quantification of x-ray diffraction peak intensities confirmed that the a'/a" mixtures 
contained as much as 46 vol% a" (remaining a'). VSM measurements of the a' and of the a'/a" 
mixture indicate enhanced magnetic moments for both the a' and a" phases with respect to a-Fe. 
Mossbauer experiments have confirmed that the iron in a"-Fet6N2 occupies three distinct sites in 
agreement with the proposed crystal structure. 

We have also grown epitaxial Lat-xSrxMn03 on LaAI03 (100) thin films by both sol-gel technique 
and pulsed laser deposition. Undoped LaMn03 is insulating for the entire temperature range we 
have investigated. La1.xSrxMn03 with doping 0.2<x<0.5 becomes metallic and ferromagnetic. 
The EELS result shows a prepeak in 0 K edges for metallic manganese oxides and the prepeak 
diminishes for insulating manganese oxides. Any noticeable changes in Mn L2,3 edges are not 
observed within the resolution of EELS. 

XMCD experiments were performed on beamline 9.3.2, which has circularly polarized soft x-rays 
available, in September 1996. XMCD experiments were performed by collecting the total electron 
yield (sample photoelectric current). An external magnetic field of 3 Tesla was applied in these 
experiments, using a vacuum chamber with a built-in supercond4cting magnet. Figure 1(a) shows 
the absorption spectra of the iron Lz,3 edges in a pure a-Fe film. The solid spectrum was obtained 
with the photon polarization and magnetic field direction parallel, while the dashed spectrum was 
obtained with the polarization and field anti-parallel. The spectra were normalized both by Io and 
to fit the background values at zero on the left and one on the right. Figure 1(b) shows the MCD 
spectrum (solid line, the difference between the curves in Figure 1(a)) and its integrated curve 
(dashed line). Sum rules applied to the integrated curve give a ratio of 111oro/mspin - 0.03, in 
agreement with the range of literature values for Fe[8]. XMCD of high-moment a'/a" films 
indicates an increase in this ratio, suggesting an increase in the orbital contribution to the moment. 
This is an unexpected result and calls for further study. Further studies using improved samples 
(capped to avoid oxidation) and improved signal collection are planned for our upcoming sessions 
on beamline 9.3.2. 
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Figure 1. (a) X-ray absorption spectra of the Fe Lz.3 edges in a pure a-Fe film. The solid spectrum was obtained 
with the photon polarization and magnetic field direction parallel, while the dashed spectrum was obtained with the 
polarization and field anti-parallel. (b) MCD spectrum (solid line, the difference between the curves in (a)) and its 
integrated curve (dashed line). 
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We have also carried out preliminary XMCD and XAS on Mn L2,3 edges and 0 K edges of 
manganese oxide Lat-xSrxMn03 thin films. With the XAS measurement, we would like to 
investigate the doping, temperature, and field dependence of the prepeak intensity in the 0 K edge 
and the white line ratio I(L3)/ICL2) in Mn L2,3 edges, which depends on the Mn oxidation state [9]. 
We hope-to resolve the unoccupied electron density of states on the oxygen and manganese sites, 
for different divalent doping (and/or oxygen content) and as a function of temperture (77 K < T < 
350 K). In particular, with the XMCD measurements we hope to investigate the correlation 
between the magnetic and transport properties of these novel materials. Preliminary experiments 
(Figure 2) show the dichroism effect in the Mn L2,3 edges in Lao.1Sro.3Mn03 very clearly. 

14 

12 +3T /154K/LC 

10 -3T/154K/LC 

c 8 
0 

:0::: 
6 a. .... 

0 
en 4 .0 
<( 

2 

0 

-2 
640 645 650 655 660 665 670 675 

Energy (eV) 

Figure 2. X-ray absorption spectra of the Mn ~.3 edges in a Lao.7 Sro.3Mn03 film. The solid spectrum was obtained 
with the photon polarization and magnetic field direction parallel, while the dashed spectrum was obtained with the 
polarization and field anti-parallel. 
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INTRODUCTION 

In the x-ray fluorescent microprobe [I,2] at beamline I0.3.I, the ALS bending magnet source is 
demagnified by a factor of several hundred using a pair of mirrors arranged in the Kirkpatrick­
Baez (K.-B) configuration. These are coated with multi layers to increase reflectivity and limit the 
pass band of the x-rays striking the sample. The x-rays excite characteristic fluorescent x-rays of 
elements in the sample, which are analyzed by an energy dispersive Si..,Li detector, for a sensitive 
assay of the elemental content. By scanning the focal spot, the spatial distribution of the 
elements is determined; the spatial resolution depends on the size of this spot. When spherical 
mirrors are used, the spatial resolution is limited by aberrations to 5 or I 0 J.lm. This has been 
improved to I J.Lm through the use of an elliptical inirror formed by elastically bending a plane 
mirror of uniform width and thickness with the optimum combination of end couples. 

The principles for constructing an x-ray microscope using multilayer coated K-B optics with 
spherical mirrors are developed in [I]. Although astigmatism is corrected by the crossed-mirror 
K-B arrangement, residual aberrations remain. Since in the x-ray microprobe we demagnify an on­
axis "point" source, i.e. there is no significant object field, the resolution of the microprobe is 
limited primarily by the spherical aberration of the mirrors, which is very significant at high 
demagnification. The two K-B mirrors focus independently in the horizontal and vertical 
directions, and we need consider only the focusing in the meridional plane of either mirror. 
Consider a mirror designed to demagnify a source at an object distance u = 34 m. to an image at a 
distance v = IOO mm, i.e. at a demagnificationM= vlu = 1/340. A glancing angle of incidence 9 of 
I 0 allows the mirror to operate at IO keY with a multilayer mirror having ad-spacing of35.46 A 
(using the Bragg equation 2dsin9 = nA. without correcting for refraction). A mirror oflength L= 
25 mm gives a collection aperture 440 J.Lm wide, and hence a gain of about I 05 in intensity over a 
I J.lm pinhole, assuming SO% efficient optics. A spherical mirror requires a radius R of II.426 m., 
as calculated from the paraxial equations. The transverse spherical aberration Ay' for the extreme 
rays of a mirror of half-aperture 1f1 = V2R may be estimated from the formula of Kirkpatrick 
and Baez [3]. We find that Ay' is about 20 J.Lm; this represents the maximum extent of the 
characteristic asymmetric flare of the spherically aberrated image. Since the x-ray energy in this 
flare excites fluorescence over a large area surrounding a very small feature, it must be minimized 
in a microprobe application. 

Although the ideal surface for focusing from a single object point to an image point is an ellipse or 
ellipsoid, it is difficult to achieve the desired elliptical figure accuracy and a surface finish smooth 
enough for coating with multilayer mirrors by conventional grinding and polishing. However a 
high-quality optical flat can be elastically bent into an a close approximation of an ellipse [4]. 
Whereas a beam of uniform cross-section bent by two equal end couples bends into a circle, the 
application ofunequal end couples to such a beam creates a bending moment varying linearly 
along the length, and the resultant linear variation of curvature may be used to approximate any 
arbitrary desired mirror figure such as an ellipse. From the standard equation of the ellipse, the 
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semi-axes a and b may be calculated from the fo­
cusing geometry, and hencey, the slope ~lax, 
and the radius of.curvature p as a function of x. 
In Fig. I(a) section is plotted as a function of the 
position along the mirror. The pole of the mirror 
(coordinate zero) is 34 meters from the source. 
The horizontal line represents the circle of ra­
dius R = II. 462 m. derived from the paraxial 
equation, or the radius of the ellipse at its center. 
The dashed curve represents the best least 
squares fit of a mirror whose curvature varies 
linearly along its length. The fit is excellent, and 
the bent mirror is clearly superior to the con­
stant radius counterpart. To illustrate this quan­
titatively we compare slope errors. The bent 
mirror, whose second derivative changes lin­
early, will have a quadratic slope variation along 
its length. The slope of a circular or spherical 
mirror changes only linearly along the mirror, 
and hence has one less parameter to obtain a fit. 
Fig. I (b) shows the difference in slope between 
the ideal ellipse, the circular mirror and the 
optimum bent mirror. The slope errors at the 
ends of the bent mirror are about 3 Jlrad, more 
than a factor of I 0 smaller than those for the 
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tude with the slope errors encountered in pol- Bold eutve: the ideal elliptical mirror. Dash-dot curve, 
ishing flat and spherical mirrors for synchrotron best .fit of a mirro~ with a .linearly vmyin~ radius, as 

. . • obtamed by bending a uniform beam. F1gure l(b). 
radiation optics. These small errors could be cor- Comparison of slope errors. Dotted curve: difference in 
rected by varying the breadth profile of the mir- slope between ideal ellipse and circular mirror. Dashed 
ror slightly along its length [ 4], but this was not curve: ~erence in slope between ideal ellipse and best fit 

. d . th . ~ . bent muror. require m e present case, smce 10r an Image 
distance of I 00 mm, a 3 J..Lrad slope error repre-
sents a transverse aberration of0.6 J..Lm. 

THE MIRROR BENDER 

The mirror bender (Fig: 2) was fabricated as a single part by electrical discharge machining 
(EDM), and a mirror (25 x I 0 mm) of single crystal silicon was glued to it. The bender was made 
from 39% nickel-iron alloy to match the coefficient of thermal expansion of silicon at room 
temperature. The ends of the mirror pivot on two flexure hinges; the right hand hinge HI is of the 
single or "notch" type while the left hinge H2 is a double-ended or "strip" style hinge. This 
avoids the build-up of compressional stress in the beam that would result if both hinges were of 
the single type. The leaf springs demagnify the force on the levers and decrease the sensitivity of 
the adjustment to the motion of the two bending screws, pushing through wobble pins. The 
screw Sl controls the mean radius of the mirror while S2 adds a bias to vary the radius along the 
length. Using this scheme the required elliptical shape was obtained relatively easily using a long 
trace profiler [6]. 
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GRADED MULTILAYER COATINGS 

M 

25mm 

The x-ray reflecting multilayers allow an in­
crease in the glancing angle (hence decreased ab­
errations), and act as a monochromator for the x­
rays. If the multilayer coatings are uniform, the 
Bragg angle, and therefore the energy of the x­
rays reflected, varies across the face of each mir­
ror, and the reflected energies match only at the 
center points of the mirrors, resulting in a loss of 
flux. This is avoided by grading the multilayers 
so that each ray passing through the two-mirror 
system encounters the correct angle and d­
spacing for efficient reflection of the required 
energy. Two sets of mirrors were designed and 
coated with W /B4C multilayers for operation at 
8.5 or 12 keV. The grading of both mirrors in­
creases the throughput by about a factor of 9. 

MIRROR PERFORMANCE 

Figure 2. Tiny bendable mirror (TBM) mechanism. Key: 
M; mirror surface, HI, H2; flexure hinges, Sl, S2; 
adjustment screws, W; wobble pin, L; locking screws. 
Spl, Sp2, Sp3; leaf springs. 

The mirrors were pre-bent to the correct ellipti­
cal profile using a long trace profiler [5] before 
mounting in the microprobe. The mirrors are 
mounted in a simple fashion on a double sine 
bar~ this arrangement allows rapid and easy 
alignment of the mirrors, leaving only determina­
tion of the best focus to be carried out in situ. 
This was done by scanning both edges of a gold­
coated tungsten wire, 20 to 25 ~m in diameter, 
through the focal region using the scanning stage 
of the microprobe. The derivative of this data 
represents the one-dimensional spread function 
of the corresponding mirror. This procedure was 
carried out with scans in perpendicular direc­
tions to obtain the resolution of both the verti­
ally and horizontally focusing mirrors. Here we 
show only the data obtained with the vertically 
focusing mirrors, but with both mirrors installed 
during the measurements. Fig. 3(a) is the result 
of a vertical wire scan across the focal region of 
the spherical mirrors with ungraded multilayer 
coatings, using a 25 ~m diameter wire and steps 
of 1 ~m. The FWHM of the differentiated scan 
yields a "resolution" of 1.8 ~m. However, the 
resolution as measured by~ for example, the 
RMS spot size, would be considerably worse. 
The spread function of each mirror is character­
ized by the classic spherical aberration "flare" 
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which extends almost 25 Jlm, in good agreement with the Kirkpatrick-Baez formula. Fig. 3(b) is 
the differentiated data from a vertical scan of the focal region of the bent, graded mirrors using a 
21 Jlm wire and an 0.5 Jlm step. The FWHM spot size has improved to 1.3 J.lm, but in addition 
the flare resulting from spherical aberration has essentially disappeared. Correcting for the finite 
step size and the contribution from the vertical FWHM size of the ALS source, the resolution of 
the mirror alone is 1.15 Jlm. The performance of the horizontally focusing mirrors, and of.those 
designed for 12 keV operation, was similar. 

CONCLUSIONS 

Flat mirrors of uniform cross-section can be bent, with the optimum combination of unequal end 
couples, into a very good approximation of an ellipse. Used in an x-ray fluorescence microprobe, 
such mirrors provide a solution to the spherical aberration problem encountered with fixed 
spherical mirrors at high demagni-fication, and improve the resolution of the microprobe to the 
or:der of 1 Jlm. It should be possible to improve this by a factor of 2 or 3 by width profiling of 
the mirrors.·Grading the multilayer d-spacing increases the throughput and narrows the pass band 
of the microprobe. These features allow the microprobe to take maximum advantage of high 
brightness third generation synchrotron radiation sources. This bending scheme offers a method 
for constructing elliptical mirrors with low slope errors for a variety of hard arid soft x-ray 
applications. 
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INTRODUCTION 

Multi-element silicon strip. detectors, in conjunc­
tion with integrated circuit pulse-processing elec­
tronics, offer an attractive alternative to conven­
tional lithium-drifted silicon Si(Li) and high pu­
rity germanium detectors (HPGe) for high count 
rate, low noise synchrotron x-ray fluorescence 
applications. One of the major differences be­
tween the segmented Si detectors and the com­
mercially available single-element Si(Li) or HPGe 
detectors is that hundreds of elements can be fab­
ricated on a single Si substrate using standard sili­
con processing technologies. The segmentation 
of the detector substrate into many small ele­
ments results in very low noise performance at, 
or near, room temperature, and the count rate of 
the detector is increased many-fold due to the 
multiplication in the total number of detectors. 
Traditionally, a single channel of detector with 
electronics can handle-100kHz count rates 
while maintaining good energy resolution; the 
segmented detectors can operate at >MHz count 
rates merely due to the multiplication in the 
number of channels [1]. One ofthe most critical 
aspects in the development of the segmented de­
tectors is characterizing the charge sharing and 
charge loss that occur in between the individual 
detector strips, and determining how these affect 
the spectral response of the detectors. 

EXPERIMENT 

E 
E 
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Figure 1. Schematic of the top surface of a 
silicon strip detector used for these measure­
ments. Strips are 2 mm long, 10 microns 
wide, on a 100 micron pitch. Substrate is 
high purity silicon, 300 microns thick. 

We used the microprobe beam line (10.3.1) with a 5 micron spot size and 8.5 keV beam to scan 
the multi-element silicon stripdetector and map the spectral response as a function of position 
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on the detector. Fig. I shows a schematic of the 
segmented side of the strip detector used for 
these measurements. Fig. 2a shows the x-ray re­
sponse when the x-ray beam was directly on the 
strip, and Fig. 2b shows the x-ray response 
when the x-ray beam was directly in between 
the strips. (Strips were 10 microns wide on a 
100 micron pitch.) The enhanced spectral back­
ground occurring in the spectrum collected when 
the beam was in between the detector strips. 
Fig. 2b is a result of both charge sharing be­
tween strips and charge loss. When the detector 
is used in a typical x-ray fluorescence (XRF) 
application, with the x-ray flux covering the full 
detector area, the spectral background is higher 
than is desirable for optimum XRF measure­
ments, and thus must be reduced in order for the 
detectors to perform adequately. 

CONCLUSIONS 

We used the microprobe x-ray beam, and addi­
tional measurements, to fully characterize the 
spectral response of a multi-element silicon de­
tector and have used these results to develop new 
detector designs with improved spectral re­
sponse. Fig. 3 shows a typical x-ray spectrum 
from a 55Fe source from one of the new im­
proved detectors. In addition to the low spectral 
background, an excellent energy resolution of 
-200eV FWHM (at 5.9 keV, 2 microseconds 
amplifier peaking time, -25°C) has been achieved 
[2]. 
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Figure 2. (a) Spectral response of silicon strip 
detector when 8.5 keV, 5 micron beam is 
directly on the detector strip. (b) Same, when 
beam is directly in between two strips. 

Figure 3. 55Fe x-ray spectrum from a new 
detector, showing improved spectral response. 
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INTRODUCTION 

A high demand for thin films in industrial technology has been responsible· for the creation of 
new techniques for the fabrication of such films. One highly effective method for the syntheses 
of variable composition thin films is pulsed-laser deposition (PLD). The technique has a large 
number of characteristics which make it an attractive approach for making films. It offers rapid 
deposition rates, congruent material transfer, simple target requirements from which to make the 
films, in situ multilayer deposition, and no gas composition or pressure requirements. Addition .. 
ally, the technique can also afford crystalline films and films with novel structures. Pulseci .. laser 
deposition can be used to make films ofsemiconductors[1 .. J], insulators [4], high .. temperature 
superconductors [5-9], diamond-like films [10, 11], and piezoelectric materials [12]. 

Quaternary metal oxides involving calcium, nickel, and potassium have been shown to be quite 
effective in the catalysis of coal gasification and methane coupling. The catalysts can be syn­
thesized by a variety of techniques, including thermal decomposition of the metal salts, high­
temperature annealing of the mixed oxides, and high-temperature dehydration/heating ofa mix­
ture of the metal hydroxides. An inherent problem with these traditional, high-temperature syn­
theses, however, is the much higher melting and boiling points of the calcium and nickel oxides 
relative to those of potassium oxides, resulting in the loss of potassium from the catalysts at 
much lower temperatures than those that are necessary to form homogeneous oxide phases from 
the starting materials. A major consequence of this problem is that it is extremely difficult to 
synthesize highly reproducible samples of the quaternary metal oxides using traditional, stan­
dard thermal techniques [13] such as those listed above. 

One approach to incorporating all three of the metal oxides into one phase is the use of laser 
ablation to prepare films [14, 15] of the catalysts so that they may be used for coatings, smooth 
surfaces on which to conduct detailed studies of gas-solid interface reactions that are involved in 
catalytic processes, and other applications. The problem of dissimilar boiling points of the three 
metal oxides system is overcome, since the laser ablation process effects the volatilization of all 
three components from the laser target essentially simultaneously. 

Although the three metal oxides are indeed effectively vaporized and deposited simultaneously 
during the two processes, there is strong interest in gaining an understanding of the chemical and 
morphological aspects of the films that are deposited. Phenomena such as lattice defects and 
chemical heterogeneity are of interest, especially in the films studied here where the composition 
of each of the elements varies so widely. In this case, it is of interest to learn if the potas­
sium-which has the lowest boiling point and is the smallest metal oxide component of the 
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The experimental data discussed here are 
restricted to the matrix homogeneity of the films 
themselves for films which were void of these 
microparticles. Although some very slight 
variations in the individual elemental profiles of 
calcium, nickel, and potassium in the laser abla-

Figure 1. X-ray fluorescence microprobe lateral 
.elemental proftles for iron, chromium, pota.ssium, 
· 8nd calcium,· nickel. The shown profiles represent 
3.25 mm in width across the surface of the sample. 

tion-generated films studied here were observed and thus indicated enriched microdomains, most 
of the areas of the matrices appeared to be mostly homogeneous with respect to the three. ele- · 
ments. Trace quantities of chromium and ironwere also dispersed throughout the films, their 
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presence being due to their introduction as contaminants in the chemical reagents used to make 
the original laser targets. 

Fig. 1 shows the results of looking at a line analysis across the face of one typical film. Elemen­
tal ratios in these profiles show good consistency with general homogeneity of the elements 
throughout the overall film matrix. The result is illustrative of the concept that films <?fthe type 
fabricated here can be many millimeters in width and exhibit macrohomogeneity and function 
well for their intended purpose (such as membranes) while at the same time also exhibiting 
chemical microheterogeneity with respect to isolated micron-size domains. 
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INTRODUCTION 

The fabrication of high-aspect-ratio and three-dimensional (3D) microstructures is of increasing 
interest in a multitude of applications in fields such as micromechanics, optics, and interconnect 
technology. Techniques and processes that enable lithography in thick materials differ from the 
planar technologies used in standard integrated circuit processing. Deep x-ray lithography per­
mits extremely precise ancJ deep proximity printing of a given pattern from a mask into a very 
thick resist. It requires a source of hard, intense, and well collimated x-ray radiation, as is pro­
vided by a synchrotron radiation source. The thick resist microstructures so produced can be 
used as templates from which ultrahigh precision parts with high aspect ratios can be mass-pro­
duced out of a large variety of materials (metals, plastics, ceramics). This whole series of tech­
niques and processes has been historically referred to as "LIGA," from the German acronym for 
lithography, electroforming (Galvanoformung), and plastic molding (Abformung), the first devel­
opment of the basic LIGA process having been performed at the Nuclear Research Center at 
Karlsruhe in Germany [1]. 

DEEP X-RAY LITHOGRAPHY SETUP 

Initial experiments in deep etch lithography were performed on the x-ray microprobe beamline 
[2] installed on the 10.3 bending magnet of the Advanced Light Source (ALS) at the Ernest 
Orlando Lawrence Berkeley National Laboratory. Beamline 10.3, consisting of two independent 
lines beyond the injection shutter, is shown in Fig 1. Branch 10.3.1, which was used for these 
experiments, is a dedicated x-ray fluorescence microprobe beamline operated by the Center for X­
ray Optics in the Materials Science Division. It has been designed with a 0.77-mrad horizontal 
acceptance angle to transport a white radiation beam. A 125J.Lm-thick beryllium window has 
been installed to isolate the beamline from the synchrotron and to protect the ring (I 0"10 Torr) 
from accidental venting of the beamline. A second 125-J.Lm Kapton™ window ends the beamline. 
All components in the beamline were aligned using an x-ray collimator to an accuracy of 0.2 mrad. 
Variable horizontal and vertical slits determine the size of the beam entering the hutch. The 

Pinhole collimator 

Shield wall 
Be window 

Beam slits I 
Synchrotron white radiation source 

~~~~~~1~0.i3.~1~~~====~~~~ 
!ll:l 10.3.2 

Experimental hutch 

Figure 1~ Schematics of the microprobe beamline at the ALS. 
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transmitted flux and horizontal beam density distribution were measured with an ion chamber 
placed at the end of the beamline. Maximum exposure area is 25(H)xi6(V) mm2 at the end sta­
tion located 33 m from the source. The exposure is performed by putting the mask in contact 
with the substrate and holding the ensemble close to the kapton window to limit the air path. 
A factor of6 between the surface and bottom doses [dose bracket 3-20 kJ/cm3 [3] was obtained 
when exposing 800 Jlill Plexiglas™ with a stencil metallic mask and 250,.Jllll Kapton™ filters. 
A simple scanner moved the sample at 0.2 mm/s over 60 mm in the vertical direction and reduced 
the local heating. With typical operating current between 300 and 400 rnA, an exposure time on 
the order of I 00 min was needed to completely expose an 800-Jlm-thick Plexiglas™ sample in a 
I2-mm scan. 

A second branch line (10.3.2) is under construction. It has a wide aperture, allowing an exposure 
area of 60 mmx20 mm at the exposure station situated 30 m from the point source. The first 
window in this branch line is replaced with a low conductance aperture, allowing more flux to be 
delivered. An x-ray scanner allowing the exposure of a 6 in.x6 in. area with a scanning speed of ~ 
to IOO mm/s has been constructed by Surface/Interface, Inc. of Mountain View, CA. The scanner 
can be aligned to the x-ray beam to within.0.3 mrad and will allow exposures of tilted samples. 

STENCIL MASKS 

A technology for high contrast masks with thick absorber pattern at 2-5 A is currently under 
investigation. Initially, stencil masks chemically or laser etched in metal sheets were used. These 
included I80-Jllll-thick chemically etched brass (thermal sensor) and 80-IOO-Jllll thick chemically 
etched stainless steel (hole array). The minimum feature size in such masks was about 20 J.Un. 
The advantage of these masks is that they are relatively easy to produce, inexpensive, and have a 
very high contrast. 

RESIST PROCESSING 

Previously reported resists for deep etch lithography [4,5] consisted of self-cast layers of high 
molecular weight PMMA. Prepolymerized PMMA was dissolved in the methyl methacrylate 
(MMA) manometer with initiator and cross-linking agents, and then was fully polymerized in 
situ at room temperature and thermally cured. In this work, however, we used commercially 
available cast sheets ofPMMA such as Plexiglas™ with a molecular weight of I to 2 million 
amu. 

For development, we immersed the sample in "GG" developer (6] with agitation. This devel­
oper, based on a mix of morpholine/2-aminoethanol/2-(2-butoxyethoxyt)ethanol/water, was espe­
cially formulated to obtain a high selectivity between exposed and unexposed PMMA areas. 
Free-standing Plexiglas™ sheets allow the developer to penetrate both sides of the exposed area, 
which allows deeper structures to be developed at a higher rate. 
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METAL FORMING IN ACRYLIC SHEETS 

The PMMA microstructures (Fig. 2a) produced 
by deep etch x..;ray lithography are used as a 
primary mold or template to produce secondary 
metallic microstructures. In particular, metals 
such as copper, nickel, nickel alloys, or gold can 
be electrodeposited in these patterns. The 
structure shown in Fig. 2b and 2c was electro­
formed using a free-standing acrylic mask. The 
PMMA mask was placed on a stainless disk 
which was attached to a rotating electrode using 
a Teflon™ fixture. This assembly was then 
rotated at 800 rpm in an acid copper sulfate 
solution. Current density on the order of 21 
mA/cm2 at 22°C was used. The electroformed 
structure was then removed from the stainless 
base creating a free-standing part. 
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The Effects of Synchrotron X Rays on the Local Structure 
a~~:d the Recrystallization of Ion-Damaged Si 

Kin Man Yu, Lei Wang, and W. Walukiewicz 
Center for Advanced Materials, Materials Sciences Division 

Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

Ion implantation is used extensively as a routine, controllable and reproducible doping technique 
for semiconductor processing. In Si, the amorphization by ion beams as well as the subsequent 
thermally induced solid phase epitaxy (SPE) and the electrical activation of the implanted dopants 
have been studied extensively .1.2 It has been well established that the SPE of amorphous Si ( a-Si) 
layers created by implantation is initiated by thermal annealing at temperatures ~ 400°C and 
proceeds in a planar fashion. The kinetics of the SPE process was found to follow an Arrhenius 
equation with an activation energy of 2.7eV.2 Various models have been proposed to explain the 
SPE process. 3,4 In most cases, the mechanism leading to SPE is expected to involve the formation 
and/or motion of defects at or near the amorphous/crystalline interface. In this work we explore 
the effects of an intense x-ray beam generated by a synchrotron source on the SPE process of ion 
amorphized Si layers. 

A layer of amorphous Si was created near the surface of a single crystal Si to a depth of -2000A by 
180keV Zn ion implantation. The sample was then irradiated at beam line 10-3 (microprobe 
beatnline) at the Advance Light Source (ALS) for 5-16 hours. The irradiations were carried out 
with a current of -300mA at an electron energy of 1.5 GeV in the storage ring. The peak x-ray 
energy was -4.0 keV. For 5-16 hours irradiation, the total photons absorbed by the a-Si film was 
- 0.3-1 photon/Si atom (for 4ke V photons). After irradiation the samples were annealed at 450-
5350C for 1 hr. in a flowing N2 ambient. 

Figure 1 shows the Raman spectra of Si samples with (X) and without (un-X) x-ray irradiation 
prior to thermal annealing. Notice that in the as-implanted (un-X) sample, the Raman peak of 
crystalline Si at 521 cm-1 is still observabie but is shifted to a lower wave number (511.6 cm-1) 
indicating that in the as-implanted sample, crystalline regions are still present in the amorphous 
layer and that these crystalline regions are under tensile stress. The Raman spectrum from the· X 
sample shows a completely amorphous layer with no crystalline peak. These results suggest that 
the ion implanted layer is not completely amorphous and that x-ray irradiation completely 
amorphizes the layer. 

The minimum yield, X profiles derived from the Rutherford backscattering spectrometry in the 
<111> channeling orientation (c-RBS) performed on the samples annealed at 535°C are shown in 
Fig. 2. X is a measure of the crystalline quality of a crystal and a x=l indicates an amorphous (or 
polycrystalline) structure.5 The x value in the X sample is much lower than that in· the un-X 
sample indicating that a much better crystalline layer is obtained by x-ray irradiation prior to 
thermal annealing. A peak is observed at -600-700A below the surface in the X profiles from both 
of the annealed samples. This depth corresponds to the maximum in the nuclear energy deposition 
in the Zn implantation process as calculated using the Monte Carlo computer package TRIM-91.6 
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Figure 1. Raman spectra from a crystalline Si 
sample and the Zn implanted Si samples before and 
after x-my irradiation prior to thermal annealing. 
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Figure 2. The X profiles measured by c-RBS in the <111> 
direction for the Zn implanted Si samples, with and without 
x-ray irradiation, after annealing at 535°C for 1 hr. 

The peaks in X indicate a high re&idual damage concentration in the regrown layers. The thickness 
of these buried defective layers are estimated to. be -600A and 350A for the un-X and X samples, 
respectively. The intensity of the dechanneling peak is dramatically lower for the X sample in 
comparison to the un-X sample. Annealing these samples at higher temperature (575°C) results in 
a perfectly regrown layer for the X sample, while a defective region at -700A still exists in the un­
X sample. c-RBS shows that the SPE of the un-X layer results in a highly defective layer at the 
region where the nuclear energy deposition is maximum while with x-ray irradiation prior to 
thermal annealing a much more perfect crystal can be regrown. 

The exact mechanism of this x-ray assisted annealing is unknown. We believe that it is related to 
the K-shell photo-absorption of the Si atoms. Unlike energetic ion beams, the photon beam does 
not physically amorphize crystalline Si by displacing host atoms in the lattice. Instead the photons 
are absorbed by the host atoms and the energy is dissipated through various radiative and non­
radiative processes. The excitation of the atoms in the a-Si layer through x-ray absorption 
provides adequate energy for the Si atoms to locally rearrange from a "damaged amorphous" layer 
into a homogeneously amorphous state. In other words, the crystallites in the a-Siand also at the 
c/a interface were "dispersed" by the x-rays. This is consistent with the generally believed models 
on SPE which involve the existence and motion of defects at the c/a interface. 3,4 

The structural change of the a-Si due to x-ray irradiation was further investigated by EXAFS 
technique. The EXAFS experiments were performed on Si wafers implanted with 180 keY Ga to 
lx1Q15fcm2 both as-implanted (Ga un-X) and irradiated with x-ray (Ga-X) (0.7 photons/Si atom) 
.without thermal treatment. The Ga-Si bond distance, Roa-Si for the Ga un-X and Ga-X samples 
are very similar and are 2.37 A and 2.39A, respectively. This measured Roa-Si are longer than the 
Si-Si bond distance in the matrix (2.35A) and are in perfect agreement with the calculated? and 
experimentally obtained8 value for Roa-Si in Ga doped Si (2.38A). The coordination number, CN 
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of the Ga-X sample (3.6±0.3) is, however significantly higher than that of the Ga un-X sample 
(3.0±0.3). These results suggest that the Ga atoms in the a-Si created by ion implantation are 
three-fold coordinated, similar to those reported in Dent sa....a!.. 8 Upon x-ray irradiation, the 
photons absorbed by the a-Si provide enough energy to locally re-arrange the atoms to close to a 
four-fold coordinated environment 

In conclusion, we have studied the effect of intense x-ray irradiation on Si layers amorphized by 
ions and the subsequent SPE single crystal Si. We found that in ion amorphized Si layers, 
although the ion dose is well above the amorphization threshold, small crystallites are still present. 
The absorption of x-ray by the Si atoms provides enough energy to disperse the small crystallites 
in the amorphous Si, reducing the number of interfacial defects as well as locally re-arrange the 
atoms to form a homogeneously amorphous layer with close to four-fold coordinated environment. 
This re-arrangement in local structure of the a-Si results in nearly a defect-free crystal after SPE. 

We thank K. Jackson and A. Thompson for their coorporation in the use of the beamline at the 
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Multicrystalline silicon is one of the most promising materials for terrestrial solar cells. 

The material's low cost and good efficiency make it cost competitive without inherent 

environmental disposal difficulties. However, it is c~itical to getter impurities from the material 

as well as inhibit contamination during growth and solar cell processing. Standard solar cell 

processing steps such as, phosphorus in-diffusion for p-n junction formation and aluminum 

sintering for backside ohmic contact fabrication, intrinsically possess gettering capabilities [ 1-5]. 

These processes have been shown to improve Ln values in regions of multicrystalline silicon with 

low structural defect densities but not in highly dislocated regions, suggesting that if impurities 

are present at these dislocations they are not effectively gettered [6-10]. Recent Deep Level 

Transient Spectroscopy (DLTS) results indirectly reveal higher concentrations of iron in highly 

dislocated regions [11] while further work suggests that the release of impurities from structural 

defects, such as dislocations, is the rate limiting step for gettering in multicrystalline silicon [11-

13]. The work presented here directly demonstrates the relationship between metal impurities, 

structural·defects and solar cell performance in multicrystalline silicon 

Edge-defined Film-fed Growth (EFG) multicrystalline silicon in. the as-grown state and 

after full solar cell processing was used in this study. Standard solar cell processing steps were 

carried out at ASE Americas Inc. As-grown cast multicrystalline silicon was also used for 

comparison. Samples were subjected to a piranha cleaning (5:H2S04, 1:H20 2 @ 120°C) for 15 

minutes in order to remove organics and metal impurities, prior to all Surface Photovoltage 

(SPV) and X-Ray Fluorescence (XRF) micro-probe measurements. Metal impurity 

concentrations and distributions were determined by use of the x-ray fluorescence microprobe 

(beamline 10.3.1) at the Advanced Light Source, Lawrence Berkeley National Laboratory. The 

sample was at atmosphere so only elements with Z greater than silicon could be detected, which 

includes all metal impurities of interest. Multi-layer mirrors arranged in a Kirkpatrick-Baez 
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orientation focused the x-rays down to~ 1Jlm. The typical sampling depth for metal impurities 

in silicon is z 50Jlm. Standard samples with known amounts of various impurities ranging from 

AI to Zn were used to quantify the impurity concentration in the multi crystalline silicon samples. 

This system allowed for micron-scale mapping of metal impurities with sensitivities far 

surpassing conventional techniques. It should be noted that observations of metal impurity . 
·agglomerates have been observed with this apparatus previously [14], however, correlation with 

structural defects was not achieved. Structural defect densities were determined by preferential 

etching and surface analysis using a Scanning Electron Microscope (SEM) in secondary electron 

mode. Mapped areas were exactly relocated between the XRF and SEM to allow for direct 

comparison of impurity and structural defect distributions. 

Minority carrier diffusion length (Ln) values were measured on a number of as-grown 

EFG samples using SPV. Typical Ln values ranged from 10-100Jlm. XRF studies of this 

material as well as other as-grown multicrystalline silicon materials reveal the presence of Fe and 

Ni. The observation of Fe in as-grown multicrystalline silicon are in accord with indirect 

measurements of other work [11]. An XRF map of Fe is shown below in Figure 1a. 

a) b) 

Figure 1: a) X-Ray Fluorescence map of Fe in an EFG multicrystalline silicon sample b) SEM 
micrograph of a preferentially etched EFG sample showing dislocations and grain boundaries. 

The XRF scan area of Figure 1a is denoted by the white box. 

Following the XRF mapping, the sample from Figure 1a was preferentially etched and analyzed 

with an SEM in secondary electron mode as shown in Figure 1 b where the lines are etched-out 

grain boundaries and the pits delineate dislocations. By comparison of Figures 1a and b, it is 

apparent that the Fe is primarily present along two grain boundaries. This is direct evidence that 
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metal impurities agglomerate at structural defects in as-grown multicrystalline silicon. One 

would expect this agglomeration since any impurities present during the slow cool from crystal 

growth would prefer to precipitate at the highly disordered core of a grain boundary. This defect 

seems to provide an extraordinarily low energy site for Fe which would be required in order to 

trap impurities at high growth temperatures when the impurities are highly mobile and the 

impurity supersaturation is low. This concept has been shown for Cu precipitation at structural 

defects in single and multicrystalline silicon [15,16]. 

SPV measurements of Ln were also taken on fully processed EFG, as shown in Figure 2. 
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Figure 2: SPV map of Ln across a 1 Ox 10 em EFG solar cell after complete solar cell processing. 

Of particular interest is the one poorly performing region down the center of the wafer which is 

along the growth direction. This region has drastically reduced the solar cell efficiency by= 3% 

absolute. XRF line scans were taken across this poor region as well as other good regions. A 

summed spectra taken in the poor region, shown in Figure 3, reveals the presence of Ni and Fe. 
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Figure 3: XRF spectra of a fully processed EFG solar cell. This spectra is the sum of 228 
spectra taken over a line· scan through the low Ln regions in Figure 2. 

For this scan, 228 points in 1.25 Jlm steps were taken with a 5 minute dwell time at each point. 

The W La is a stray signal from the apparatus. XRF scans taken in good regions detected neither 

these impurities nor any other impurities. The Ni was widely distributed while the Fe signal was 
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too weak at any point for spatial resolution. This is direct proof that metal impurities are not 

adequately gettered during typical solar cell processing steps. 

Considering the results presented here and other past work [11-13], which show 

incomplete gettering for lengthy anneal times such that impurity diffusion from the original site 

to the gettering layer should be sufficient, it is highly probable that these impurities are not 

gettered from this material because of sluggish impurity release from defects. Further work must 

be carried out to determine the cause for the slow release. 
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Transition metals are often encountered in trace amounts in semiconductors. 
They have been extensively studied in most elemental and compound systems, since they 
form deep donor and/or acceptors levels which usually degrade the electronic and optical 
material properties. For example, in the early days of GaAs bulk growth, Cr has been 
used to achieve semi-insulating GaAs material. Only very little is known about transition 
metals in recent ill-V semiconducting materials, such as GaN, AlN and InN. These few 
studies have been done exclusively on Metal-Organic Chemical Vapor Deposition­
(MOCVD) or Hybrid Vapor Phase Epitaxy HYPE-grown GaN [1-2]. 

Preliminary x-ray fluorescence studies at the Advanced Light Source, beamline 
10.3.1, Lawrence Berkeley National Laboratory have revealed that GaN materials grown 
by Molecular Beam Epitaxy (MBE) have Fe, Ni and Cr as the dominant transition metal 
contaminants as shown below in Figure 1. 
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Figure 1: X-ray Fluorescence spectra of a MBE-grown GaN thin film intentionally doped 
with Ca. The spectra is a sum of 81 points, each with a 5 minute dwell time. The 
substrate is sapphire (Ah03). The Ar and Compton peaks originate from the 
experimental apparatus. Of particular interest are the large Fe, Cr and Ni signals. 
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This finding is commensurate with the extremely high concentrations of hydrogen, carbon 
and oxygen (up to 1020 cm-3

) measured by Secondary Ion Mass Spectroscopy (SIMS). 
This indicates that GaN films are contaminated with .a variety of elements. 

Preliminary work using the mapping capabilities of the x-ray fluorescence 
microprobe revealed the metal impurities were inhomogeneously distributed over the 
film. An example is shown below in Figure 2. 
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Figure 2: Fe concentration profile across lmm of a GaN film with 25pm steps. X-ray 
spot size was 2.lpm. Distinct Fe spikes are seen at 8.75, 9.275 and 9.425mm. 

Future work of this collaboration will be to find a correlation between the 
existence of transition metals in our MBE films, as revealed by x-ray fluorescence, and 
Photoluminescence (PL) spectra taken in the infrared region. Also, we will make use of 
the lpm spatial resolution of x-ray' microprobe to locate the contaminants in relation to 
structural defects in the GaN films. Because of the large strain caused by the lattice 
mismatch between the GaN films and the substrates, the films grow in a columnar order 
with high densities of grain boundaries and dislocations. These structural defect.s offer 
preferential sites for metal precipitation or agglomeration which could degrade the optical 
properties of this material more so than if the impurities were left dissolved in the GaN. 
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Multicrystalline silicon is a very interesting material for terrestrial solar cells. Its low cost 
and respectable energy conversion efficiency (12-15%) makes it arguably the most cost 
competitive material for large-volume solar power generation. However, the solar cell efficiency 
of this material is severely degraded by regions of high minority carrier recombination which 
have been shown to possess both dislocations and microdefects. These structural defects are 
known to increase in recombination activity with transition metal decoration. Therefore, 
gettering of metal impurities from the material would be expected to greatly enhance solar cell 
performance. Contrary to this rationale, experiments using frontside phosphorus and/or backside 
aluminum treatments have been found to improve regions with low recombination activity while 
having little or no effect on the high recombination regions and in tum only slightly improving 
the overall cell performance [ 1-4]. The goal of this research is to determine the mechanism by. 
which gettering is ineffectual on these high recombination regions. 

We have performed studies on integrated circuit (IC) quality single crystal and 
multicrystalline solar cell silicon (me-silicon) in the as-grown state and after a variety of 
processing/gettering steps. With Surface Photovoltage measurements of the minority carrier 
diffusion length which is inversely proportional to carrier recombination (Figure 1), we have 
seen that aluminum gettering is effective for improving IC quality material but ineffective for 
improving the regions of initially low diffusion lengths (high recombination rates) in me-silicon. 
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Figure 1: Minority carrier diffusion length (Ln) measurements on IC quality single crystal silicon and solar grade 
multicrystalline silicon (me-silicon). 

Of particular interest is the great increase in diffusion length for IC material as compared to the 
me-silicon. Clearly the IC material has benefited to a greater extent from the gettering procedure 
than the me-silicon. Also, the me-silicon regions of moderate to high initial diffusion length are 
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unaffected by the gettering treatments while the initially poor diffusion length regions are 
moderately improved but to a lesser extent at higher temperatures. In regions 1-4 of the me­
silicon have a high dislocation density while regions 5 and 6 have a very low dislocation density. 
This suggests dislocations drastically increase carrier recombination rates in as-grown material 
and after gettering treatments. 

From our Deep Level Transient Spectroscopy (DLTS) results, shown in Figure 2, we 
have determined that, in as-grown me-silicon, metal impurities primarily dwell in regions of high 
dislocation density. These regions are seen to have significant carrier recombination rates. Since 
DLTS can only detect dissolved impurities and not impurities precipitated/agglomerated at 
structural defects, heat treatments were employed to reveal the impurities. The samples were 
annealed at 11 00°C for 4 minutes to dissolve any impurities into the silicon matrix and rapidly 
quenched to room temperature to leave the impurities in a dissolved state. 
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Figure 2: DLTS results from as-grown IC grade Czochralsk.i (CZ), Float Zone (FZ), solar grade CZ, multicrystalline 
silicon (mc-Si) with high and low dislocation densities. The high dislocation and low dislocation density materials 
possessed diffusion lengths of= 40Jlm and 130Jlm respectively. The Solar CZ Fe concentration could only be 
determined to be lower than 1.6xl012 atoms/cm3 due to an intrinsic limitation of the DLTS apparatus. 

These results provide indirect proof that a large concentration of Fe atoms reside predominantly 
at dislocations in me-silicon where minority carrier diffusion lengths are low. In order to directly 
prove this assumption we have used synchrotron-based x-ray fluorescence mapping, beamline 
10.3.1 at the Advanced Light Source Lawrence Berkeley National Laboratory, and correlated 
structural analysis. From this work we have concluded that metal impurities reside in discrete 
agglomerations, suggesting the impurities are precipitated at structural defects. An example of 
Ni agglomerations is shown in Figure 3. Previous work has shown Fe agglomerations at 
dislocations and grain boundaries in another manufacturer's material, see other Advanced Light 
Source abstract entitled "Interactions of Structural Defects with Metallic Impurities in 
Multicrystalline Silicon" .. 

We have annealed the sample of Figure 3 at 500°C for 30 seconds with a rapid quench to 
room temperature in order to freeze in the kinetics of impurity dissolution. Based on diffusion 
data of Ni in silicon, [5], one would expect significant diffusion of the Ni for this anneal 
temperature and time. Following this anneal we have scanned the same region as in Figure 3 
using the x-ray fluorescence microprobe. These results are shown in Figure 4. 
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Figure 3: Ni distribution across as-grown multicrystalline silicon. Note the discrete agglomerations of impurities. 
The scan range is 23f.lm x 25f.lm in the x andy directions respectively. 

Figure 4:: Ni distribution across multicrystalline silicon that has been subjected to a 500°C-30 second anneal. Note 
the continued presence of discrete agglomerations of impurities and the decrease of the Ni concentration compared 
to Figure 3. The scan range is 23.5f.lm x 26.6J.lm in the x andy directions respectively. This region is 
approximately the same region as scanned in Figure 3. 
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It must be noted that the x and y coordinates are labeled differently between the two figures but 
the scans took place over approximately the same regions. A nice correspondence is seen 
between the "ridge" of Ni at 31.1 05mm in Figure 4 and the ridge at 11.56mm in Figure 3. The 
scan in Figure 4 does not contain the area where the additional Ni agglomerations are seen in 
Figure 3. Of particular interest we see the Ni concentration along the ridge has decreased with 
the 500°C-30 second anneal. This is understandable as Ni is expected to rapidly diffuse during 

the heat treatment, e.g., the typical diffusion length of this impurity ( .J 4Dt ) is := 1 09J.1II1. 
However, complete dissolution of the nickel precipitate has not occurred. Theoretical modeling 
of nickel diffusion at this temperature and time will be carried out to determine if complete 
dissolution would be expected. 

Our immediate future work will consist of impurity mapping the region in Figures 3&4 
after the material has undergone a gettering treatment. Following the impurity mapping, the 
sample will be preferentially etched to reveal structural defects and a correlation between Ni 
distributions and defects can be achieved. Additionally, multicrystalline silicon with Fe 
intentionally introduced during the growth process will be subjected to experiments similar to 
that of the material in Figures 3-4. 

From this work, one could possibly conclude that gettering as applied to multicrystalline 
silicon is limited by the release of the impurity from structural defects. This fact suggests the 
metal could be in the form of a stable metal carbide or oxide which is not easily dissolved or 
possibly as a metal atom or metal silicide that is highly stabilized by the strain field of the 
structural defect. In the future, it would be desirable to learn the chemical nature of the metal 
atom at these structural defects with the use of soft x-ray fluorescence or x-ray absorption studies 
with similar mapping capabilities. 

ACKNOWLEDGMENTS 

The authors would like to thank Sumitomo SiTiX Corp. for providing the multicrystalline silicon 
for this work. 

REFERENCES 

[1] M. Loghmarti, R. Stuck, J.C. Muller, D. Sayah, P. Siffert, Appl. Phys. Lett., 62, 979 (1993) 
[2] 0. Porre, M. Stemmer, M. Pasquinelli, Mat. Sci. & Eng. B24, 188 (1994) 
[3] B.L. Sopori, L. Jastrzebski, T. Tan, S. Narayanan in Proc. of the 12th European Photovoltaic 
Solar Energy Conf., Netherlands, 1994, p. 1003 
[4] S.A. McHugo, H. Hieslmair, E.R. Weber, Appl. Phys. A, Feb. 1997 
[5] E.R. Weber, Appl. Phys. A 30, 1 (1983) 

This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Materials 
Sciences Division, of the U.S. Department of Energy, under Contract No. DE-AC03-76SF00098. 

Principal Investigator: Scott McHugo, Advanced Light Source Center, Ernest Orlando Lawrence Berkeley National 
Laboratory. E-mail: samchugo@lbl.gov, Tel: 510-486-4874 

Beam line 1 0. 3.1 Abstracts • 441 



X-Ray Fluorescence Microtomography of SiC Shells 
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INTRODUCTION 

TRISCO coated fuel particles contain a 
small kernel of nuclear fuel encapsulated 
by alternating layers of C and Si~ as 
shown in Fig. 1. The TRISCO coated 
fuel particle is used in an advanced fuel 
designed for passive containment of the 
radioactive isotopes. The SiC layer pro­
vides the primary barrier for radioactive 
elements in the kernel. The effectiveness 
of this barrier layer under adverse condi­
tions is critical to containment. 

We have begun the study of SiC shells 
from TRISCO fuel. We are using the 
fluorescent microprobe beamline 10.3.1. 
The shells under evaluation include some 
which have been cycled through a simu­
lated core melt-down. The C buffer layers 
and nuclear kernels of the coated fuel 
have been removed by laser drilling 
through the SiC and then exposing the 
particle to acid Elements of interest in­
clude Ru, Sb, Cs, Ce and Eu. The radial 
distribution of these elements in the SiC 
shells can be attributed to diffusion of 
elements in the kernel during the melt­
d9wn. Other elements in the shells origi­
nate during the fabrication of the TRISCO 
particles. 

X-ray fluorescence microtomography is 
an ideal tool for this work because it is 
nondestructive, it is sensitive to heavy 
elements in a low Z matrix, and because it 
provides a 3-D picture of the elemental 
distribution. This observed elemental 
distribution can be correlated with fi.aws 

~<-.-------<0.5 mm ----)-+ 
Figure 1. Schematic ofTRISCO fuel element 

Fuel Particle Fluorescence 

... 
Chmnelnumber 

Figure 2. Typical fluorescence spectra from a 
TRISCO fuel sphere. The observed peaks are 
tentatively identified. 

and defects in the SiC shell. The elemental distribution from a typical fuel particle is shown in Fig. 
2. We have measured the 2-D distribution of 10 elements in a slice through the center of the SiC 
shell. This data is presently being analyzed. 

This work was sponsored in part by· the Laboratory Directed Research and Development Program of the Oak 
Ridge National Laboratory and the Division of Materials Sciences, U.S. Department of Energy under contract 
DE-AC05-960R22464 with Lockheed Martin Energy Research Corporation and by the U.S. Department of 
Energy BES Materials Science under Contract No. W-31-109-ENG-38. 

Principal investigator: Gene E. Ice Oak Ridge National Laboratory, Oak Ridge, TN, USA Email: 
gei@ornl.gov. Telephone: 423-574-2744 
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In an ongoing project aimed at probing solids using x-rays obtained at the ALS 
synchrotron with a sub-picosecond time resolution following interactions with a 100 fs 
laser. pulse, we have successfully performed pump-probe experiments limited by the 
temporal duration of ALS-pulse. We observe a drop in the d.iftfaction efficiency 
following laser heating. We can attribute this to a disordering of the crystal. Studies 
with higher temporal resolution are required to determine the mechanism. We have 
also incorporated a low-jitter streakcamera as a diagnostic for observing time­
dependant x-ray diffraction. The streakcamera triggered by a photoconductive switch 
was operated at kHz repetition rates. Using UV-pulses, we obtain a temporal response 
of 2 ps when averaging 5000 laser pulses. We demonstrate the ability to detect 
monochromatized x-ray radiation from a bend-magnet with the streak camera by 
measuring the pulse duration of a x-ray pulse to 70 ps. 

Our experimental set-up is shown in Fig. l.The source of x-ray radiation was the 
beamline 10.3.2. Most of the experiments were performed with the ALS operating in 
double-bunch mode, for which the repetition frequency is 3tMHz. The divergence was 
set by a round 0. 4 mrad aperture inserted in the beam. The unfocused, white radiation 
is monochromatized by the first Si ( 111) crystal, shown in figure 1. A second flat 
sample crystal is excited by a laser pulse in pump/probe experiments. Both cryst,als are 
diffracting in the vertical plane corresponding to s polarisation. For the experiments 
described here, the Bragg angle of the first crystal was chosen to be 22.5 degrees in 
order to reflect 5 ke V radiation. In order to maximize the signal on the streak camera, 
the first crystal is bent in order to focus the x-ray radiation onto the streak camera in 
the horizontal plane. Bending of the crystal was achieved by gluing the wafer onto a 
cylindrically machined aluminium mandrel. The slope error of the surface of the wafer 
along the horizontal direction.was about 1 mrad, which is about ten times the width of 
the rocking curve for the used reflection. 
A horizontal focus of about 0.4 mm was observed on heat-sensitive paper. Using a 
Silicon photo diode we measure the number of photons per pulse to be 1500. In future 
experiments, we expect to be able to achieve about an order of magnitude higher flux 
levels by using a crystal with a better flatness in the plane direction . 
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Our laser set-up consists 
of a non-commercial 
Ti: Sapphire oscillator 
pumped by a Millenium 
Nd:Yag laser and a 
Positive light Spitfire 
regenerative amplifier 
operating at a frequency 
of 1 kHz. The pulse 
duration is about 100 fs 
and the pulse energy is 
about 0.5 mJ. The 
synchronisation of the 
laser to the synchrotron 
is achieved by locking 
the laser oscillator 
frequency to the master 

Fig. 1. Experimental set-up clock of the 

synchrotron[3]. From 
the error signal in the stabilizing electronics, we estimate the jitter between the laser 
and the synchrotron to be about 5 ps. The regenerative· amplifier is triggered off a 
sub harmonic of the master clock. 

We obtain high temporal resolution in one of two ways. It is possible to use a 
avalanche photodiode to separate consecutive ALS pulses. By varying the temporal 
delay between the laser and the x-ray pulse using a delay line we can obtain a temporal 
resolution limited by the ALS pulse. 

20ps 

1.5ps 

-20 -10 0 10 20 30 

Time (ps) 

Fig. 2. The temporal response of the streak camera was 
measured to be 2 ps when averaging 5000 pulses. 

· In order to improve the time­
resolution we use ail x-ray 
streak camera. With a 
commercial streak camera, 
we can detect a single pulse 
from the synchrotron. 
However, we observe a 
relatively low number of 
photons. We estimate that 
we can detect approximately 
15 photoelectrons per pulse, 
indicating that the quantum 
efficiency of our 1000 A 
thick Csl photo cathode is 
about 1%. It is clear that a 
different approach is needed 
to achieve a good signal-to­
noise ratio. One way of 
achieving this is to average 
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over multiple pulses. To use this approach, the temporal jitter between the streak 
camera and laser must be less than the expected time resolution. It has been shown that 
this can be achieved by triggering the sweep to the deflection plates using a photo 
conductive switch. [3]. We employed a X-ray streak camera which is capable of 
operating at kHz repetition rates. This camera has previously been shown to have a 
single-shot time resolution of 880 fs for x-ray when triggered by a photo-conductive 
switch [2]. More recently, this resolution was improved to 540 fs by an improved 
sweep plate design and using a faster sweep speed [4]. 

The relative jitter of the streak camera to the laser was measured using UV pulses 
obtained by frequency mixing in KDP crystals. Part of the 800 nm light from the laser, 
with a pulse energy of about 20 J.l], was used to trigger a GaAs photo-conductive 
switch. A fused silica window intersected the laser beam, to provide a well-defined 
delay of 20 ps between two parts of the UV beam incident on the photocathode. The 
two pulses were then used to calibrate the time response and relative jitter of the streak 
camera. The integrated temporal response of the streak camera was derived from the 
data displayed in Fig. 3. Since we did not obtain any single-shot data we cannot give 
an accurate value for the trigger jitter. We did however determine the temporal 
multiple shot response to be 2 ps, when averaging 5000 laser pulses. 

As· a test of our ability to observe picosecond time scale events in the x-ray spectral· 
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Fig. 3. The pulse duration ofthe ALS was measured to 70 
ps with a streak camera operating an averaging mode. 
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region with the ultra-fast 
streakcamera, we 
measured the pulse 
duration of the ALS, 
operating at an electron 
energy of 1.9 GeV, and 
at a beam current of 30 
rnA, in 2-bunch mode. 
The results of the 
measurements are shown 
in Fig.4. The data was 
obtained by averaging 
over 2000 pulses. The 
observed pulse duration 
of 70 ps is in good 
agreement with previous 
measurements of the 
ALS pulse duration 
using a fast photo diode 
and a streak camera 
sensitive to visible light. 
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Fig. 4. Diffracted x-ray intensity from a InSb sample as function of delay between laser 
and x-ray probe. 

In experiments using the avalanche photodiode we observe a rapid disordering of a 
InSb crystal. The diffracted x-ray intensity on the Bragg maximum with variable delay 
between the laser and the x-ray pulse is shown in Fig. 4. A decrease is observed in a 
time limited by the ALS pulse length followed by a slower increase. Experiments with 
higher temporal resolution are in progress. 

In conclusion, we show a rapid disordering of a InSb crystal. The resolution was 
determined by the duration of.the ALS pulse. We also demonstrate that we cart detect 
x-ray radiation from a synchrotron source with a temporal resolution of 2 ps, by using 
an ultrafast x-ray streak camera. Our set-up will allow us to pursue laser pump/x-ray 
probe experiments to monitor structural changes in materials with ultrafast time 
resolution. 
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The HESSI mission proposes to perform high resolution imaging and spectroscopy observations 
in the soft X-ray, hard X..;ray, arid gamma-ray regimes, with finer angular resolution (nearly 2 
arcseconds) and finer energy resolution (approximately 1 keY) than has been previously possible 
[1]. This combination of imaging and spectroscopy is achieved with a set of Rotating Modula­
tion Collimators placed in front of an array of cooled germanium and silicon detectors. A set of 
12 hi-grid collimators, each of which consists of a pair of identically pitched, widely-separated 
grids, is used to provide the imaging. Each grid consists of a planar array of equally-spaced, par­
allel, X-ray opaque slats separated by X-ray transparent slits. If the slits of each grid are parallel 
to each other and the pitch is identical for the two grids, then the transmission through the grid 
pair depends on the direction of incidence of the incoming X-rays as shown in Fig. 1. For slits 
and slats of equal width, the transmission varies between zero and 50% depending on whether 
the shadows of the slats in the top grid fall on the slits or slats of the lower grid. A complete 
transmission cycle from zero to 50% and back to zero cprresponds to a change in source direction 

Collimator Axis l.· ~~~ 
Diameter ,_. ----:..--j"------1. ~ t .IS:·j 'n~unnnJn no._ __ ~~ 

patch,p 1 
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Figure 1. Schematic of forward and aft girds in the 
Rotation Modulation Collimator. Note off-axis 
photon path. 

Figure 2. SEM of electroplated copper with original 
design PMMA grid mold removed 
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that is given by p!L, where L is the separation between the grids. The angular resolution is then 
given by p1(2L). Rotation of a grid pair assembly provides the change in source direction; by us­
ing the I2 differently pitched grid pairs, a two dimensional image of the source can be recon­
structed from the Fourier components determined from the modulated signals. 

GRID DESIGN AND FABRICATION 

The finest angular resolution is a function of the smallest pitch of the grids. For a minimum 
resolution of 2 arcseconds and a grid separation of I. 7 meters, the pitch of the finest grid must be 
34 Jlffi. Each grid must be almost perfectly identical; the RMS pitch of the grids in each pair 

must correspond to within I part in I 0000. The tolerances for each grid as to slat width, thick­
ness variation, and slat position are much less stringent, being on the order_ of 5% to I 0%. The 
active grid area of the lower, or aft, grid must have a diameter of 7.I em, and the front grid a 
diameter of8.9 em. 

Techniques such as electrodischarge machining (EDM) and tungsten foil stacking using spacers 

can be used to fabricate grids with pitches from 2 mm down to approximately IOO Jlm. How­
ever, the I 04 correspondence for the RMS pitch for any grid pair has not yet been, met by the 
above methods for grids with pitches below I 00 Jlm. The LIGA processing technique p·rovides a 

. unique and ideal method for fabricating the three required grids with pitches smaller than I 00 Jlm. 

Our design consists of a very rigid mold structure which does not require a substrate. A free­
standing sheetofPMMA that is not mounted on a substrate is expose such that, after develop­
ing, the mold structure is a free-standing single cell grid mold. The open slits in this grid are filled 
with electroplated metal which acts as the X-ray absorbing collimating grid since the PMMA 
slats between the metal-filled slits are acceptably transparent to high energy X-rays down to 
approximately IO keV photons. This grid can collimate X-rays from IO keV to 300 keV, meeting 

the specifications for the 34 Jlm pitch grid. For lower energy X-rays, a grid must be used that 

has no material between the absorbing slats [2]. 

An X-ray mask is fabricated by depositing an electroplating strike onto a silicon wafer. A pat­
terned layer of photoresist is put down on the strike, and gold is then electroplated into this 
photoresist mold. The X-ray mask is used to pattern the light from a synchrotron radiation 
source directed at a sheet of PMMA. The exposed areas of the PMMA are developed away and 
the remaining PMMA, in the form of a grid, is placed on a conducting substrate and used as a 
mold for electroplating up from the substrate. 

X-ray exposures of the PMMA were made on two synchrotrons: the Advanced Light Source 
(ALS) at the Ernest Orlando Lawrence Berkeley National Laboratory, in Berkeley, California, 
and the Stanford Synchrotron Radiation Laboratory (SSRL) in Palo Alto, California. The ALS 
bending magnet photon output has a criticial energy of 1.6 keV when running at 1.5 GeV and a 
critical energy of3.I keV when running at 1.9 GeV. Beamline I0.3.2 at the ALS has an accep­
tance of 2 mrad and a beamline length of 30 meters, resulting in a horizontal exposure width of 6 
em. SSRL has a characteristic energy of 4.7 keV with an II em exposure spanning 5.5 mrad. 
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Because the X-ray masks for the grids are currently fabricated only on 200J.1m thick silicon sub­
strates, grid exposures are carried out only at SSRL and at the ALS during 1.9 GeV operation. 

The exposures at SSRL were set such that grid slats defined on the mask ran horizontally. In this 
manner, the maximum angle of the sidewalls, due to beam angle, can be assumed to be 0.5 J.1m per 
I mm height since the angular spread of the X-ray beam in the vertical direction is 0.5 mrad. Fur­
ther, since any horizontal pattern edge passes both the top and the bottqm of the X -ray beam 
and the highest energy photons are concentrated vertically in the central portion of the exposure 
area, the exposed section of the resist can be considered to be better than the above_0.5 mrad. 

The target exposure dose is between 2kJ/cm3 and 20kJ/cm3 (3]. Since the PMMA absorbs the 
lower energy photons more readily than high energy ones which can penetrate more deeply into 
the resist, the front or top of the PMMA stack receives a higher dose than the back. In order 
that all exposed PMMA receive a dose high enough to be developed while not being overdosed, 
the ratio between the front and back doses should remain below about 5. The filters through 
which the synchrotron X-ray beam passes before exposing the PMMA resist include beryllium, 

aluminum, the silicon substrate of the X-ray mask, and for some exposures, Kapton®. The tar­
get dose for the back side of the last PMMA sheet is typically 2.5kJ/cm3

, resulting in maximum 
doses on the front of approximately 7 kJ/cm3 for exposures at SSRL and I 0 kJ/cm3 for exposures 
at the ALS with exposure time of 4 hours and 13 hours, respectively, per I em of vertical scan. 

Developing of the exposed resist is performed using the "GG" developer [4]. The samples are 
developed at 35°C in 1000 ml of the developer using a magnetic stirrer for agitation. They are 
then rinsed in IOOO ml of35°C "GG" rinse, 80% 2-(2-butoxyethoxy) ethanol, 20% water, and 
then rinsed again in 35°C DI water. 

Since the exposed samples of resist are free-standing sheets ofPMMA and the developed pattern 
is a self-supporting grid, they can be developed from both sides of the sheet simultaneously. The 
800 J.1m thickness of the sheets, in addition to the unexposed surrounding area, ensures a struc­
turally sound geometry that remains intact through the developing process. The samples are 
immersed in the developer in way such that the flow over the surface of the resist is parallel to 
the lines of the grid. Samples in which the flow is perpendicular to the grid develop very slowly. 
Full development times for parallel flow developing range for an 800 J.lm thick grid range from I 
hour to I2 hours depending on the exposure dose. These long development times result from the 
small size·of the slits which are nominally I7 JJ.m wide. After the sample develops through, the 
sample is turned for IO to I5 minutes such that the flow is perpendicular to the surface of the 
sample. The subsequent rinses are both performed with this perpendicular orientation of the 
sample, the first rinse for 30 to 60 minutes and the DI water rinse for at least I hour. 

All electroplating for the HESSI grids is performed using a copper plating bath. Once this 
process is fully stable, the grids will be plated using a gold bath which has electroplating charac­
teristics similar to that of copper baths. 

The developed PMMA grid mold is mounted on a copper plate with a very clean surface. The 
mold is attached to the plate using a highly conforming, non-conducting tape such that only the 
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grid portion of the sample is open to the electroplating bath. The sample is immersed in a com­
mercially available acid copper plating bath. Several types of bath agitation have been tested 
including mechanical agitation, bubbling agitation and simple flow over the surface (not laminar 
flow). This diffusion is comparatively slow and the plating up of 800 f.im of copper takes sev­
eral days. (See Fig. 2.) 

RESULTS AND CONCLUSIONS 

The current issues to be examined for this project include the uneven exposure and development 
oflarge exposed areas, uneven electroplating in the PMMA grid mold, and methods for increasing 
the development rate. The energy absorbed by the silicon and gold mask is on the order of 1 watt 
per horizontal em at SSRL, totally 6 watts for a 3 inch wafer mask This can be reduced by 
either cooling the mask or by using a pre-filter and a mask substrate that is more X-ray 
transparent than the current 200 f.im of silicon. 
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INTRODUCTION 

Miniaturized. electron beam columns 
("microcolumns") have been demonstrated to be 
suitable candidates for scanning electron 
microscopy (SEM), e-beam lithography and 
other high resolution, low voltage applications 
(1]. In the present technology, microcolumns 
consist of "selectively scaled" micro-sized 
lenses and apertures, fabricated from silicon 
membranes withe-beam lithography, reactive 
ion beam etching and other semiconductor thin­
film techniques (1,2]. These miniaturized elec­
tron-optical elements provide significant ad­
vantages over conventional optics in perform­
ance and ease of fabrication. Since lens aberra-
tions scale roughly with size, it is possible to 
fabricate simple microcolumns with extremely 
high brightness sources and electrostatic objec­
tive lenses, as shown schematically in Fig. 1, 
with resolution and beam current comparable to 
conventional e- beam columns. Moreover, since 

1 
3.5mm 

1 

MICRO SOURCE 

MICRO LENS 

UGAFDRICATED 
MICRO DEFLECTORS 

Figure 1. Schematic representation of a miniature 
electron beam column The lens and deflector ele­
ments are fabricated using swface tnicrornachining 
and LIGA teclmiques. Not shown are the apertures 
and blanking plates. 

microcolumns typically operate at low voltages (IKeV), the proximity effects encountered in e­
beam lithography become negligible. For high throughput applications, batch fabrication meth­
ods may be used to build large parallel arrays of microcolumns [3]. To date, the best reported 
performance with a 1 keV cold field emission cathode, is 30nm resolution at a working distance 
of2mm in a 3.5mm column [1]. 

Fabrication of the microcolumn deflector and stigmator, however have remained beyond the 
capabilities of conventional machining operations and semiconductor processing technology. 
Instead, although scaled appropriately, the deflector/stigmator unit is still machined and assem­
bled by hand. Typically, the deflector consists of a precision milled 2mm thick aluminum body 
and 0.5mm polished copper wire electrodes [4]. This work examines the LIGA process as a 
superior alternative to fabrication of the deflectors, especially in terms of degree of miniaturiza­
tion, dimensional control, placement accuracy, run-out, facet smoothness and choice ofsuitable 
materials. LIGA is a combination of deep X-ray lithography, electroplating, and injection mold­
ing processes which allow the fabrication of microstructures with lateral dimensions in the 
micrometer range, vertical dimensions several hundred micrometers high. and submicron 
tolerances. 
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COLUMN DESIGN CONSIDERATIONS 

The function of deflectors is to linearly displace 
the electron beam in proportion to an applied 
voltage. The simplest arrangement of electrodes 
is a set of parallel plates oriented along the x 
and y axes. However, a large improvement in 
field distortion and spot aberration may be real­
ized if the main plates are augmented by field­
shaping auxiliary plates operated at proportion­
ally lower potentials. The octupole deflector, 
illustrated in Fig. 2, is typical for this type of 
design and is currently incorporated into the mi­
crocolumn. An additional benefit is that an 
octupole can correct astigmatism in the beam 
with no additional electrodes [5]. Higher order 
deflectors, such as dodekapoles and 20-poles 
have been considered for LIGA fabrication, but 
are currently not in use because of compromises 
in performance and the lack of suitable elect­
ronics. 

10mm• 

Figure 2. Design of the LIGA mask. Two sets of 
500J1ID thick deflectors were required: i) with 0 = 
Imm. t = 200J.l.111; and ii) 0 = 0.5mm, t = lOOJ.Lm. 
These correspond to aspect rations of 2.5:1 and 5: I, 
respectively. 

The current designs for LIGA-fabricated octupoles are a compromise between drive require­
ments, scan field size and realizable tolerances. Two sets of octupoles were required with 
diameters of lmm and 0.5mm and pole widths of200 J.l.Il1 and 100 Jim, respectively. The elec­
trodes were 500 Jlm thick with corresponding aspect ratios of2.5:1 and 5:1. With these 
parameters, the scan field size was estimated to be I 0 Jlm at I mm working distance. Accept­
able tolerances in all dimensions were+/- lJlm, including surface roughness. Low stress 
copper was the material of choice, primarily for its high conductivity. The mask incorporated a 
retaining ring which held the ·electrodes in alignment until after transfer to an insulating sub­
strate. 

THE LIGA FABRICATION PROCESS 

The search for simplicity and low cost has led to developing a LIGA process which, though not 
optimum in term of physical properties, is simple and inexpensive enough to be used for rapid 
prototype development. A pattern from a conventional photomask is transferred to a thick (20-
30Jlm) photoresist layer which is then patterned with a gold absorber using electroplating. The 
X-ray mask carrier is a thinned (IOOJlm thick) silicon <100> wafer. Gold X-ray absorber pat­
terns have been produced with an additive process basei · on contact photolithography in thick 
resist and gold electroplating. 

X-RAY EXPOSURE AND PATTERN TRANSFER 

Pattern transfer with X-ray masks consisting of 100 Jlm thick silicon mask substrates and 20 Jlm 
gold absorber structures was performed on a bending magnet beamline at the Advanced Light 
Source. This beamline and its particular characteristics have been described elsewhere [6]. The 
X-ray resist used was PMMA in the form of commercially available sheets of Plexiglas™ 600-
800 J.l.Il1 thick. The exposed PMMA was developed in the so-called "GG" developer [7]. This 
developer was especially formulated so that large thicknesses ofPMMA can be developed with a 
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high selectivity between exposed and unexposed 
areas. The fidelity of the pattern transfer with a 
100 Jlm thick silicon mask substrate and 20 J.lm 
gold absorber structures shows a contrast suffi­
cient for the replication into 800 PMMA J.lm 
sheets. 

ELECTROPLATING OF OCTUPOLES 

The exposed and developed octupoles are 
bonded to a conducting substrate with epoxy 
and then immersed in a acid copper sulfate 
electrolyte bath at room temperature with agita­
tion. The time required to plate the octupole up 
to a copper thickness of 800J.lm was 35 hours. 
After plating the surface of the octupole was 
polished. The completed octupole lens is shown 
in Fig. 3. The metal needles observed on the top 
edges of the octupole are a result of a non-opti­
mized polishing process. 
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Fabrication of very high aspect ratio microstructures, as well as ultra-high precision manufactur­
ing is of increasing interest in a multitude of applications. Fields as diverse as micromechanics, 
robotics, integrated optics, and sensors benefit from this technology. The scale-length of this 
spatial regime is between what can be achieved using classical machine tool operations and that 
which is used in microelectronics. This requires new manufacturing techniques, such as the 
LIGA process, which combines x-ray lithography, electroforming, and plastic molding [I,2,3,4]. 

X-RAY MASK FABRICATION 

The search for process simplicity and low cost has led to developing LIGA masks which, though 
not optimum in term of physical properties, are simple and cheap enough to be used for process 
development and high aspect ratio device fabrication. An ultrathin wafer of silicon is used as a 
simple and inexpensive mask carrier. The wafer is coated With a plating base consisting of a 
chromium film, acting as an adherence layer, and a gold seed layer. These films are deposited 
using e-beam evaporation to a thickness of 40nm; Absorber patterns have been produced with an 
additive process based on contact photolithography in thick resist and gold electroplating, as 
described in the following sections. 

PHOTOLITHOGRAPHY 

Patterns with high aspect ratios and steep edges have been produced by conventional near UV 
contact printing. Thick photoresists of high transparency and viscosity were investigated. The 
existence of positive and negative resists allows flexible replication of masks of either polarity: 

• a positive novolak based resist (Hoechst 4620) developed by immersion in a mildly basic 
aqueous developer 

• a negative photosensitive polyimide resist (OCG 7020) spray-developed in an organic 
solvent 

The mask substrates were singly or multiply spin-coated. For novolak resist this produces a IO 
Jlm layer for a single coating, 20 Jlm for a double coating. For the polyimide resist, layer thick­
nesses of20 Jlm, 50 Jlm, 70 Jlm were obtained for I, 2 and 3 coatings respectively. The masks 
were written or only partially printed in such a way that patterns with areas of the same order of 
magnitude were transferred to the resist in order to insure a more uniform thickness during 
electroplating. 

Steep walls require a very good contact between the printing mask and the photoresist surface. 
The Hoechst resist was not postbaked, whereas the polyimide was postbaked at I50°C for one 
hour in air. In addition, oxygen plasma was used to de-scum the bottom of the holes before the 
electrochemical deposition step. Examples of structures produced in OCG 7020 are given in 
Fig. I. 
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ELECTROPLATING 

The gold absorber patterns were deposited in a 
commercial non cyanide-based gold plating solu­
tion This neutral mildly acidic sodium gold 
sulfite electroplating bath showed good 
compatibility with both the novolak and 
polyimide resists. The deposits were fine­
grained with low surface roughness on the order . 
of 1 Onm. The stress in the thin deposited film 
as determined from the measurement of 
substrate bending was negligible, varying from a 
compressive 0 to 5 MPa with gold films 10 and 
20 J.liil thick respectively. Current density and 
electrolyte flow were adjusted to maintain a uni­
form height distribution across a 3 inch wafer. 
,Thickness uniformity in micro-plating is strictly 
geometry dependent~ a good thickness uniform­
ity of the gold microstructures was obtained by 
plating simultaneously only patterns with com­
parable feature size. After plating, the resist 
stencil was removed easily by using an organic 
solvent stripper. 

X-RAY MASK TRANSFER 
IN THICK ACRYLIC SHEET 

Simulations of the power density transmitted 
spectra through various filters have been made 
using the "CXrL toolset" [5]. The exposure 
spectra incident on the P.MMA resist were cal­
culated with several different mask substrate 
materials and with the ALS operating at a stored 
beam energy of 1.5 GeV and 1.9 GeV. There­
sulting transmitted spectra through the different 
filter materials in the beam path are plotted in 
Fig. 2 where the various curves represent: 

• The power distribution of the synchrotron 
radiation emitted at a beam energy of 1.5 
GeV and 1.9 GeV respectively and with 400 
rnA of stored current: curves 1) and 1 ') 

• The exit window consisting of a 127 Jlm 
beryllium window followed by a 1000 mm 
gap filled with helium and a 127 Jlm 
Kapton™ window: curves 2) and 2') 

• The 100 Jlm silicon mask carrier: curves 3) 
and 3') 

(a) 

(b) 

Fig. l(a. b). SEM micrograph of microstructures in 
OCG 7020 resist, minimum feature size: 20Jllll, 
resist thickness: 40 Jlm. 

Energy(eV) 

Fig. 2. Power distribution of the spectrum emitted 
by the synchrotron radiation sources operated with 
400 mA with various filters in the beamline. 
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• The 1000 Jlm PMMA resist layer: curves 4) and 4') 

The window, the mask substrate, and the filters cut offx-rays with wavelength greater than 0.5 
nm. The exposure time with the ALS functioning at I. 9 Ge V is reduced by a factor of 20 as the 
spectral distribution of the x-ray flux is shifted towards shorter wavelengths and absorption in 
the silicon substrate is much less. At 1.5 GeV, exposure time suggests the consideration of a 
thinner silicon mask carrier, whereas at 1.9 GeV, silicon wafers 100 J..1.m and 200 J..1.m thick are 
adequate. Table 1 shows the contrast of the masks as a function of gold thickness with various 
mask blank materials. In particular, a gold thickness on the order of 18-22 Jlm is necessary to 
achieve a mask contrast of200 with 100 Jlm silicon masks. 

Pattern transfer with DXRL masks consisting of 
100 J..1.m thick silicon mask substrates and 20 Jlm 
gold absorber structures was performed on a 
bending magnet beamline at the Advanced Light 
Source. This beamline and its particular charac­
teristics have been described elsewhere [6]. The 
x-ray resist used was PMMA in the form of 
commercially available sheets ofPlexiglas™ 
600-800 Jlm thick. The exposed PMMA was 
developed in a mixture of morpholine/2-amino­
ethanol/2-(2-butoxyethoxy) ethanol!DI water, 
the so-called "GG" developer [7]. This devel­
oper was especially formulated so that large 
thicknesses of PMMA can be developed with a 
high selectivity between exposed and unexposed Fig. 3. Optical micrograph of the micro-tumbler 
areas. Microstructures fabricated in 800 Jlm replicated in soo J.Lm thick PMMA. 
thick Plexiglas™ are shown in Fig. 3. The fidel-
ity of the pattern transfer with a 100 Jlm thick silicon mask substrate and 20 J..1.m gold absorber 
structures shows a contrast sufficient for the replication into 800 PMMA Jlm sheets. 
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200 ILm Be blank 100 ILffi Si blank 5 ILffi Si blank 5 ILm diamond blank 

Au thickness ILm 1.5 GeV 1.9 GeV 1.5 GeV 1.9 GeV 1.5 GeV 1.9 GeV 1.5 GeV 1.9 GeV 

5 1031 24 331 15 81 7 51 5 911 23 291 11 1331 26 391 12 

10 7131139 1511 46 371 27 181 15 6161131 1341 44 9361151 1841 47 . I • 4881143 121 I 87 53143 . 1485 4321136 . 1566 597 1152 15 . . 1387 3451242 1381111 . I • . 1368 . I • . . 1411 20 I • 

Table 1. Contrast calculated for various combinations of mask substrate and gold absorber thickness as 
calculated on the beamline at the ALS. 
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INTRODUCTION 

Total reflection X-Ray Fluorescence (TXRF) is a widely used technique in which the normal 
trace element detection capability of hard x-ray fluorescence (XRF) is enhanced by use of an x­
ray reflective substrate. XRF with photon excitation is more sensitive than electron impact 
induced XRF, due to the absence of a bremstrahlung background. TXRF is more sensitive than 
normal photon induced XRF due to the reduction of the substrate scattering and fluorescence 
signals. This reduction comes about because in total external reflection, the photon field only 
penetrates about 20 A into the surface, instead of typically 50Jlm for a silicon substrate at normal 
incidence for 10 Ke V photons. The technique is used in many fields of trace element analysis, 
and is widely used in the determination of metal impurity concentrations on and in the surface of 
silicon wafers [1]. The Semiconductor Industry Association roadmap (SIA) indicates a need for 
wafer contamination detection at the 10

7 
atoms/cm

2 
level in the next few years. Current 

commercial systems using rotating anode x-ray sources presently routinely operate with a 
sensitivity level of around 10

10 
atoms/cm

2 
and this has led to interest in the use of synchrotron 

radiation to extend the sensitivity by three orders of magnitude. The pioneering work of Pianetta 
and co-workers at SSRL has clearly shown that this should be possible, using a fully optimized 
source and detector [2,3]. 

The purpose of this work is to determine whether ALS would be a suitable source for this type of 
highly sensitive wafer TXRF. At first look it appears improbable as the SSRL work used a high 
flux multipole wiggler source, and it is clear that the detected fluorescence for relevant 
concentrations is small. In addition, SSRL operates at 3.0 GeV rather than 1.9 GeV, and is 
therefore more naturally suited to hard x-ray experiments. However, TXRF is an experiment in 
which due to the small grazing angles, brightness (in one direction) is the key parameter. The 
ALS bending magnet sources are a bright source of x-rays, particularly in the vertical direction, 
where the beam size is for example 30 Jlm.(FWHM) in the central magnet. The conventional 
geometry with synchrotron radiation excitation is with the electric vector and the sample surface 
normal parallel. This is used to minimize Compton scattering. However, although scattering is 
minimized, a large penalty is paid in terms of flux. Firstly, the source size is usually much larger 
in the horizontal than the vertical directions, and secondly, in the direction of isotropic emission 
(horizontal) the collection angle has to be extremely small, given by a small fraction of the 
critical angle of silicon at 10 KeV. In addition, due to the very low fluorescence signals, usually 
the detector is designed to collect a, large solid angle, and this detracts anyway from the Compton 
minimizing geometry. 

The aim of this work was therefore to establish a theoretical model for the scattering and 
fluorescence processes, so that we could predict the differences between alternative geometries 
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and select an optimum configuration. In addition, we have checked the model against 
experimental results for the horizontal scattering condition. 

SCATTERING AND FLUORESCENCE CALCULATIONS 

The three geometries considered are shown in Fig. 1 . 
. , 

(a) ' !i!:!mBiaJ 

(C) ~ 

Fig. 1 Three different configurations between the wafer and detector. In all the configurations, the incident beam is 
along they axis and the axis of detector is along the z axis. 

To calculate the intensities of fluorescence and scattering in each case the following steps were 
carried out; 

1. flux. The beam is monochromatized using a horizontally focusing multilayer mirror ( 6: 1 ), 
followed by a vertically deflecting plane multilayer mirror. The horizontally focusing mirror 
collects 0.08 mrads (convergence angle onto the wafer in the direction of deflection is therefore 
0.48 mrads) and forms a 0.04 rnm size beam. The plane multilayer mirror collects 0.12 mrads, 
giving a 4 mm beam size at the wafer. The theoretical values of reflectivity for the 50 layer pair, 
25.6 Ad spacing multilayers were computed, together with the polarized flux output into the 
above aperture sizes. Beryllium windows and air gaps were included. 

2. solid angle. Depending on the geometry of the sample, the detector will see different angular 
distributions of light. It is therefore important to correctly integrate all emission points on a 
sample into the detector aperture. This is done for the three different detector geometries shown 
in Fig. 1. 
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3. fluorescence. The electric field intensity above, at and inside the surface can be computed 
from the Fresnel equations. The fluorescence yield is obtained from integration over the whole 
range of excitation energies given by the multilayer reflectivity and the storage ring spectrum. 
The isotropic emission is integrated into the acceptance of the detector. 

4. scattering. The Compton inelastic as well as the elastic scattering are calculated for the three 
polarized geometries. Raman and thermal diffuse scattering are small and are ignored here. Both 
terms are functions of angle, and again, the emission must be carefully integrated over the 
collection aperture of the detector. 
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Fig. 2. Calculated spectrum of a silicon wafer contaminated with Fe, Ni; and Zn at a level of 10 atoms/em at the 
glancing angle <f>cf2 (= 1.43 mrad) in two different geometries. For Geometry I (a) the detector is assumed to be 
located at z0 = 4 r 0 . For Geometry ill (b), the detector is assumed to b~ located at Z 0 = 4.5 r 0 and X 0 = 1.2 r 0 , 

where r0 is the radius of the detector, and x 0 and z 0 give the coordinates of the front of the detector. 

An example of tlie results of this computation are shown in Fig. 2 for the standard perpendicular 
geometry, and for a vertically reflecting wafer with a horizontal detector, for a wafer with a 
contamination of 10

12 
atoms/em 

2 
for each component. The results here were computed for 1.9 

GeV, 30 rnA (single bunch running). Data is given for the case where the contamination is on 
the wafer It can be seen that the fluorescence is approximately halved going from the standard 
geometry with a perpendicular detector, to one in which the wafer is vertically deflecting, with 
the detector just above the surface. In addition, it can be seen that the fluorescence to scatter ratio 
also decreases, approximately by a factor of 1.7. 

This result shows that geometry 3, with vertical reflection and horizontal detection is marginally 
worse, as expected, in comparison to geometry 1. However, with a purpose built optical system, 
geometry 3 would give a much higher detected signal. The work of Pianetta and co-workers has 
shown that even in very dilute systems, signal to background ratio is not the prilllary concern, but 
rather total fluorescence signal (with the proviso that other scatter sources are minimized). 
Geometry 3 has two advantages in this respect, firstly that using a 1: 1 focusing system, a large 
horizontal aperture could be collected and focused onto the wafer. In addition to the extra flux, 
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the integration into a detector would be more efficient, due to the small image size. Collecting 3 
mrads would be easily practical, in comparison to the 0.08 mrads used here. In addition, these 
results do not include the effect of the source asymmetry of 8: 1 between the horizontal and 
vertical beam sizes. This would be reflected directly in an 8 fold increase in flux density in the 
reflecting direction on the wafer. Together with the better horizontal integration, and the machine 
running under normal conditions (1.9 GeV, 400 rnA), we would have 8000 times the signal 
predicted here. This indicates that a contamination of around 10

8 
atoms I cm

2 
would give similar 

rates. The detector counting rate would be close to 200 KHz from the elastic peak. This is high 
for a single element detector, but it appears within reach of the latest DSP based detectors. 

EXPERIMENTAL 

Fig. 3 shows data recorded using geometry 1 on a deliberately contaminated wafer. 
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Fig. 3. Fluorescence spectrum for a contaminated wafer at a 
glancing angle of 2.45 mrads Gust less than the critical angle). 

It can be seen that we have Fe, Ni, and Zn present, and an asymmetric primary peak, containing 
the Compton and elastic scattering peaks. If the intensity of the components is plotted as a 
function of grazing angle, the shape of the function can be used to determine the relative 
concentrations of material on or in the surface. ForNi for example, this analysis yielded 4 x 10

11 

and 1 x 10
12 

atoms I cm
2 

on and in the wafer surface respectively. In addition, we can analyze the 
scaling of the scattering with angle, and compare this to our model. We find excellent agreement, 
both in terms of absolute magnitude, and in terms of the relative amounts of Si and contaminant 
fluorescence, and scattering. We therefore feel that we can use the model to predict the 
performance of other scattering geometries with some confidence. 

SUMMARY 

We have developed a model that predicts the fluorescence and scattering contributions in TXRF 
for contaminated wafers. Using the model, we can show that the scatter to fluorescence ratio is 
less than a factor of 2 higher in the optimum geometry (geometry 1), in comparison to a 
geomettywith vertical deflection and horizontal detection (geometry 3). The latter geometry 
should however have the great advantage of high horizontal collection aperture and will take 
advantage of the very high vertical brightness of an ALS dipole source. 
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Phase-Shifting Point-Diffraction Interferometry at EUV Wavelengths 

Kenneth A. Goldberg, 1,2 Edita Tejnil, 1,3 Sang Lee, 1,3 Hector Medecki, 1 David T. Attwood, 1.3 
and Jeffrey Bokor1,3 
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Berkeley, CA 94720, USA 

2Physics Department, University of California, Berkeley, CA 94720, USA 
3EECS Department, University of California, Berkeley, CA 94720, USA 

A novel phase-shifting point-diffraction interferometer (PS/PDI) operating at the Advanced Light 
Source (ALS) is being used to perform wavefront-measuring metrology at 13.4-nm wavelength to 
characterize aberrations in a multilayer-coated I Ox Schwarzschild objective designed for extreme 
ultraviolet (EUV) projection lithography experiments. [1] 

To achieve O.I-micron critical dimension pattern transfer with EUV projection lithography at 
13.4-nm wavelength, nearly diffraction-limited all-reflective multilayer-coated optical systems 
with O.I numerical aperture ~e required. The EUV wavefront, determined by the mirror surfaces 
and the reflective multilayer coatings, is measurable only at the operational wavelength 9fthe 
system. Our goal is to measure the EUV wavefront to an accuracy ofO.OI waves rms (0.13 nm). 

The PS/PDI is a type of point-diffraction interferometer, modified for significantly improved 
throughput and phase-shifting capability. [2] The interferometer design, shown in Figure I, 
utilizes a grating beamsplitter and pinhole spatial filters in the object and image planes of the 
optical system under test. The I Ox-reduction Schwarzschild objective, with image-side numerical 
aperture of0.08, is illuminated by a sub-micron pinh-.. !e in the object plane. A coarse, 20-micron 
pitch grating placed between the illumination pinhole and the Schwarzschild system serves a dual 
role as a small-angle beam-splitter and a phase-shifting element. The first-order diffracted beam 
from the grating is spatially filtered in the image plane of the Schwarzschild with a sub-IOO-nm 

Figure 1. The PS/PDI intelferorneter at 
ALS Bearnline 12.0 

Figure 2. A typical intelferograrn 

pinhole and becomes the 'reference' wave in the interferometer. [3] The zero-order beam is the 
'test' wave, and it passes unobstructed through a 4.5-J.lm window in the image plane. The test 
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and reference beams are separated by several microns in the image plane to minimize beam 
overlap. The interference fringes are recorded with a CCD detector placed about 12 em from the 
Schwarzschild image plane. Translation of the grating in the direction perpendicular to the rulings 
introduces a controllable phase-shift between the test and reference beams, enabling analysis with 
phase-shifting interferometry. 

Figure 2 shows a typical interferogram fringe pattern from the measurements of the Schwarzschild 
objective. 
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Plasma Lenses for Focusing Relativistic Electron Beams 

R. Govil, S. Wheeler, W. Leemans 
Accelerator and Fusion Research Division - Center for Beam Physics 

Ernest Orlando Lawrence Berkeley National Laboratory 
University of California. Berkeley, CA 94720, USA 

INTRODUCTION . 

The next generation of colliders require tightly focused beams with high luminosity. To focus 
charged particle beams for such applications, a plasma focusing scheme has been proposed1

• · 

Plasma lenses can be overdense (plasma density, np much greater than electron beam density, nb) 
or underdense (np < 2 nb). In overdense lenses the space-charge force of the electron beam is 
canceled by the plasma and the remaining magnetic force causes the electron beam to self-pinch. 
The focusing gradient is non-linear, resulting in spherical aberrations. In underdense lenses, the 
self-forces of the electron beam cancel, allowing the plasma ions to focus the beam. Although for 
a given beam density, a unifonri underdense lens produces smaller focusing gradients than an 
overdense lens, it produces l;>etter beam quality since the focusing is done by a plasma ions. The 
underdense lens can be improved by tapering the density of the plasma for optimal foc~sing2• The 
underdense lens perfonliance can be enhanced further by producing ·adiabatic plasma lenses to 
avoid the Oide limit on spot size due to synchrotron radiation by the electron beam3~ 

The plasma lens experiment at th~ Beam Test Facility (BTF)4 is designed to study the properties 
of plasma lenses in both overdense and underdense regimes. In particular, important issues such 
as electron beam matching, time response of the lens, lens aberrations and shot-to-shot 
reproducibility are being investigated. 

EXPER~ENTALSETUP 

The Beam Test Facility uses the ALS injector which provides 50 MeV electron beam with a 
charge of 1-2 nC in 15 ps long bunches. The unnormalized emittance is typically 0.2- 0.3 mm­
mrad. The BTF line is equipped with a wide range of diagnostics including integrating current 
transformers for charge measurement, high bandwidth BPMs, fluorescent screens, and optical 
transition radiation (OTR) diagnostics5

• 

Electron beam: 
SO MeV 

•··.·.········.····~--· 1-2 nC/bunch ·· 
15 ps 
0.32 mm-mrad 

OTR Foil (E-heam 

~i!_l~l~)~~~~t - - -

'~<:------+-~I CCD Camera I 
I Streak Cameraj 

Figure 1. Layout for the plasma lens experiment. The laser is brought to a line focus at the position of the e-beam. 
Backward O'IR is collected for electron beam diagnostics and imaged on to CCD and Streak cameras. 
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The electron beam is focused into a plasma chamber, that is separated from the ultra~high vacuum 
beam line by an eight micron thick Kapton window. Plasma is produced in tripropylamine(TPA) 
vapor through tWO 'photon ionization using a 266 mn laser beam. The ionizing laser beam enters 
the plasma chamber at right angles to the electron beam. Th~ laser is brought to aline :focus at 
the position of the electron beam. The plasma length is adjusted by changing the laser focusing ·· 
and the density is. controlled through the TP A fill pressure and ~aser intensity. 

PLASMA PRODUCTION AND CHARACTERIZATION 

For ionizing the vapor, 1064 Jl.IIl radiation from a Nd:YAG laser is frequency quadrupled to 
provide 6ns long 266 nm pulses. The two-photori ioniiation process can be expressed as, · 

.(1) 

where n, is the plasma density [cm-3
], no is the neutral gas density [cm-3

], I is the laser pulse 
intensity [W/cm2

], At is the laser pulse length. [s], and (hv) the photon energy [Jsec]. Here all the 
other constants have been absorbed in a., the two-photon ionization coefficient [cm4/W]· . 
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Figure 2. Plasma density (solid dots) scales quadratically with laser intensity and linearly with TPA density. The 
hollow triangles represent the transmitted microwave signal strength. 

To achieve plasma lengths on the order of a few centimeters, the laser beam is defocused 
horizontally using a cylindrical defocusing lens (Figure 1). To maintain the laser intensity (and 
therefore, the plasma density), the beam is focused in the vertical direction. 

The plasma density is measured through microwave interferometry at 94.3 GHz described 
previously .. The microwave signal is launched transversely to the plasma sheet The plasma 
density is calculated by measuring the relative microwave phase shift introduced by the plasma. 
Since the plasma densities are close to critical density for microwave beam absorption, a two­
channel in-quadrature measurement technique6 is used to compensate for absorption. effects. The 
plasma d~nsity·was measured as a function of neutral gas fill pressure and laser intensity as shown 
in Figure 2. The two-photon ionization coefficient, a., was measured to be 2.5 x 10"29 W/cm4

• 

Plasma densities up to 2 x 1014 cm·3 were measured using this-technique. At this density the 
transmitted microwave amplitude was only 3% of the initial amplitude, in agreement with 
calculations. 
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ELECTRON BEAM DIAGNOSTICS 
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Figure 3. Measurement of beam size through OTR at 
various positions along the direction of propagation. The 
solid and dashed lines represent the best fit through the 
transverse beam size, O'nns, along the x-axis and y-axis, 
respectively. 

7.0 

The electron beam is diagnosed using 
optical transition radiation that is produced 
by a charged particle at it passes through a 
boundary between two media with different 
dielectric constants. The radiation contains 
information about the size, divergence and 
energy of the source charged particle beam. 

A five micron thin nitrocellulose foil coated 
with high reflectivity aluminum is inserted 
in the electron beam path. When the beam 
passes through the foii, it emits transition 
radiation, which is imaged onto a CCD 
camera. The OTR foil is mounted on a 
motorized stage. As the stage is moved 
along the trajectory of the electron beam, a • 
direct measure.ment of the beam size as a 
function of propagation distance is 
obtained. In the later stages of the 
experiment, the nitrocellulose foil was 

replaced by a 1 mm thick quartz plate coated with high reflectivity aluminum. To study the 
temporal dynamics of the plasma lens, OTR is imaged to a streak camera with 2ps resolution 7• 

ELECTRON BEAM FOCUSING BY BEAM-INDUCED PLASMAS 

A relativistic electron beam passing through a gas can collisionally ionize the gas. The density of 
the plasma, np, is then given by, · 

(2) 

where dF./dx is the stopping power of electron beam [eVcm2/g], Nb is the electron beam density 
[cm-3

], C14 is the electron bunch length [em], pgas is the mass density of background gas [cm-3
], and 

Ethresh is the ionization threshold of the gas [ e V]. In our case, this corresponds to a plasma density 
of approximately 1011

- 1012"cm·3• Since the plasma is produced by the electron beam, the spatial 
profile of the plasma follows the evolution of the electron beam and is calculated to be: 

np(Z) = npmaxf3o/ ~ ri5 + s2 'where s=z-ct and Po is the minimum value of the electron beam beta 

function in the plasma. The plasmas produced through electron beam ionization are underdense. 
The focusing strength of an underdense plasma lens is given by K = 2wenp jr, where re is the 

classical electron radius, ythe electron beam energy and np the plasma density. 

Figure 4 shows the measured electron beam size as a function of propagation distance inside the 
plasma chamber. In vacuum, the beam size at the waist is measured to be 130 Jlm. As the neutral 
gas pressure is increased, the beam ionizes the vapor, and is focused by the resulting plasma. 
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Figure 4. Measured electron beam focusing 
by beam-ionized plasma. As the neutral 
gas density increases, so does the induced 
plasma density and the plasma focusing. 
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Figure 5. Measured electron beam focusing by 
laser-produced plasma. When the laser is 
turned on , the laser produced plasma focuses 
the electron bunch to a smaller spot size. 

ELEC1RON BEAM FOCUSING BY OVERDENSE LASER RODUCED PLASMAS 

The laser beam is temporally and spatially aligned with the electron beam. The electron beam size 
as a function of propagation distance is measured with and without the laser beam (Figure 5). 
When the laser beam is turned on to produce plasma, the electron beam is focused to a smaller 
spot size. A corresponding increase in electron beam peak intensity is measured using 01R. The 
strength of focusing 'is found to depend strongly on electron beam beta function matching into the 
plasma, in agreement with theoretical calculations. 

CONCLUSION 

The 50 MeV electron beam from the ALS injector has been focused through plasma lenses at 
BTF. Electron beam focusing by beam induced plasmas has been studied using optical transition 
radiation diagnostics. Laser produced overdense plasmas have been observed to focus the 
electron beam. Both types of lenses show strong dependence one-beam beta function matching. 
Currently, highly overdense plasmas are being studied to observe return current cancellation. 
Detailed simulations are being conducted for comparison with theoretical predictions and 
temporal dynamics of plasma lenses is being experimentally investigated. 
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Ultrashort Hard X-Ray Pulses Generated by 90~ Thomson Scattering 
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INTRODUCTION 

Ultrashort x-ray pulses permit observation of fast structural dynamics in a variety of 
condensed matter systems. We have generated 300 femtosecond, 30 keV x-ray pulses by. 
90° Thomson scattering between femtosecond laser pulses and relativistic electrons. The 
x-ray and laser pulses are synchronized on a femtosecond time scale, an important 
prerequisite for ultrafast pump-probe spectroscopy. Analysis of the x-ray beam properties· 
also allows for electron bunch characterization.on a femtosecond time scale. 

EXPERIMENT 

_The experiments are performed in the Center for Beam Physics Beam Test Facility at the 
Advanced Light Source. Experimental details may be'found in Refs. 1 and 2. Briefly, 
terawatt laser pulses at 800 nm are produced by a Ti:Sapphire based chirped pulse 
amplification system [3]. These laser pulses Thomson scatter off of relativistic electrons 
(50 MeV, 'Y = 98), produced by the linear accelerator at the Advanced Light Source, to 
generate highly directed x-rays. For Thomson scattering from a single relativistic electron, 
the x-rays produced have energies with the following angular dependence 

2 (1- COS 'If) 
E = 2y Elaser { 2 2) 

l+y a 
(1) 

for 'Y >> 1, where 'If is the interaction angle between the electron and laser pulse (90° in 
our case) and 9 is the x-ray emission angle relative to the electron trajectory, as shown in 
Fig. 1 [1,2]. 

By choosing a 90° scattering geometry, the duration of the generated x-ray pulse is 
determined by the transit time of the ultrashort laser pulse (- 100 fs) across the focused 
electron beam waist(- 90 microns), resulting in x-ray pulses of- 300 fs in duration. 
Knowledge of the x-ray pulse duration is based solely on the determination of the electron 
beam size at the interaction point This is obtained by imaging the optical transition 
radiation emitted by the relativistic electrons as they pass through a thin aluminum foil 
(placed in the electron beam path when the laser is not present) [1,2]. 
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The Thomson scattered x-rays are detected by imaging the, visible fluorescence emitted 
when the x-rays strike a phosphor screen onto a CCD camera. X-ray spectra are obtained 
by aperturing the x-ray beam and using a solid-state (Ge) detectorin photon counting 
mode, and using pulse-height analysis [1 ,2]. 

Because an ultrashort laser pulse is used in the generation of the x-ray pulses, the 
ultrashort x-ray pulses are automatically synchronized with visible laser pulses. This allows 
for ultrafast pump-probe experiments, with visible pump and x-ray probe pulses. As x-rays 
can be used as structural probes (e.g. x-ray diffulction, EXAFS) structural dynamics in 
condensed matter; initiated by femtosecond laser pulses, may be studied using this x-ray 
source [1]. 

RESULTS 

electron beam 

femtosecond 
·.• x-ray pulse 

Figure 1. Thomson scattering geometry. 

We have obtained spatial and spectral characteristics of the x-ray beam [1,2]. Fig. 2 shows 
the spatial proflle of the x-ray beam striking a phosphor - 80 em from the interaction 

point. The image corresponds to - 5 x 104 x-ray photons per pulse, ~ontained in a 
divergence of- 1/y= 10 mrad. Fig. 3 shows x-ray spectra at different observation angles e 
relative to the center of the x-ray beam. The spatial proflle and spectra closely agree with 
the Thomson scattering theory, taking into account the emittance of the electron beam 
(i.e. the distribution of electron trajectories at the focus) [1,2]. 

Analysis of the x-ray divergence and energy spectrum yields information about the 
electron bunch divergence. Monitoring the x-ray yield as a function of the temporal and 
spatial overlap of the electron bunches and laser pulses can be used to determine the 
temporal and spatial profiles of the electron· bunches. Knowledge of both the electron 
beam divergence and spot size where the laser interacts with the electron beam allows for 
the determination of the electron beam emittance for femtosecond time slices of the beam, 
rather than averaged over the entire electron bunch[2]. 
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Ultimately, the Thomson scattering source of ultrashort x-ray pulses is to be used to study 
ultrafast structural dynamics in condensed matter [1]. One interesting phenomenon is the 
ultrafast melting of semiconductors under intense, ultrashort laser excitation [ 4,5]. The 
ultrafast visible light experiments (see, e.g. Refs. 4 and 5) suggest that loss of long-range 
order occurs on the femtosecond time scale in semiconductors under intense laser 
excitation. This loss of order is postulated to occur because of the structural instability 
created by the promotion of a large fraction (- 10%) of electrons from bonding (valence 
band) to anti-bonding (conduction band) states [6,7]. However, as visible light techniques 
are only indirect probes of structure, this ultrafast structural transformation can only be 
inferred from these experiments. Performing a time-resolved x-ray diffraction experiment 
using the Thomson scattering source would more conclusively determine if long-range 
order is indeed lost on the femtosecond time-scale. As a preliminary step, we have 
performed x-ray diffraction on semiconductor ciystals without laser excitation, using the 
Ge detector to detect the diffracted x-rays. 

Figure 2. CCD image of the spatial profile of the x-ray beam, taken- 80 em from the interaction point. 
The horizontal and vertical sizes (FWHM) are"- 12 mm and- 8 mm respectively. 

10 15 20 25 30 35 
energy (keV) 

Figure 3. Normalized x-ray spectra at observation angles of 0 mrad, 5 mrad, and 10 mrad from the center 
of the beam. Solid lines are theoretical ptedic.tions. 
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CONCLUSIONS 

We have generated 0.4 angstrom, 300 fs x-ray pulses by right-angle Thomson scattering. 
This source of ultrashort x-ray pulses is a promising tool for studying ultrafast structural 
dynamics in condensed matter. Experiments are underway to study the effects of 
ultrashort, intense laser pulse excitation on the long-range order in semiconductors. 
Thomson scattering with terawatt laser pulses may also be used to characterize ultrashort 
time slices of electron bunches. 
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Report from the ALS Director 

"Full Speed Ahead" summarizes the past year's activities of the ALS. Our successful 
operation and R&D efforts are due to the cooperation of large numbers of people doing 
work on the leading edge of the synchrotron radiation field. This concentration of skill, 
talent, and dedication continues to build, as engineers, scientists, and staff at the ALS work 
to provide a technically excellent machine and a strong base of user support. Our high­
powered user community is taking these resources and running with them, generating 
scientific results at an accelerating pace. 

This acceleration is due in part to the Scientific Facilities Initiative initially funded by 
Congress in October 1995, which boosted FY96 funding for the ALS and other DOE 
national user facilities. With this boost in funding, we increased the number of operating 
hours for users 73% and built several new beamlines, with more due to become available 
soon (Table 1). The demand for those new beamlines, in tum, means our scientific user 
community and its needs are growing, and ALS management is working closely with the 
Users' Executive Committee (elected to represent the ALS user community) to see that 
these needs are met. It is an encouraging sign that maintaining scientific facilities utilization 
is still among the top priorities for the DOE Energy Research Program in FY98, as this 
will allow us to continue serving our users effectively while pushing the boundaries of 
synchrotron research and development. 

The success and growth of the ALS scientific program depends directly on the quality of 
operations the facility provides, and one of the key parameters for our performance is the 
reliability and quality of the beam delivered. 'Fo this end, we brought new coupled-bunch 
longitudinal and transverse feedback systems on line in March 1996. However, with 
feedback systems on, the decreased beam size has made some remaining beam-position 
instabilities more critical. Therefore, since September 1996, a special task force of ALS 
accelerator physicists, engineers, scientists, operators, and users led by Rod Keller has been 
working with remarkable success to further stabilize the ALS electron beam and thereby to 
increase photon-beam stability for users. Many of the ALS technical reports summarize 
key areas related to improving beam diagnostics and stability. 

We have also expanded our range of operating modes in the past year. We now operate at 
1.9 GeV more than half the time, and we have increased the maximum current available in 
this mode from 150 rnA to 340 rnA. The installation of narrow-gap vacuum chambers in 
sectors 7 and 8 (May 1997) and longer-period undulators is meeting most experimenters' 
needs for low-energy photons at 1.5 GeV, so that we no longer need to operate at 1.0 GeV 
(though we still offer up to a few weeks each year of 1.3-GeV operations). A new 
"camshaft" fill pattern provides for a range of timing experiments without interfering with 
more conventional uses of the beam. 

Users 
Independent Investigator Proposals 
User Hours 
Operating Beamlines 

FY94 
95 
0 
2222 
8 

FY95 
213 
7 
2686 
11 

FY96 
296 
43 
4461 
14 

FY97 (Projected) 
350 
113 
4600 
21 

Table 1. Increased funding in FY96 allowed the ALS to expand its operations for users and accelerate 
the pace of beamline construction. 

ALS Technical Reports • 482 



I am proud to say our beamline and instrumentation development is truly leading the field. 
Some examples include: 

Micro-XPS at Beamline 7.3.1. The micro-XPS (x-ray photoelectron spectroscopy) 
branchline of this beamline recently received its first light ahead of schedule while 
exceeding initial specifications, despite the tight construction schedule of only nine months. 
This beamline, partially funded by Intel and Applied Materials, is designed to serve several 
specific needs of the semiconductor community and to be inexpensive to replicate in case 
of increasing demand. 

Macromolecular Crystallography and Structural Biology Support Facilities. Beamline 5.0 
for macromolecular crystallography is nearing completion and already it is clear there will 
be a high level of demand for this beamline. Structural Biology Support Facilities to 
provide lab and computer support for the beamline's users opened in the fall of 1996. 

Elliptical Polarization Undulators (EPUs). A working scale model for these new 
insertion devices, which shift rows of magnets to produce light in any polarization from 
linear (any orientation) to circular (either helicity), was recently completed. The EPUs will 
serve Beamline 4.0 which will be dedicated to magnetic spectroscopy and microscopy. The 
beamline is scheduled to be commissioned in 1998. 

Adaptive Optics. The ALS is taking the lead in designing new types of bending mirrors that 
meet or exceed tough specifications for slope error and spot size, and is also addressing the 
challenges of designing mirrors with small radii of curvature. 

In addition to all this, work at the ALS may well be contributing to the success of future 
synchrotron radiation facilities. Because of its small transverse beam size, the ALS is one 
of the first storage rings in the world to be in the position to study the transient regime of 
ion instabilities. In many future rings, this transient instability is predicted to have very fast 
growth rates, much faster than the damping rates of existing and proposed transverse 
feedback systems, and thus is a potential limitation. 

Brian M. Kincaid 
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AlS Operations 

The success and growth of the ALS scientific program depends directly on the quality of 
operations the facility provides. In 1996 the ALS again demonstrated its ability to deliver a 
high-quality beam to user experiments on a reliable schedule and maintain an efficient and 
safe work environment for users. The success of these efforts depends on the cooperation 
among ALS groups and between the ALS and users. 

In November 1995 we made a substantial increase in our operations for users and our level of 
customer support because of increased funding from the Scientific Facilities Initiative. User 
beamtime now occupies 16 eight-hour shifts per week, an increase of78% week-by-week as 
compared to the previous funding-limited schedule. This increased level of funding is key if 
the ALS is to continue to be able to meet the ever-growing needs of the user community and 
if it is to be fully utilized as a national user facility. 

The remaining 5 shifts per week were 3 for accelerator physics, 1 for maintenance and 
installation, and 1 for startup and test. There was one two day maintenance period scheduled 
per month for most of the year which has helped keep the time needed for major installation 
shutdowns to a minimum. Scheduled versus actual beam availability during the last calendar 
year was 89.3% overall and 89.4% during user shifts, a total of 6940 hours scheduled and 
6124 hours delivered including time deducted for normal storage ring refills (Figure 1). The 
only "major" cause of beam outage for the year, which was in fact fixed in less than two days 
with no loss of user beamtime, was a jammed roller screw in the gap drive system for the 
sector 8 undulator. 
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1996 ALS Scheduled Versus Actual Operations 
89.3% Overall 89.4% for User Shifts 

Figure 1. ALS performance for machine operations during 1996. 
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User operations included operation at 1.1 GeV, 1.3 GeV, 1.5 GeV and 1.9 GeV with fill 
patterns including 320 bunch, 304 bunch, 288 bunch, with and without a single 20 rnA bunch 
(camshaft), and 2-bunch. The long-term scheduling process is gradually emphasizing 
operation at the higher energy, 1.9 GeV, as this increases the variety of experiments that can 
be performed efficiently on ALS beamlines by providing more usable photon flux at high 
photon energies. In 1996 we increased the maximum current at 1.9 GeV from 260 rnA to 340 
rnA as a result of tests and rf system tuning to allow increased power with the existing rf 
cavity windows. Scheduling for operations is done at least 6 months in advance with input 
from users, the Users Executive Committee, and ALS management. Weekly scheduling 
meetings are held to fine tune the two week rolling schedule. 

Continuing improvements of the facilities for the ALS have included low-conductivity water 
(LCW) system improvements included heat exchanger maintenance, new pump and fan 
motors with variable frequency drives, replacement of the cooling tower fan and gearbox, 
installation of stainless steel water lines between the cooling tower and Building 6, and 
replacement of epoxy coated valves in Building 6 with stainless steel valves. Additionally, a 
cathodic protection system was installed by Berkeley Lab's Facilities Department on all the 
LCW water lines connected to the Building 34 cooling tower system. 

In addition, beam position monitoring has been upgraded through new, improved electron 
beam position monitors (BPMs), and hardware and software. This has helped in identifying 
major causes of temperature related beam movement and evaluating temperature control 
software changes. 

Reported by Bob Miller 
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Accelerator Physics Overview 

In the following te9hnical reports, we describe three activities of the accelerator physics group 
that vary widely in scope. The first an improvement to the operational capabilities of the 
facility, based on the experience and tools developed by the accelerator physicists. The second: 
an enhancement of the measurement-based modeling tools that are being used to improve the 
performance of the accelerators. The third: an exciting new development for the accelerator 
group that builds on our detailed understanding of the way in which the accelerators behave. 

Improvements to the ALS's operational capabilities were spurred by our bringing the 
longitudinal and transverse multibunch feedback systems into routine operation. As a 
consequence, the fundamental beam parameters of natural emittance and energy spread 
reached their theoretically predicted values of 4 nm-rad and 0.08% respectively. The vertical 
emittance (at 1.5 GeV) was particularly small, measured at 0.1 nm-rad. The immediate result 
of this success was more challenges for the accelerator physicists. 

With such low emittance, the lifetime of the densely packed electron bunches becomes 
dominated by the Touschek effect (collisions of electrons within the bunch that transfer 
transverse momentum to the longitudinal direction). At around 2 hours, the lifetime was 
uncomfortably short for the user community, so a compromise was reach~d in which the 
small vertical emittance was traded against longer lifetime. This is done by changing the ratio 
of transverse energies (proportional to the beam emittances) between the horizontal and 
vertical planes, using skew quadrupole fields (a capability designed into the sextupole 
magnets). The challenge was to determine the most effective way of controlling this "betatron 
coupling"-which is very sensitive to the betatron tunes-in the face of tune changes caused 
by undulators, as they are manipulated by the users. We have successfully identified magnet 
settings where the coupling changes caused by the undulators have an insignificant effect on 
electron beam size. The next challenge will arise when the powerful 2-T wiggler is brought 
into routine operation. 

A related issue arose because the users began to take advantage of the better resolution they 
could achieve with the higher-quality electron beam. This led to a requirement for better 
electron beam position stability. The improvement was accomplished without closed-orbit 
feedback (a feat not achieved at any other synchrotron radiation facility), as described under 
"Orbit Stabilization for the ALS Electron Beam." 

Throughout the year we have continued to refine the measurement-based modeling of the 
storage ring and to understand the limitations of these techniques caused by the real and 
apparent motion of the beam position monitors (BPMs), which all reside in the massive 10m 
long arc vacuum vessels. Many of the improvements that came out of the beam stabilization 
program, particularly more uniform temperature stabilization in the accelerator tunnels, 
resulted in more reliable position stability for the BPMs. This, in tum, gave us more 
confidence in the measurement-based modeling of the storage ring and allowed us to propose 
improved operating scenarios based on the model. Two examples of such efforts, leading to 
better injection efficiency and to compensation of the beta-beating induced by the vertical 
focusing in the W16.0 wiggler, are discussed under "Machine Modeling." 
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With a better understanding of the storage ring parameters, we have been able to embark on a 
study of more esoteric effects in the accelerators. One such study has targeted the interaction 
of the bunched electron beam with the residual ions in the storage ring. These studies are 
discussed under "Ion Effects in the ALS." One effect is particularly worthy of note: the fast­
ion instability. The theory first originated to describe beam emittance growth observed in the 
Photon Factory in Japan. However, experiments there failed to show any of the predicted 
parameter-dependent characteristics. At the ALS, a well controlled series of experiments was 
carried out in collaboration with accelerator physicists from the Stanford Linear Accelerator 
Center. In these experiments, the instability was unambiguously identified for the first time. 

Reported by Alan Jackson 
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Orbit Stabilization for the ALS Electron Beam 

During the design phase of the ALS storage ring, the tolerance for electron beam orbit stability 
was set to 10% of the nominal beam size, or to standard deviations ( 1 cr) of 20 J..Lm 
horizontally and 5 J..Lm vertically in the straight sections. An important secondary parameter 
for these limits is the time scale for which they are meant to apply. For most of the current 
ALS users, this scale ranges from 0.1 s to the running time between refills (about 4 hours). 
Up to the fall of 1995, the ALS beam suffered from five kinds of orbit perturbations 
occurring in the critical time range that all had their characteristic signatures as to amplitude, 
time, and distribution between the horizontal and vertical planes. The worst amplitudes 
reached about 300 J..Lm peak-to-peak. 

At this point, a task force was constituted from members representing the ALS accelerator 
physics group, the operations group, diagnostics and control systems, and Berkeley Lab's 
Engineering and Facilities Divisions. Soon one effect was identified that consisted of vertical 
orbit perturbations with a period of about 15 minutes caused by oscillations of the low­
conductivity water (LCW) temperature. The clue to solving this problem had been a 
comparison of the oscillation periods of the LCW temperature and the photon beam intensity 
variations noted by users. After this particular problem was solved, the vertical orbit stability 
was consistently much better than the horizontal one, and this fact momentarily reduced the 
pressure on the stability task force to further improve the operating conditions. 

Things changed again by the summer of 1996, when new beam position monitors (BPMs) 
were installed in several straight sections of the storage ring that inherently had much higher 
sensitivity than the BPMs installed in the curved vacuum chambers, mostly because of their 
negligible dependence on beam current. At the same time, several user groups had refined 
their experimental procedures to a point where the remaining orbit perturbations began to 
seriously compromise their research results. (Figure 1 shows the stability of the electron beam 
at this time.) The stability task force was therefore reactivated with the mission to improve the 
orbit stability to the original specifications in the shortest time possible. The time constraint 
precluded any immediate work on a closed orbit feedback system, for which we estimated a 
development time of at least 18 months. 

Two experiences from the past led to the next major progress made by the stability task force. 
One was the success with stabilizing the LCW temperature down to 0.1 °C peak-to-peak, or 
one-tenth of its original specification. The other reached much farther back-· to the 
construction phase of the storage ring, in which survey and alignment cycles failed to agree 
until the ALS building was air conditioned to a precision of 1 °C peak-to-peak. The effect of 
air temperatures exceeding this range was that the 12m long girders on which the lattice 
magnets of every arc section are mounted changed their curvature, progressively misaligning 
the magnets. By modeling this effect with the help of a newly developed simulation code, we , 
were able to identify individual sectors that caused certain large horizontal orbit perturbations. 
Dedicated experiments with the storage ring itself, involving precision micrometers and 
inclinometers, showed that changes of 0.2°C in girder temperature could lead to magnet 
misalignments of about 50 J..Lm and consequently to 300-J..Lm orbit deformations. 
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Figure 1. Horizontal and vertical insertion device beam position monitor (ID-BPM) signals observed over 
a 12-h period on August 31, 1996. Readings from BPMs during fills (hatched areas) are invalid. The 
asterisk marks an event that would be typical of a crane movement. Most traces also show significant 
drifts and oscillations with a 1-h period typical of air temperature variations in the storage ring tunnel. 
The labels on the left-hand side indicate straight sector number, coordinate direction, and position (1 for 
upstream and 2 for downstream) of each ID-BPM. 

At this point it was clear that the air temperature had to be much better stabilized than before, 
but it took about two months of gradual changes to establish a consistent scenario that led to a 
dramatic improvement in orbit stability. The main elements of this scenario include keeping 
the temperature in the stqrage ring tunnel lower than that of the ALS building; moving the 
nine temperature controlling sensors in the tunne.I from the inner wall to the outer wall, away 
from the air outlets, and averaging their readings; holding all nine air-handling units that 
supply the tunnel with cooled air to one common value; and using four large fans positioned 
around the ring to move the air in the tunnel in a spiral fashion around the storage ring. All 
these measures reduced the typical remaining orbit perturbations to about 20 J.Lm horizontally 
and 5 J.Lm vertically peak-to-peak, or 8.5 J.Lm and 2.1 J.Lm standard deviation, respectively. 
Thus, the established tolerances for beam stability have been substantially exceeded without 
the help of an orbit feedback system. 

There are three other, unrelated effects that influence the electron orbit, one of them well 
anticipated, and two providing surprises to everyone involved. The first effect occurs 
whenever an insertion device gap is changed. The device's integral dipole component (caused 
by magnetic fields that are not exactly balanced) changes slightly and deforms the orbit around 
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the entire ring. This effect is being cared for satisfactorily by applying compensating steerer 
fields in a feed-forward mode. The accuracy of the existing BPMs in the arc sections is the 
limiting factor for this compensation method. To further minimize the influence of insertion 
device gap changes on the electron orbit, after a refill the operators routinely close all gaps to 
the width at which they were set at the end of the preceding run. 

The second effect is caused by the two large cranes in the ALS building: the polar crane 
mounted on the former cyclotron yoke and the annex crane serving the experiment stations. It 
was demonstrated that a change in position of the polar crane perturbs the magnetic field 
crossing the straight section~ enough to create a 50-Jlm orbit distortion. This effect can be 
handled well administratively, limiting crane movement to the times when the ring is not 
being used by experimenters. 

The last effect has not yet been fully analyzed, but it is well correlated with excitation changes 
in the last two dipole magnets of the booster-to-storage-ring transfer line. These magnets are 
located more than 1.5 m away from the nearest part of the storage ring, but the fact that the 
orbit perturbations take place predominantly in the horizontal plane suggests that the (vertical) 
fringe field of either magnet reaches into the iron-free regions of the storage ring in this area 
and affects the electron beam position. 

With dynamic and administrative controls, we have arrived at the satisfactory state of beam 
stability indicated in Figures 2 and 3. 

Several experiments were carried out to monitor the thermal effects on the storage ring 
vacuum tarik. Since the vacuum tank contains the electron BPMs, changes in its position cah 
have important consequences when tracking the electron beam. The position of the end part of 
the insertion-device vacuum chamber in sector 7 was monitored with both 1-Jlm-resolution 
dial indicators and with 1-Jlfad-resolution inclinometers. This chamber part was found to 
undergo several characteristic changes during a weekly operation cycle. One change, 
measured with respect to the adjacent girder, was a 20-30 J.lm vertical position change during 
a 6-8 hour cooling down or warming up period before and after weekly shutdowns, see 
Figure 4. The same figure also shows horizontal and vertical position changes of the .observed 
chamber section, and hence the BPM it carries, that occur on a fill-to-fill basis during· 
operation and are directly correlated with the beam intensity cycle. These changes, again 
measured with respect to the girder, are 15 J.lm horizontally and 8 J.lm vertically and are 
apparently caused by photon heating of the chamber wall ... 
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Figure 2. Horizontal ID-BPM position signals observed over a 12-h period on February 6, 1997. Sector-12 
ID-BPMs are added to those for sectors 4 and 7, and the substantial gain in stability as compared to the 
conditions in August 1996 is easy to discern. 
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Figure 3. Vertical ID-BPM position signals observed over a 12-h period on February 6, 1997. Again, the 
improvement as compared to August 1996 is striking. Together with Figure 2, this represents the typical 
performance of the ALS storage ring to date. 
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Figure 4. Fill-to-fill and shutdown-induced position changes measured at the end of the insertion-device 
vacuum chamber in sector 7. 

There are three major lines of improvement to be followed in the future. First, the few 
remaining issues with air temperature control will be solved to guarantee best beam perfor­
mance under all conditions. Second, a global orbit feedback system will be developed. The 
expectation is that, with improved mechanical stability of the machine and improved 
performance of the BPMs, the orbit distortions will be suppressed even more than currently 
possible. Our goal is 1 ~m standard deviation. Third, we will increase the frequency range 
over which we can measure stability. Beam positions are currently monitored and archived 
once every minute, leading to the stability values mentioned above. On the high-frequency end 
(hundreds of megahertz), the electron beam is controlled by the fast longitudinal and 
transverse feedback systems. With a new orbit feedback system, we will be able to tackle 
perturbation frequencies up to about 30Hz. A new class of users, however, aims at 
employing the infrared part of the ALS photon spectrum, and these users typically scan their 
monochromators very quickly. Consequently, these users would suffer from beam 
instabilities in the kHz range. It is presently unclear whether the ALS storage ring exhibits 
orbit distortions at those frequencies, but we will investigate this question very soon. We are 
planning to do so by using the diagnostic beamline (Beamline 3.1) with a fast photodiode, 
observing the intensity behind a narrow slit placed at the flank of the beam cross-section. 

Reported by Roderich Keller 
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Machine Modeling 

BEAM-BASED MODEL CALIBRATION 

In the early stage of operating the ALS, an idealized model of the machine was used to correct 
the orbit in the storage ring. Because the ring was not ideal, this form of orbit control was 
limited. A year or so after commissioning, the control of the machine shifted from "ideal­
model-based" orbit control to "beam-based" orbit control. Specifically, orbit response 
matrices were developed by repeatedly measuring the change in the beam orbit as a function 
of the change in a steerer magnet's strength. These matrices were then used to predict which 
steerer magnet strengths would need to be changed in order to correct the orbit. With these 
measured response matrices (which are more representative of the true machine than the ideal 
model was), the control over the orbit was vastly improved. In 1996, we entered a third stage 
of development where orbit response matrices are also being used to improve our machine 
model. This has vastly improved our understanding of the ring. 

The work of modeling the orbit response matrices has been done in collaboration with James 
Safranek of Brookhaven National Laboratory. Using the technique developed by Safranek, we 
have fit our model to generate model response matrices that agree with the measured response 
matrices. This was done by varying many parameters, quadrupole magnet field strengths as 
well as steerer magnet and electron beam position monitor gains, allowing us to extract the 
true values for these parameters. 

Because there are many parameters in the fit (more than 500), one might question whether 
this method could find the true parameter values or just another set of values that, produces the 
same matrices. Therefore it is desirable to have an independent check. We made this check in 
the spring of 1996. At that time we suspected that there was a large variation in the 24 
quadrupole defocusing (QD) magnet power supplies, leading to variation in the field strengths 
of the quadrupoles. We measured the excitation currents for the 24 QD magnets and 
compared that measurement to the fitted model. The results can be seen in Figure 1. As seen 
in the figure, there is very good agreement between the two independent measurements. In 
particular, both measurement techniques showed that four QD magnets (8, 13, 16, and 22) 
had strengths 1% or more lower than the rest of the quadrupoles. These power supplies were 
subsequently replaced. 

Because of the precision of the ALS electron beam position monitors ( < 1 micron with 
averaging), we have found that it is possible to measure the relative field strengths of the 
quadrupole magnets to about 0.1% by fitting measured orbit response matrix data. 

SYMMETRY RESTORATION AND INJECTION EFFICIENCY 

Linear focusing errors (such as the variations in QD magnet strengths discussed above) 
pt;rturb the storage ring's natural12-fold symmetry. This can strongly degrade the stability of 
the electron motion. In particular, the amount of symmetry breaking can determine how far 
particles can stably oscillate about the center of the beam. This is especially important for 
injection, where the motion of the injected particles-which must be injected with an initial 
transverse offset far from the beam center-must be stable. Fortunately, since we can 
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Figure 1. Comparison between measured excitation currents in 24 quadrupole defocusing magnets and 
fitted orbit response matrix data. Both techniques showed a difference of 1% or more in QD magnet 
strengths for four particular magnets relative to the others. 

measure the linear errors, it is possible to adjust quadrupole strengths to restore the ring's 12-
fold· symmetry. The effects of symmetry breaking on the beam dynamics have been studied 
in an ongoing collaboration with the French astronomer Jacques Laskar using his Frequency 
Map Analysis technique. 

In such a study, we track particles to compute a frequency map and the limits of stable motion 
that define the dynamic aperture. In Figure 2, we show the stability plots for two ring states, 
one with broken symmetry and the other with restored symmetry. In each model, particles are 
launched with a variety of initial transverse coordinates and tracked for 1000 turns or until 
they are lost. The initial transverse coordinates of particles that were stable for 1000 
revolutions are plotted in the figure. 

The left plot in Figure 2 was generated by including measured quadrupole errors in the model 
with no adjustments for symmetry. Particles with a horizontal offset greater than 13 mm do 
not survive in this lattice. The right plot was generated by including measured quadrupole 
errors plus additional quadrupole adjustments made to restore the lattice symmetry. As 
evidenced by the larger area covered by the latter plot, particles in the ring with symmetry 
restored should survive long-term tracking even if injected with an offset out to 18 mm. 
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Figure 2. Stability plots for the storage ring lattice with broken symmetry (left) and with symmetry 
restored (right) by adjusting quadrupole magnet strengths. · · 

An experimental comparison was made between these two lattices by looking at the injection 
capture efficiency of the two lattices as a function of an injection offset, which increases the 
resulting oscillation amplitude of the injected electrons. The result can be seen in Figure 3. We 
found a 40% improvement in efficiency at the nominal injection position (approximately 10 
mm from the beam center) in the lattice with restored symmetry. As we increased the offset 
by 3 mm, it became nearly impossible to inject into the lattice with uncorrected errors, but we 
could still inject with an acceptable rate into the more symmetric lattice. 
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Figure 3. Comparison of injection capture efficiencies for the storage ring lattice with symmetry broken 
and with symmetry restored. 

FOCUSING COMPENSATION FOR THE Wl6 WIGGLER 

In addition to quadrupole field errors, edge focusing caused by a wiggler will also perturb the 
storage ring symmetry. This does not affect injection, because injection is done with the 
wiggler gaps open. It does, however, affect the beam size around the storage ring. When the 
wiggler is closed, the focusing causes a change in the vertical beam size that varies ±20% 
around the ring-an effect that can be clearly seen by users. To correct for this focusing, one 
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can adjust 48 individual quadrupole power supplies around the circumference. The difficulty 
lies in determining how much the fields need to be changed in order to best correct the 
focusing. 

The technique we ~mployed was again based on the measured orbit response matrices. We 
measured matrices with the wiggler open and closed, then adjusted the quadrupoles to best 
minimize the discrepancy between the two matrices. A comparison of the vertical beam sizes 
at the QD magnets (based on measurements of the beta functions) ~efore and after focusing 
compensation can be seen in Figure 4. In the lattice, the wiggler is located in straight section 5 
between the 8 and 9 QD magnets. We found that, with the exception of the sectors 
surrounding the wiggler, we could reduce the change in size to less than+/- 3%. This 
compensation will provide minimal change in beam size for users away from the wiggler. 

Change in the Vertical Beam Size at the QD Quadrupoles 

25% ~--------------------------~--~--------------~--------
_.,_ ______________________ --1 • Wiggler Closed 

20% ..,. 
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Figure 4. Vertical beam sizes at the storage ring's quadrupole defocusing magnets (based on 
measurements of the beta functions) before and after compensation for the focusing effect of the W16 
wiggler. 
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Sidebar: The Storage Ring Model and the Response Matrix 

The model of the storage ring consists of a beam optics program that maps the position and 
transverse momentum of a particle at one point in the ring,j, to the position and momentum 
of the particle at another position, i , such that 

xi xj 

p~ = Rii pj 
yi yj 

p; p~ 
(Equation 1) 

where x and y are the horizontal and vertical positions and px and py are the horizontal and 
vertical momenta. From the map, R, and knowledge of the ring's dispersion function, h, it is 
possible to compute the response matrix coefficients, Cij, which relate the change in the closed 
orbit at the position of a beam position monitor (BPM), i, due to the change in field of a 
corrector at positionj. This leads to 

Cii -[Rii(l Rjj)-1] ll;'llj 
12134 - - 12/34- aL (Equation 2) 

where 12 refers to the horizontal plane and 34 to the vertical plane, Jti is the transfer matrix 

between the corrector atj and the BPM at i, Jii is the full-tum matrix starting after the 
corrector location, Tli and 11; are the dispersions at the location of the corrector and the BPM 
respectively, a is the ring's momentum compaction factor, and Lis the ring's circumference. 
The first term in Equation 2 is immediately derivable from Equation 1. The second term in 
Equation 2 comes about because a corrector change in a region of dispersion, Tli, will induce 
an energy shift in the beam which in tum will be visible as an additional orbit shift in a BPM 
that is located in a region of dispersion, Tli· 

This model of the storage ring can be calibrated by adjusting parameters in the model so that 
there is better agreement between a response matrix computed by the model, C, and one 
measured in the machine, C . This calibration of the model is done in the following way. 
First, equations are set up that relate the measured C ij and the model ( Ci) response 
coefficients in a first-order Taylor series 

(;if = cii + i:. acij og k + cii &_i - cij ll.d 
n=l di,; (Equation 3) 

where gk are the quadrupole gradient errors and & and fie are the change in the BPM and 
corrector gains from unity. Then, to determine the errors in the model, Ogk , &, and fie are 
adjusted to minimize the difference between Cii and (}i in a least squares sense. This is done 
by casting Equation 3 into a set of linear equations of the form Y = AX where Y is the 
difference between the measured and modeled response matrix coefficients and X is the 
vector of parameters that need to be found. The solution is simply X = (AT A)-1 ATY where 
(AT A)-1 is the covariance matrix, containing the errors on the fitted parameters. 

Reported by David Robin 
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lon Effects in the ALS 

With increasing demands on the performance of storage rings, designs for new synchrotron 
light sources, colliders, and damping rings are calling for higher beam currents, more 
bunches, and smaller beam sizes. For each step forward in performance, however, a host of 
new problems arise. A collaboration between the ALS accelerator physics group and 
physicists from the Stanford Linear Accelerator Center has used the ALS to study a new 
regime of ion instabilities in storage rings. The effects are predicted to have potentially limiting 
consequences in the next generation of storage rings, such as the PEP-IT and KEK BB­
factories. 

Conventional ion instabilities have been observed for many years. The ions, generated by 
beam-gas collisions, become trapped in the potential of the beam and accumulate over 
multiple beam passages. The trapped ions are then observed to cause a number of deleterious 
effects, the most serious of which is a drastic reduction in beam lifetime. One of the standard 
solutions used to prevent ion trapping is to include a gap in the bunch train that is long 
compared to the bunch spacing. In this case, the ions are first strongly focused by the passing 
electron bunches and then over-focused in the gap. Over multiple beam passages, the ion 
motion is unstable and the electron beam is unaffected. 

A new regime of ion trapping has been predicted where ions generated and trapped during the 
passage of a single train cause a fast instability, leading to an increase in beam size by up to a 
factor of two. In this situation, a gap in the bunch train does not help, because the instability 
develops over a single passage of the beam. The instability mechanism is shown 
schematically in Figure 1. As a bunch train passes through the storage ring, it ionizes residual 
gas. A small oscillation of the first electron bunch drives oscillations of the ions, which in tum 
drive transverse oscillations in subsequent bunches. Through this amplification mechanism, 
small oscillations at the head of the bunch train drive large oscillations at the tail. In many 

-:.~. 

Electron Bunch train Ions 

Figure 1. Schematic drawing of the fast beam-ion instability. As a bunch train passes through the storage 
ring, it ionizes residual gas. A small oscillation of the first electron bunch drives oscillations of the ions, 
which in tum drive transverse oscillations in subsequent bunches. Thus, small oscillations at the head of 
the bunch train drive large oscillations at the tail. 
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future rings, this transient instability is predicted to have very fast growth rates-much faster 
than the damping rates of existing and proposed transverse feedback systems-and thus is a 
potential limitation. Because of its small transverse beam size, the ALS is one of the first 
storage rings in the world capable of studying this regime of ion instabilities. 

At the nominal ring pressure of 0.25 nTorr, we do not observe any significant ion effects in 
the ALS. For small gaps in the fill pattern, we observe small coherent vertical oscillations of 
the beam indicative of an ion instability that is probably due to residual nitrogen or carbon 
monoxide. We observe an average increase in the vertical beam size of only 2-3%. As the gap 
in the fill pattern is increased, the coherent signals disappear and the vertical beam size returns 
to its natural value. 

In order to create a potentially more unstable situation, we added helium gas to the storage 
ring. vacuum up to a pressure of 80 nTorr. Because it is experimentally difficult to distinguish 
conventional ion trapping from the transient ion instability, we used large gaps in the fill 
pattern where conventional ion trapping was not expected. Figure 2 gives a comparison of the 
average transverse beam profiles at the nominal and elevated pressures for a total beam 
current of 80 rnA with only half of the ring filled. All coupled-bunch feedback systems were 
operational during the experiment. In addition to observing a significant instability, we were 
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Figure 2. Transverse images of the ALS electron beam at 80 rnA with only half of the ALS filled. The 
image at left was taken with the storage ring at nominal pressure. The right-hand picture shows the 
vertical beam blowup that occurred with 80 nTorr of helium added to the vacuum. The images were taken 
at the diagnostic beamline (Beamline 3.1). 

ALS Technical Reports • 499 



also able to observe the instability threshold as we slowly increased the length of the bunch 
train, as shown in Figure 3. We are continuing studies of the transient ion instability, 
especially with regard to potential cures. 
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Figure 3. Changes in the average vertical beam size of a b,unch train as the number of bunches increases. 
The threshold of the instability agrees well with the predicted value. Very little increase is observed at 
nominal pressure. 

Sidebar: Theory of the Fast Beam-Ion Instability 
-

A linear treatment of the transient interaction of an electron beam and residual 
ionized gas was first described by Raubenheimer and Zimmerman (Phys. Rev. E, 
52: 5487-5498, 1995). The interaction can be treated as the coupled vertical 
oscillations of the electron and ion beam. The equation of motion for the 
centroid vertical position of the electron beam (yb) as a function of the distance z 
from the head of the bunch train is given by 

y~(z) + ro~/z) = K;[Y;(s+z) + Yb(z) ]{~ p(z')dz' 

where ro~ is the betatron oscillation frequency, y; is the centroid vertical position 
of the ions, and p(z) is the longitudinal electron beam density. The constant K; 
is given by 

K.= 4\oJ'e 
' 3ycrxecrx + cr) 

O'x and cry are the horizontal and vertical beam sizes, A.ion is the longitudinal ion 
density, and re is the classical electron radius. The coordinate z denotes the 
position along the bunch train and s the longitudinal position in the storage 
ring. A similar equation can be written for the centroid vertical position of the . 
ion beam with a driving term depending on Yb· 
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A perturbation expansion of the equations of motion yields an approximate 
solution for the electron beam motion given by 

Yb(z) -1l(z)- 114e2Jt'1Cz>sin (coiz -ro
13
s- <)>) 

where roi is the coherent ion frequency given by 

( 
4NrP )

1

'

2 

coi= 3Lsepcr/crx+cry)4 

where N is the number of electrons per bunch, rP is the classical proton radius, 
Lsep is the distance between bunches, and A is the atomic number of the ion 
species; and 11(z) is given by 

K.C072
S 

Tl(Z) = ~' --:.-r-_ 
16Ltrainrof3 

where Ltrain is the length of the bunch train. 

The amplitude of vertical oscillations increases along the bunch train with a · 
quasi-exponential dependence and with an oscillation frequency of Olj. Closer 
examination of the above shows that the growth is much faster for smaller 
transverse beam sizes, particularly in the vertical direction. For example, the 
growth time for the ALS is estimated to be only 2.4 JlS (3 turns in the ring). 
Further considerations, such as decoherence of the ion motion from 
nonlinearities and from variation of the lattice functions around the ring, 
increase the growth times significantly and indicate that the instability should 
saturate at an amplitude near cry· Even including these effects, however, the fast 
beam-ion instability is predicted to be one of the limiting factors in future. 
storage rings, where transverse beam sizes are projected to be at least an order of 
magnitude smaller than present designs. 

Reported by John Byrd 
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ALS High Resolution Beam Position Monitor 

There are 118 electron beam position monitor (BPM) stations in the ALS storage ring. At each 
station there are four small electrodes called buttons that couple rf signals from the beam to 
processing electronics. Ninety-six of these monitors are in the 12 curved sections of the storage 
ring called sector-arcs. In these monitors, the buttons are connected to BPM electronics designed 
to provide high speed measurements of beam orbit. The remaining 22 BPM stations are in the 
straight sections, and the original purpose for these buttons was to act as pickups for a beam 
interlock system. If the electron beam in an insertion device is moved too far out of its normal 
orbit, it is possible for the powerful photon beam generated by the insertion device to melt areas 
of the aluminum vacuum chamber. When the interlock function of these BPMs is implemented, 
the beam will be aborted if a 2 mm orbit shift is detected in any straight section where an 
insertion device is operational. At present we rely on thermocouples attached to the beam pipe 
that sense heat generated by a miss-steered photon beam. The thermocouple system can be 
difficult to test and is designed to be a backup to the BPM interlock system. 

High speed measurements are not required to implement the interlock feature, so it was decided 
to develop a high-resolution, narrow-band, multiplexed BPM instrument for the straight sections 
of the storage ring. Multiplexing four beam pickup signals into a single receiver at a high rate 
removes from the measurement many of the errors found in the non-multiplexed sector-arc BPM 
receivers. An additional feature of the new BPM is self normalization to beam intensity. This 
means the instrument delivers X and Y signals proportional to beam position regardless of the 
beam intensity (over normal ALS operating conditions). Because the BPM electronics are to be 
part of an equipment protection interlock, we chose not to rely on computer software-the 
electronics are completely analog. In the older BPMs, computers are needed to perform self 
calibration, correct gain and offset errors, perform normalization to beam intensity, and finally 
calculate beam position. It would be unwise to rely on such a BPM for an important equipment 
protection interlock. 

The prototype insertion device beam position monitor (IDBPM) electronics were installed on a 
sector 4 straight section beam position sensor. The IDBPM revealed beam motion which had not 
been detected with the other BPMs. At that time the sector-arc BPM data were not being 
archived and no computer application was in use to display long-term beam motion. However, 
the IDBPM position data along with the temperature of the accelerator's cooling water and 
storage ring tunnel air were displayed on chart recorders over a period of many hours. From this 
data, it was quickly determined that the storage ring electron beam moved+/- 4 J.Lm vertically 
with a period of about 12 minutes. Longer term vertical motion of about 20 J.Lm occurred over 
several hours. Horizontal motion was larger, +/- 50 J.Lm, with a period of about 2 hours. The chart 
recorder data showed perfect correlation between 12-minute vertical beam motion and magnet 
cooling water temperature fluctuations. Improvements were made to the water system 
temperature control, and the 12 minute beam position oscillations ceased. 

The IDBPM electronics were improved to reduce beam intensity dependent errors and another 
prototype instrument was installed. While BPM studies continued, the electronics design was 
offered to industry in hopes that a BPM useful to the accelerator community in general would be 
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developed. The Bergoz company accepted the offer and improved the BPM electronics to the 
point where beam intensity dependence is almost nil and the input signal dynamic range is almost 
10,000 to 1. For the ALS, this means we can obtain position readings over an intensity range of 
0.4 A to less than 1 rnA. Beam intensity dependence is typically less than 5 Jlm between 0.4 A 
and 1 rnA when the beam is centered in the pickup electrodes. Resolution of less than 1 Jlm is 
easily achieved with signal averaging. As ofFebruary 1997, there were 6 Bergoz BPMs operating 
in the ALS storage ring, soon there will be over 20. 

A beam stabilization task force was established at the ALS with the mission of determining the 
extent and causes of beam motion in the storage ring and to eliminate it if possible. The 
instruments used in this work are the IDBPMs, many temperature sensors, a number of 
electronic micrometers, and clinometers (devices capable of measuring very small angular 
displacement). The IDBPMs were connected to the ALS control system and their data displayed 
on a 12 hour chart in the control room. Also, the position data are archived along with all other 
accelerator parameters.· 

Our measurements have enabled us to reduce beam motion considerably, especially in the 
horizontal axis, in a relatively short time. The chief reason for this is good air temperature 
management. Our immediate goal is to stabilize vertical beam position over a filling period to 
about 2 Jlm (10% of the beam rms size in an insertion device). While air temperature control 
certainly helps, we believe we may have to employ a closed-orbit feedback system to achieve the 
ultimate stability. To implement closed orbit feedback, we require a number of stable position 
sensors around the storage ring. With 20 IDBPMs we should be able to reduce slow orbit shifts 
to some degree. For optimum performance, it may be necessary to have more position sensors. 
This would require additional Bergoz BPMs in place of( or in addition to) existing sector-arc 
BPMs. 

Recent operational experience with the storage ring has shown that the ''golden" beam orbit is not 
necessarily optimum for some insertion device beamline users. Because of their excellent 
stability, we have been using the IDBPMs to create a static local orbit bump around an insertion 
device to satisfy experimenters. If global closed-orbit feedback isn't implemented, it may be 
possible to apply local feedback around an insertion device to stabilize the photon beam. In this 
case the IDBPMs would be used as pickups for a local orbit bump feedback system. 

The insertion device BPMs have been very useful in helping us diagnose undesired beam motion 
in the ALS storage ring. While they cannot provide the high-speed, single-tum beam position data 
we obtain from the sector-arc BPMs, they do provide unparalleled stability and resolution for 
low frequency position measurements. Once all the IDBPMs are functional and have been 
thoroughly tested, we will design the equipment protection interlock. 

Reported by Jim Hinkson 
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Using Matlab for Accelerator Control 

The ALS is a relatively small accelerator, yet the computer control system has the sizable 
task of continuously monitoring and controlling more than 7000 variables. Given this type 
of complexity, it is important to have an efficient method to acquire and control data. 

The high-level software control of the ALS computer control system has been through a 
number of evolutions which pace the rapid developments in the computer world. While 
ALS computer control may lack the standard software development environment enforced 
at many modern accelerators, it gains in the amount of flexibility available to the 
application developer. ALS computer control is possible via BASIC, Visual Basic, C, C++ 
(Borland and Microsoft), FORTRAN, Pascal, Adelphi, TclTk, EPICS, Excel, Toolbook, 
and the list goes on. Since the variation of software is already large and convoluted, why 
not add one more-Matlab. 

Matlab is a matrix manipulation language originally developed to be an efficient 
programming environment for using the LINP ACK and EISPACK libraries developed in 
the heydays of FORTRAN. Hence, Matlab has a large number ofbuilt-in functions for 
numerical methods that have proven to be accurate, nearly bug free, and which properly 
warn the user if a calculation is close to a numerical instability. Matlab shares many 
similarities with other "high level" languages such as Mathematica, MA THCAD, and IDL. 
To gain the symbolic manipulation capabilities of languages like Mathematica, a version of 
Matlab can be purchased with the Maple kernel embedded. One big advantage of Matlab 
over FORTRAN, Pascal, or Cis that matrix algebra is coded very much like one would 
write the equations on a piece of paper. However, it is very difficult to compare Matlab to 
a traditional compiled computer language. Matlab functions are compiled, but they run in 
an active workspace where each function call is interpreted at run time. Interpreted 
languages can be computationally slow, however, they allow one to create an interactive 
environment for doing mathematics on a computer. The fact that Matlab's built-in 
functions are compiled greatly mitigates the speed disadvantage of using an interpreted 
language. 

What makes Matlab so appealing for doing accelerator physics studies is the combination 
of an active workspace for variables, numerous built-in functions, powerful graphics 
capability, and platform independence. At the ALS, Matlab is regularly used for global 
orbit correction, local steering of photon beams, developing insertion device dipole 
compensation tables, beam-based alignment of the quadrupoles, measuring response 
matrices, finding beta functions, and many accelerator physics studies. The following 
example is the entire horizontal global orbit correction routine for the ALS using a singular 
valued decomposition (SVD) method where only the first 24 singular values of the matrix 
are used. 

X= getx; 
[U, S, V] = svd(Sx); 
DeltaAmps =-X I U{:,l:24); 
stepsp('HCM', DeltaAmps); 

%Gets all96 horizontal BPMs (96xl vector) 
%Computes the SVD of the response matrix, Sx(96x94) 
%Find the corrector changes via Gaussian elimination (94xl vector) 
% Changes the current in all 94 horizontal corrector magne~ . 
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Once the ALS database access functions getx and stepsp (i.e. step the setpoint) have been 
written, this relatively involved global orbit correction method can be accomplished in four 
lines. Ease of use and simplicity allow one to quickly change and experiment with new 
ideas in a very short period of time. Given the value of machine time at the ALS, this is 
obviously a valuable tool. 

Reported by Gregory J. Portmann 
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Preliminary Results of Ground Vibration on the ALS 
Storage Ring and its Effect on Electron Beam Motion 

Although the ALS building is a relatively large structure with many·thousands of tons of concrete 
in its foundation, at some level the entire ALS floor is still being jostled around. The problem is 
not just the magnitude of the ground motion, but how these vibrations get amplified by the 
various structural bending modes of the ALS components. 

If ground motion causes movement of the ALS photon beams, then many experiments at the ALS 
can be adversely affected. The mechanism for how ground vibration infiltrates into the photon 
beams is multifaceted. In the user areas, the entire beamline is subject to mechanical vibrations 
that simply shake the mirrors and endstation hardware. In the storage ring, vibrations move the 
magnets and vacuum chamber, which causes small field perturbations. These field changes cause 
electron beam movement, which in turn results in movement of the photon beams. The good 
news is that the ALS electron beam is inherently quite stable. Fluctuations in the electron beam in 
the 0.1 to 1000 Hz range are typically 3 to 8 Jlm rms, which is better than the specified 
requirement of one tenth of the beam size. This allows the ALS to operate without global or local 
orbit feedback, which is very unusual for a light source. 

The level of ground vibration of the ALS floor is relatively small-typically less than a few 
tenths of a micron in the 0.1 to 400Hz frequency range (the bandwidth ofthe accelerometers 
used to measure vibration). The problem arises from the mechanical amplification due to the 
natural bending modes of the magnet support structure and the magnification of magnet motion to 
electron beam motion due to the strong focusing quadrupole and sextupoles magnets in the 
storage ring. The magnification of beam motion from magnet motion is magnet family and location 
specific. Typical amplification factors range between 1 to 15. For instance, the peak electron 
beam motion for a change in position of a focusing quadrupole (QF family) magnet is a factor of 
1 0 vertically and 6 horizontally greater than the magnet motion. 

The aluminum vacuum vessel in the storage ring also influences beam motion. The first effect is 
beneficial: not all the magnetic field variations from a vibrating magnet will pass through the 
vacuum chamber. Due to the induced eddy currents in the aluminum, the magnet field as seen by 
the electron beam will be a low-pass filtered version of the actual perturbation. The exact 
bandwidths of these filters are magnet location specific and not well known but are likely to be a 
few Hertz. Unfortunately, the second effect is adverse: if the vacuum chamber is vibrating, the 
electron beam may pickup the high frequency motions since the eddy currents will oppose fast 
field changes inside the chamber. 

Determining the sources for electron beam motion in the ALS storing ring is a difficult task. 
Vibration of the 72 quadrupole, 24 sextupole, and 36 bend magnets are likely sources, as well as 
field perturbations cause by the 216 power supplies in the storage ring (1 bend, 2 sextupole, 49 
quadrupole, 94 horizontal corrector, and 70 vertical correctors). Measuring the beam mot~on is 
complicated by the fact that the BPMs are fixed in the vacuum chamber which is also vibrating. 
However, by measuring the electron beam motion, vibration ofthe magnets, and vibration of the 
vacuum vessel, the picture gains some clarity. 
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The upper plot in Figure 1 shows the power spectral density (PSD) function for the vibration of 
a quadruple focusing magnet ( Q FA 1 in sector 7), the vibration of the vacuum chamber in the 
location of the insertion device beam position monitor IDBPM(7, 1 ), and the electron beam 
motion as measured by IDBPM(7,1). Vibration was measured using a seismic accelerometer from 
Wilcoxon Research (model 731A) connected to a spectrum analyzer (HP-3563A). Off-line 
analysis was done using Matlab. The bandwidth of the IDBPM is about 1 kHz. Unfortunately 
the noise floor of the IDBPM is not fully determined. The integral of the PSD function is the rms 

. change in the time domain (Parseval's Theorem). Hence, using the power spectrum one can gain 
insight into what frequency bands are causing the greatest amount of beam motion. The lower 
plot in Figure 1 shows the cumulative integration of the power spectrum. The integration was 
done in reverse order, 50 Hz to 0.3 Hz, to illustrate the stability improvements if a feedback 
system was developed. For example, if one could eliminate all electron beam motion below 30 
Hz, then the remaining motion would be 0.7 J..Lm. However, this article is not accounting for 
motion above 50 Hz. Since electron beam motion in the 50 to 1000 Hz range is likely to be 
submicron, the signal-to-noise ratio of the IDBPM electronics becomes problematic. 

The most obvious example of beam motion from vibration in Figure 1 is the 6.4 Hz bending mode 
ofthe storage ring girder. The first 4 structural modes of the girder, as measured in Ref. [1], are 
6.4, 9.7, 12.7, 15.3 Hz. These 4 modes also show up clearly in the vibration data for the QFA 
magnet. Since the 6.4 Hz mode is not present in the vacuum chamber where the IDBPM is 
mounted, it is reasonable to assume that the electron beam is actually moving due to this 
structural mode. If one integrates the PSD from 5 to 8Hz (shown in Figure 1, lower plot), the 
magnitude of this mode is approximately 0.6 J..Lm. However, removing this mode would only 

reduce the total rms displacement from 3 to 2.9 J..Lm ( -h2
- 0.62 

). The 9.7 and 12.7 Hz modes 
also appear in the beam position spectrum. The 27Hz peak in the IDBPM data makes a 
noticeable change in the rms motion, yet its source has not yet been determined. 

Interpreting the downward slope in lower plot of Figure 1 from .3 to 5Hz can be done with the 
help of Ref. [2]. Fisher has written an excellent survey paper on measuring ground vibration and 
the effects on accelerators. If the Wilcoxon accelerometers could resolve lower frequencies with a 
smaller noise floor, one would hopefully find a peak at .15 Hz caused by the ocean waves. Fisher 
reports that the ground vibration due to the ocean can be seen almost everywhere is the ·world-it 
is not just a coastal effect. The IDBPM data does not show this effect since the wavelength is 
long compared to the size of the ALS. The "bulge" in the data from 5 to 50 Hz is most likely 
caused by relatively local environmental sources. 
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Figure 1. The power spectral density (PSD) function for the vibration of a quadruple focusing magnet [QFA(7,1)], 
the vibration of the vacuum chamber in the location of the insertion device beam position monitor IDBPM(7,1), and 
the electron beam motion as measured by IDBPM(7,1). 
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It is difficult to make a conclusive statement about the effects of vibration on electron beam 
motion from the limited amount of data presented in this paper. However, we feel it is reasonable 
to state that the magnitude of the motion caused by vibration is likely to be at the micron level. In 
order to form a more coherent picture as to the causes of "low" frequency beam motion at the 
ALS, one needs to combine vibration and power supply stability data with,beam position data. 
Since the total electron beam motion in the .1 to 1000Hz range is relatively small (a few 
microns), no serious attempt has been made to accurately determine the sources of the beam 
motion. If futw::e experiments require electron beam stability below a few microns, then it will be 
necessary to either track down and eliminate the sources causing the motion or implement a 
feedback system to actively stabilize the electron and/or photon beams. 
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Reported by Gregory J. Portmann 
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Mechanical Design of a Pinger System 

As more beamlines are added to the ALS, tuning the storage ring for precise electron beam 
position and stability at all beamlines becomes increasingly difficult. To meet this challenge, ALS 
accelerator physicists are working to improve their understanding of the complex electron beam 
dynamics of the storage ring. The new "pinger system," currently in the design and fabrication 
stage, will be an important tool in this effort. 

SPECIFICATIONS 

The pinger system will pn:>vide· a pair of very fast dipole magnets to intentionally perturb the orbit 
of a single electron bunch in a single pass. The effects of this controlled transverse "kick" will be 
monitored by an existing system of beam position monitors (BPMs) for validation and 
improvement of beam dynamics models. In order to accomplish this, the pinger system must 
deliver calibrated vertical and/or horizontal dipole fields of up to 315 Gauss in a pulse which lasts 
no longer than 650 ns. This will require single turn dipole magnets, discharging 10 kV to ground. 
A special ceramic beam tube section is needed so that induced eddy currents will not retard the 
penetration of the magnet field. · 

ENGINEERING 

As is often the case, the initial intention for this project was to closely duplicate an existing design. 
The beam kickers in the ALS injection straight perform a similar function, and we hoped to save 
on engineering costs. However, as is also often the case, a closer study of the injection straight 
revealed many reasons not to do this. The following is a brief summary of the design evolution of 
the pinger system (an early concept sketch is shown in Figure 1). As you will see, considerable 
effort has gone into <::reating a cost effective, reliable design, with many well-motivated departures 
from the original concept. 

Our reference design, the ALS injection straight, has a rectangular vacuum aperture of 83 x 
38 mm2.1ts ceramic vacuum tube was expensive, difficult to manufacture, difficult to align, and 
the unbalanced vacuum forces are high. For the pinger, an 88-mm ID round ceramic beam tube 
was chosen to be much stronger and easier to fabricate, and its "square" aperture allows the 
horizontal and vertical kick magnets to be essentially identical. A further advantage emerged: in the 
round geometry, beam image currents can be handled by a uniform resistive coating on the tube 
ID, with no need for the difficult patterned resistive coating used with the rectangular aperture. The 
optimum coating resistance is a trade-off between minimizing the eddy-current-induced field 

penetration delay, and living with the steady state I2R heating of the ceramic tube caused by beam 
image currents of up to 400 rnA. An experimental mock-up indicates that a 2.0-ohm-per-square 
coating of titanium will allow acceptable field penetration times with a maximum steady state 
image current heat load of about 100 watts, which will be cooled with an air flow system. 

The original electrical joint design used to connect the injection straight resistive coating to the 
conventional metal beain tube has caused some concern at the ALS. Beam current induced heating 
at or very near these joints has necessitated forced air cooling. Although the cause of this problem 
has not beenresolved, a leading theory is that small cavities in the electrical joint design 
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Figure 1. An early concept sketch for the ALS pinger system. 

may be coupling with rf energy, resulting in local heating. In the pinger design, only a single, 
round fingerstockjoint is used, with a minimum cavity. 

The various risks and expense of the ceramic tube end electrical and vacuum connections 
motivated a further simplification: a single long ceramic tube threaded through both the horizontal 
and the vertical kick magnets. A 54-in (1.37 m) tube length is required, with only two end 
connections, rather than the four which would have been needed with separate tubes for each 
magnet. 

The support and alignment of the ceramic tubes in the injection straight had also been a problem, 
due to variations in ceramic wall thickness. For the pinger, we will avoid this by not doing it. We 
plan to rely only on the engagement of the electrical contact sleeve in the neighboring transition 
piece to flexibly support the 25-lb (11.34 kg) weight of the ceramic tube. 

Axial vacuum loads were considerable in the injection straight design because of the difference in 
cross section between the bellows and the ceramic tube aperture. (The collapsing load of the 
bellows exerts a sizable tension load on the ceramic tube.) Since the pinger ceramic tube is round, 
it is possible to use a bellows of only slightly larger area than the tube itself. The calculated vacuum 
load tension in the pinger ceramic tube is much reduced, only 102 lb ( 46.27 kg). This load is taken · 
in tension by the Kovar fittings brazed to the ends of the ceramic beam tube. The maximum stress 
in the critical braze joint was further reduced by making the O.D. of the ceramic backing ring 
1.8 mm larger than the ceramic tube. A finite element analysis shows .that this small change will 
reduce the maximum stress in the braze joint by a factor of six. These increased safety margins all 
work to improve the vacuum integrity of the ALS storage ring. 

The pinger system will be installed in ALS straight section2. The one-piece ceramic tube allows 
the pinger to be short enough to occupy only the upstream half of the straight section, reserving the 
downstream half for future diagnostic instruments, or possibly even an insertion device. In this 
location, photon masking had to be carefully considered; that is, the synchrotron radiation from the 
upstream bend magnet had to be absorbed by a water cooled photon stop incorporated in the 
upsteam transition piece. In the course of studying these layouts, a further simplification emerged: 
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I 
there is no need for the electron beam to be perfectly centered in the ceramic beam tube. By 
introducing an intentional offset of 10 mm, we were able to reduce the tube inner diameter from 
88 mm to only 74 mm. This resulted in a reduced magnet aperture and a reduced pulsed power 
requirement to drive the magnets. Figure 2 shows the ceramic beam tube design. 

Figure 2. Ceramic beam tube design for the ALS pinger system. 

With a robust, conservative design in hand, we confronted the realities of component fabrication. 
The ceramic tube with its brazed Kovar metal end fittings turned out to be an exceedingly involved 
fabrication. Over 20 different ceramic, metalization, and brazing vendors were contacted, revealing 
a wide variety of capabilities and limitations. Ultimately, the 1.35-m-long 99.5% alumina tubes 
were pressed, fired, and metalized in 0.68-m-long halves by WesGo, Inc. (Belmont, CA), and 
these were subsequently brazed together and to their Kovar metal end fittings by Alpha Braze 
(Fremont, CA). 

Other design involvements include the "transition pieces" which are EDM'd (Electric Discharge 
Machined) from solid metal blocks to provide a smooth vacuum chamber transition from the 
elliptical section of the storage ring to the round ceramic tube, and a carefully thought out support 
system designed to protect the ceramic beam tube from mechanical stress. We are working hard to 
bring all the vacuum related components together in time for installation in the May 1997 
shutdown of the ALS, and hope to deliver a working pinger system in summer 1997. Like many 
accelerator upgrade projects, an idea that initially sounded fairly straightforward has spawned a rich 
mix of engineering complications and challenges. 

Reported by William Thur 
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Experimental Systems Overview 

The past year has seen many new and exciting developments on the floor of the ALS. The 
protein crystallography wiggler beamline, driven by.2-T multipole wiggler source, is now 
almost complete. The system is conventional in that it uses collimating and refocusing optics 
before and after a two crystal scanning monochromator. However, the very high power from 
the wiggler makes it necessary to intensively cool all the major optical elements, as w~ll as 
slits and apertures. Even with only 113 of the ultimate aperture, the system will be one of 
the best in the world for crystallography. The first users of the beamline are scheduled to 
begin work in July 1997. 

The scanning transmission x-ray microscope (STXM) on undulator Beamline 7.0 is now a 
mature instrument and is routinely taking data. This system uses zone plate focusing to 
produce a micro-focus, and, commensurate with the outer line width of the zone plate, the 
system is achieving around 1200-A resolution. It has been used on a wide range of materials 
science problems, but work has especially concentrated on polymeric systems. The STXM 
works either in air or with one atmosphere of helium. To complement this instiument, an 
ultra-high vacuum system has been constructed and is now being commissioned. Again, it 
uses micro-zone plate focusing but in this case an electron energy analyzer is used for 
detecting photoelectrons (XPS). In addition to XPS, x-ray absorption spectroscopy (XAS) 
can be performed by detecting the total or partial yield of photoelectrons. 

Bend magnet beamline 7.3.1 is now complete and in use. This beamline has two branches, 
one wide-aperture branch (7.3.1.1) for a photoelectron emission microscopy (PEEM), and a 
second branch (7.3.1.2) for micro-focused x-ray photoelectron spectroscopy (J.L-XPS). The 
J.L-XPS branch is finished and performing as expected. The system forms a monochromatic 
focus at an adjustable 20 by 40 J.Lm pinhole, and this acts as an object for the following 
microscope. The focusing system is a pair of elliptical~y shaped grazing incidence mirrors, 
produced by controlled bending, which are within the ultra-high vacuum of the 
photoemission system. The microscope is designed to perform 1-J.Lm-spatial-resolution 
scanning XPS on semiconductor wafers. It has many features specially designed for wafer 

· samples, including in-situ high resolution optical microscopy, fast sample interchange, and 
interferometric encoding of sample position. One of the goals is to be able to introduce 
wafers into UHV, and go to previously referenced areas of interest to sub-micron accuracy. 
The development of this system is supported by Intel Corporation and Applied Materials. 

Beamline 1.4 for infrared microscopy is nearing completion, the microscope is fully tested, 
and first beam is expected in April 1997. The system consists of two mirrors (plane and 
ellipsoidal) inside the shield wall to focus the radiation through a diamond isolation window; 
a system of collimating mirrors; and a commercial Nicolet interferometer and microscope. 
The wavelength range of2-35 J.Lm corresponds to the chemical fingerprinting range for 
organic species. Eventually, we will construct a second branchline to feed several different 
experiments including a system for reflection infrared studies of molecular adsorbates on 
clean single crystal surfaces. 
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FUTURE DIRECTIONS 

<I 

The photoelectron emission microscopy beamline (7 .3 .1.1) is essentially complete and the 
PEEM system itself has an expected completion date of August. The PEEM endstation is 
derived from an earlier version produced by an ALS user group but differs in several key 
respects. It ·operates at high voltage (30 kV), has 2 projector stages, a stigmator and several 
deflectors to ensure that the-beam passes through the center of the lenses, and fast sample 
transfer and sophisticated sample manipulation. A thorough theoretical study has shown 
that the system should be capable of 200-A resolution and great attention is being paid to 
vibration isolation .. 

A second PEEM system is now under intense study and construction will start later this 
year. The 200-A resolution limit, and the relative inefficiency of transmission (due to 
vignetting at the back focal plane aperture), are both consequences of the broad electron 
energy distribution produced by x-ray induced photoemission and the chromaticity of the 
electron lenses. It was recently shown by the group of Gertrude Rempfer (U. of Oregon 
Portland) that an electron mirror can be designed to have equal and opposite chromatic and 
spherical aberration coefficients to the combined electron optical column, and therefore 
opens up the possibility of very high spatial resolution with high throughput. The key 
components are the electron mirror and a magnetic prism to separate the in-going from out­
going electron beams. This project is being jointly pursued with a group at Arizona State 
University. This system will need the very high flux density of the elliptical polarization 
undulator to reach its potential resolution of 2 nm. We expect completion of this project by 
fall1998, commensurate with commissioning of the 4.0.3/4 microscopy beamline. 

The first of the elliptical polarization undulator beamlines, 4.0.112, is now taking shape and a 
contract has been placed for construction of its high-power monochromator with Oxford 
Instruments. This beamline is designed for a wide energy range, 20-1600 eV, and will give 
very high resolving power for a range of studies on magnetic systems. Several of the optical 
elements are being fabricated, with the rest of the orders due for placement in spring 1997. 
The specification for the front end is also complete. ALS engineers are designing the complex 
mirror system located before the monochromator that will be used to focus radiation from 
either of the two elliptical polarization undulators into either of the two beamlines ( 4.0.112, 
4.0.3/4). We expect operation of the first beamline in April1998 and we have now started 
on the optical design of the second monochromator which will be optimized for high spatial 
resolution microscopy. 

Reported by Howard Padmore 
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Research and Development in Adaptive Mirrors 

It is a truism of the field of synchrotron radiation optics that the only beamline components that the 
x-rays ever see are the optical surfaces, many of which are mirrors. This emphasizes the true 
importance of forming optical surfaces in the best possible way and points first to the classical 
methods of grinding and polishing rigid glass mirrors. These techniques have been enormously 
successful in the wider field of optics and are still of value in some beamline applications. 
However, there are many cases where focusing mirrors must be made with tunable focal 
properties in which case one needs to make a circularly cylindrical mirror with a tunable radius. 
Another rationale arises when a mirror with a difficult shape is required. Often the mirror can be 
made flat and then be formed into an ellipse or other difficult shape by bending. This is not only 
less expensive than the zone-polishing techniques that would be needed to make a grazing­
incidence ellipse, but it provides a superior figure and finish due the use of a full size lap in 100% 
contact with the mirror surface. Still other cases arise where the adaptive technology provides 
important correction capability against errors due to gravity, thermal distortion, or manufacturing 
tolerances. 

In the ALS beamline construction program, th~ use of adaptive mirrors is increasing and the range 
of designs, materials, and applications is broadening due to an active R&D program by the 

'Experimental Systems Group. At the time the ALS beamline program began, adaptive mirrors 
were already in use at several other synchrotron radiation laboratories and were also in wide use 
for optics that must see through the earth's atmosphere. However, the most recent generation of · 
ALS beamlines always seemed to require new levels of optical quality (consequent upon the 
smallness of the ALS source), new materials properties, new shapes or sizes, or new levels of cost 
effectiveness. Such requirements (mostly derived directly from the needs of the scientific · 
program) have lead to a number of advances in the art of adaptive mirrors which we describe 
below. 

For adaptive mirrors, metals hold special advantages over ceramics because one can simply bolt 
them to a bending machine and bend them, to high curvature if needed, without fear of breaking. 
Ceramics on the other hand can be polished to a superior finish, have a proven dimensional 
stability, and an established ability to act as substrates/for x-ray multilayers. To cover the widest 
range of possibilities, we need to use both so that we have to find metals that take a superpolish 
and have high dimensional stability and to establish safe methods of attaching glass and silicon 
mirrors to a bending machine. All these things have now been done as the following examples 
show (Table 1). 

All three examples have a number of features in common: 
The shape is an elliptical cylinder. The advantage of elliptical cylinders over circular ones lies in 
their aberration properties. For a given tolerance of aberration, the light-gathering power of the 
ellipse will always be greater, commonly by more than an order of magnitude for systems with a 
magnification far from unity. In a Kirkpatrick-Baez pair this advantage is squared. 
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Table 1: Three elliptical mirrors made at the ALS 

XPS* (BL 7.3.1.2) PEEM (BL 7.3.1.1) J..LDIFF* (BL 7.3.3.1) 

Conjugates (m) 4, 0.1 20, 1.85 31, 0.1 

Grazing angle (0
) 1.6 2.5 0.33 

Size (mm3) 75x25x3 1250x100x15 40x10x3 

Min radius (m) 4.5 48 32 

Achieved slope error (J.Lr) 2.2 5 (partial aperture) 0.6 

Achieved finish cA rrns) 2.5 7 5 

Projected spot size based 1 43 0.5 

on slope error (J..Lm) 

Material precipitation-hardening fully-annealed, very-low- ULE™ (ultra-low 

stainless steel (17-4 PH) carbon steel (1006) expansion glass) 

Polisher Dallas Optical Systems Rockwell (Albuquerque) Rockwell (Albuquerque) 

Attachments nut and bolt nut and bolt glue 

Special challenges extreme curvature avoid tension, extremely figure accuracy 

lar e size 

*Parameters of one of the pair are given as an example. 

The elliptical shape is generated by bending a mirror of uniform thickness but variable width. This 
approach allows the most sensitive parameter (the thickness) to be accurately held uniform by 
precision grinding, lapping and polishing. The bent shape is determined by the width which is 
made to a calculated form by numerically-controlled machining. 

The bending is carried out by weak leaf springs. This type of bending delivers a prescribed force 
rather than a prescribed displacement which makes the system tolerant of manufacturing errors or 
changes in the mirror size (due to thermal expansion for example) so long as they are small 
compared to the driver motion needed to bend the mirror. 

THREE EXAMPLE MIRRORS 
tl 

The mirror pair for the XPS project were built for microfocusing with a goal of a 1 J.lm2 focal spot 
at 1 ke V and the maximum flux allowed by the beam phase space and the needed grazing angles 
of reflection. This implies elliptical mirrors to control aberrations and a high demagnification factor 
which in tum leads to a very high mirror curvature. To produce such extreme curvature and have a 
mirror thick enough to polish implies a high level of stress which suggests a metal substrate 
preferably without a plated layer. The development of mirrors made of precipitation-hardening 
stainless steel (17-4 PH) to meet all the needs of this application, including the achievement of a 
2.5 A rms finish on the bare steel, was achieved in a collaboration with small business and was 
one of the major successes of the program. The achievement of an elliptical mirror with this level 
of figure and finish was a first. The use of bare steel for such an enterprise was also a first which 
will have implications far beyond XPS. At time of writing, preliminary x-ray tests have shown a 
focal width of 3 J.lm. 
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Figure 1. The XPS experiment on Beamline 7.3.1.2 in which a Kirkpatrick-Baez pair of mirrors are used to 
form a finely focused spot of soft x rays. The two mirrors shown are made from simple stainless steel plates, 
suitably shaped so that when bending forces are applied, an elliptical-cylinder reflecting surface is formed. 
Such elliptical reflectors have much higher light gathering power than the corresponding circular ones. 

The PEEM mirror offered quite different challenges. It was by far the largest mirror made at the 
ALS and was specified to as a condenser to illuminate a microscope sample with maximal flux 
over a field of 30 J..Lm. As before it was necessary to make the mirror thick enough to polish and 
strong enough to take the bending stresses, and the solution was to use a common mild steel with 
very low carbon, for dimensional stability. A new type of crossed-leaf-spring bending machine 
was designed to avoid placing the mirror in tension and a plated layer of electroless nickel (to 
improve polishability) was applied to all the substrate surfaces. Such a layer could be safely used 
in this case since the surface stresses were about ten times lower than for the XPS mirror. 

Unlike the other two mirrors, the microdiffraction mirror was for hard x-rays. This implied a 
much smaller grazing angle and a correspondingly weaker curvature to get a similar microfocusing 
geometry to the XPS system. This was accomplished by means of an edge-profiled ULE mirror 
glued to metal end pieces for connection to the bending springs. This mirror recently achieved the 
best slope error yet of 0.6 J..Lr which is, in part, a tribute to a fairly to a significant research and 
development program in the use of glue for these types of optics. Apart from adequate strength, 
the adhesive material must have low outgassing and low shrinkage and must be applied so that 
such shrinkage as does occur is not in the longitudinal (curvature-producing) direction. At time of 
writing x-ray tests have also just begun on this system and first results show a 2.2 J..Lm spot. 

Reported by Malcolm Howells 
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The Micro-XPS Project 

The micro x-ray photoelectron spectroscopy (~-XPS) project is a joint development with 
Intel Corporation and Applied Materials. The object is to build an XPS system capable of 
1 ~m spatial resolution using a bend magnet source. The project grew out of a need 
identified in the Semiconductor Industry Association Roadmap for a technique capable of 
surface chemical mapping at high spatial resolution. Of existing techniques, infrared 
spectromicroscopy has excellent sensitivity and selectivity for organic species, but poor 
spatial resolution due to the diffraction limit for the long wavelengths used (typically 
10-20 ~m). On the other hand, scanning Auger microscopy (SAM) has excellent spatial 
resolution (0.1 ~m), but the chemical information that can be obtained is extremely limited 
because the wide energy Width of the Auger lines masks the subtle chemical shifts in 
binding energy that reveal chemical bonding. 

In the semiconductor industry and many other areaS where surface chemical information is 
important, there is a need for the combination ofXPS with good spatial resolution. This 
need has led to the developmentofhighly sophisticated laboratory systems for scanning 
XPS, and the current state-of-the-art achieves about 10 ~ spatial resolution but has very 
long imaging times due to the limited brightness of the source. Our target was to design a 
system with a factor of 10 higher spatial resolution (1 ~m), with short imaging times, and 
capable of taking full advantage of the tunability of synchrotron radiation; The selection of 
photon energy is important in two respects: first, it allows the cross section of the element of 
interest to be maximized; and second, it allows us to vary the kinetic energy of the 
photoemitted electrons and hence their escap~ depth. In this way we can alter the surface 
sensitivity and minimize radiation damage. 

The ultimate goal will be to build a system with a resolution which is a small fraction of 
next generation microcircuit linewidths (0.25 ~m). However, this would require the use of 
an undulator source and would be expensive. It is important at this stage to demonstrate the 
techniques in a user friendly system, rather than aim for the highest spatial resolution. The 
system we have designed addresses many of the concerns of the semiconductor community. 
For example, the system can accept 2 x 3 inch wafer sections, and, using a high resolution 
in-situ optical microscope to pick up fiducial points, a positioning accuracy of 1 ~m can be 
achieved with laser interferometric encoding of ~he sample position. This is important 
because the patterned wafer samples will be first examined elsewhere using conventiomil 
techniques, the points of interest identified, and then the samples will be transferred to the 
ALS. Here they will pass through a fast entry load lock, through a prep chamber, and into. 
the analysis chamber, while needing to retain the coordinate system of the sample to an 
accuracy matching our spatial resolution. 
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Figure 1. Beam line 7.3 .1 is a specialized beam line optimized for spectromicroscopy. It has two branches, one 
for magnetic imagirig with a full-field imaging photoemission microscope (PEEM) and one for x-ray 
photoelectron spectroscopy (!J,-XPS). A spherical mirror diverts part of the light from the main beam into the 
!J,-XPS branch, so that both can be used simultaneously. 

The J.L-XPS system uses a branchline off an existing monochromator, 7 .3~ 1, in order to 
reduce the total system cost (see Figure 1}; This monochromator, together with a ·spherical 
horizontally deflecting branching mirror, delivers a monochromatic focus to an adjustable 
pinhole that then acts as the object for the J.L-XPS imaging system. The micro-focusing is 
produced by orthogonal elliptical mirrors in a Kirkpatrick-Baezarrangement. These mirrors 
have to be near perfect to produce the micron-sized focus we desire, and are mad€? by the 
controlled bending of flats (see "Research and Develop~ent in Adaptive Mirrors''). These 
focus at 40 and 20: 1 in the horizontal and vertical directions respectively from the 40 x 
20 J.Lm object pinhole. The beam size at the mirrors is 1.25 x 2.5 mm, and, in a 100 and 
200 mm image distance respectively, the beam is demagnified to 1 J..!.m. In additiori.tothe 
challenge of producing the elliptical mirrors, the whole optical system is in ultra-high 
vacuum and very close to the sample stage.Figure 2 shows a 3D CAD drawing of the 
system, showing beam entering from the left, the electron ~nergy analyzer, sample 
manipulator, and sample prep systems. 
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The system is now complete and uildergoing initial commissioning. With almost no 
adjustment of the mirrors (there are 4 adjustments for each, only 1 of which has so far been 
used), the spatial resolution at full aperture is 2 x 7 J..Un. With further adjustment, we are 
confident of reaching our 1 J.Lm target. In addition it should be noted that the diffraction limit 
of these mirrors at a photon energy of 1 ke V is less than 0.1 J.Lm, and so limited by the 
available photon flux, we can expect with improved optics and a smaller pinhole to achieve 
sub-micron resolution. 

We anticipate a period of intense activity in which the ALS, Intel, and Applied Materials 
staff develop the system and apply it to microstructure materials problems. One of our near 
term goals will be to start work on an 8-in wafer stage, and, ultimately, if the return on 
investment is adequate, an undulator based system capable of 0.1 J.Lm resolution. 

Figure 2. 3D computer aided design was used to accurately determine the interaction of all the precision 
components in the microXPS endstation and to aid in the measuring and fiducializing process. The endstation 
system is located approximately 2 m above the floor and supported on a specially designed tetrahedron with a 
natural frequency of 60Hz. ·The endstation was created specifically for analyzing the microstructures and 
small-area interfaces in integrated circuits (ICs) and the silicon wafers from which ICs are made. It will be 
used for a variety of tasks in which the surface chemistry. of microstructures needs to be determined. These 
include fundamental issues such as determining the chemical state of reacted surfaces and determining the 
composition of contaminant species. 

Reported by Howard Padmore 
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ALS Insertion Device Work 

The 16-cm-perlod wiggler (W16) was completed and installed during the spring 1996 
shutdown. This brought the total number of insertion devices installed in the ALS to five: 
four undulators and a wiggler. The wiggler will provide 5-15 keV photons for the 
Macromolecular Crystallography Facility located at Beamline 5.0. It features a variable gap, 
hybrid permanent magnet structure. Peak on-axis field is 2.17 T at the 14 mm minimum 
magnetic gap. 

The second small-gap vacuum chamber was completed, this one destined for the U5.0 
undulator serving Beamline 8.0. Installation of the chamber, scheduled for the May 1997 
shutdown, will allow the undulator to reach 0.85 T peak effective field at the 14 mm 
minimum magnetic gap, providing photons just below 50 eV when the ALS operates at 
1.5 GeV. 

We started work on the 10-cm-period undulator (U10) that will serve the Atomic and 
Molecular Science Beamline to be moved from sector 9 to sector 1 0 in the later part of 1997. 
The photon energy range will be 12-1500 eV at 1.9 GeV. Though similar to first U10 
undulator now in sector 9, this 43-period device uses the support structure, drive system, 
control system, and permanent magnet blocks available from the re-directed elliptical 
wiggler project as well as the vacuum chamber which will be removed from the undulator in 
sector 8 during the May 1997 shutdown. To reduce cost, the hybrid magnetic structure on 
this device utilizes iron instead of vanadium permendur for pole material. This is possible 
because the required peak field is only 0.8 T. The poles are designed to conveniently match 
the available vacuum chamber shape so additional machining on the chamber is not 
required. 

In conjunction with the Experimental Systems and Accelerator Physics Groups, studies 
began on special insertion devices for such e~perimental areas as microdiffraction. Effort to 
date has been concentrated on determining performance from such devices as in vacuum, 
short period, small gap undulators; quasiperiodic undulators; supercoilducting undulators; 
high field wigglers; and single-pole bends. The goal of this study is to develop design 
parameters for future ALS insertion devices. 

Another one of our key areas of activity is detailed in the technical report "Elliptical 
Polarization Undulator." 

Reported by Egan Hoyer 
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Elliptical Polarization ~ndulator 

One key area of activity for the ALS insertion device group in 1996 was the construction of the 
elliptical polarization undulator (EPU) facility at the ALS dedicated to magnetic microscopy and 
spectroscopy. We completed the final specifications and a detailed design for the first undulator, 
a 5-cm-period EPU5.0, and we began construction on the device and its related systems. 

The 1.9-m-long EPU with 37.5 periods is designed to produce very bright photon beams with 
variable polarization in the energy range of 100-1500 eV. The EPU facility will eventually 
include two identical EPU5.0s and a third device with a longer period (approximately 8.0 em, 
exact period length not yet determined) to access lower photon energies. The 1.9-m length is 
chosen to allow two insertion devices to be placed in tandem in a single straight. A third device, is 
accommodated by use of a transverse stage on which one ofthe EPU5.0's will be mounted along 
with the longer period device. This arrangement will allow users to switch between the sources. 
A three magnet chicane system will separate the photon beams from the two insertion device 
stations by 2.53 mrad. The chicane system includes a magnet at the entrance and exit of the 
straight section and one between the two insertion devices. The straight section layout is shown 
in Figure 1. 

Chicane Magnet 1 

Upstream EPU5.0 

Chicane Magnet 2 

Downstream EPU5.0 

Chicane Magnet 3 

••••• 
0 -5 1 Meter 

Figure 1. EPU straight sector layout. 

The magnetic structure consists of four identical quadrants as shown in Figure 2. Q1 and Q3 are 
fixed; Q2 and Q4 are ~llowed to translate parallel to the magnetic axis. The relative translation, 
called the quadrant phase, x. of the magnetic quadrants, changes the ellipticity of an electron orbit 
passing through the device and thus changes the polarization of the emitted radiation. When X= 
0, the magnetic structure is equivalent to a standard linear undulator, only By is produced on axis, 
and the radiation is linearly polarized in the horizontal plane. When X = A/2, where A. is the 
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undulator period, only Bx is produced on axis and radiation is linearly polarized in the vertical 
plane. When X has any other value, both Bx and By are produced on axis, and the radiation is 
elliptically polarized. When Bx=By, radiation is circularly polarized. 

Figure 2. Four quadrant schematic of the EPU. 

Notable features of the EPU magnetic design include mechanical adjustability at each magnet to 
correct magnet errors that contribute to optical phase errors and electron beam trajectory 
perturbations, and a deflection- and displacement-free entrance and exit. The EPU5.0 is the first 
pure permanent magnet design for the ALS. It is also the first half-length device designed to 
accommodate two devices in a straight section. 

Several small magnetic models were assembled and used to test the magnetic design. A more 
elaborate 6:5 period prototype has also been completed. This has all of the magnetic features of 
the full device, including the ends. The model will be used to commission the new magnet 
measurement system, and to develop techniques for identifying and correcting magnetic errors. 
This will also give us our first test of whether or not we can achieve a gap-independent 
deflection- and displacement-free entrance and exit. 

A new support structure and drive system was developed to accommodate as many as four 
·shorter insertion devices in a single straight section: two source locations each with a possible 
arrangement of two side by side devices, either of which can be selected as the source. The drive 
system includes three drives: one to control the magnet gap, and two for translating the two 
moveable quadrants. The philosophy has been to make the design generic so that it may be 
utilized in future installations where two to four insertion devices per straight section are desired. 

Reported by Steve A1arks 
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Becoming an ALS User 

The ALS, a Department of Energy national user facility, welcomes researchers from universities, 
industry, and government laboratories. Qualified users have access either as members of 
participating research teams (PRTs) or as independent investigators. PRTs (groups of researchers 
with related interests from one or more institutions) construct and operate beamlines and have 
primary responsibility for experiment endstation equipment. They are entitled to a certain 
percentage of their beamline's operating time according to the resources contributed by the PRT. 
Through a proposal process, the remaining beamtime is granted to independent investigators, who 
may provide their own endstation or negotiate access to a PRT -owned endstation. 

Anyone wishing to explore the potential of synchrotron radiation in their research should review 
the beamline information given in the next section to gain some familiarity with the beamlines' 
photon energy ranges and other individual capabilities. To inquire more specifically about a 
particular beamline, use the contact information given in the individual beamline tables. 

Independent Investigator Program 
Independent researchers may propose experimental programs or single experiments to be 
performed on existing beamlines. Proposals may involve bringing experiment chambers to the 
ALS from other locations, or they may involve the use of chambers provided by the ALS facility 
or by a PRT. Independent investigators may also establish collaborations with PRT members. 

The ALS has two semesters per year for soliciting independent investigator proposals: April­
September and October-March. After the proposals are submitted, they are reviewed by ALS 
personnel for technical feasibility and safety, and PRT members from the appropriate beamline 
check the proposal for conformance to the beamline's capabilities. If a particular beamline is 
specified in the proposal, it is strongly recommended that the independent investigator contact the 
appropriate PRT spokesperson before submitting the proposal. Contact information for the PRT 
spokespersons and local contacts for each beamline are given in the beamline information tables on 
pp. 555-587. For information on beamlines available to independent investigators, contact the 
ALS Program Support Coordinator; for information on the submission process and deadlines, 
contact the ALS User Administrator (see inside back cover for ALS contact information). 

Mter the ALS and PRT review, the proposals undergo peer review by a five-member Proposal 
Study Panel, which rates the proposals and makes recommendations on the requisite beam time. 
Highly rated proposals are allocated beam time by the ALS Scientific Program Head, Neville 
Smith, in consultation with the spokesperson of the host PRT. 

Non-Proprietary Research 
The ALS does not charge users for beam access if their research is non-proprietary. For research 
to be considered non-proprietary, the research results must be published in the open literature. All 
users are responsible for the day-to-day costs of research (e.g., supplies, phone calls, and technical 
support). 

Proprietary Research 
Proprietary research can also be performed at the ALS. Users performing proprietary research will 
be charged a fee based on cost recovery for ALS usage. In return, the user may choose to take title 
to any inventions made during the proprietary research program and treat as proprietary all 
technical data generated during the program. Contact the ALS User Administrator for information 
on proprietary research proposals (see inside back cover for contact information). · 
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Table of Beamlines at the ALS 

No. Source Areas of Research Energy 
** Range 

BTF ALS Beam Test Facility 50 MeV elec. 
linac 

1.4 Bend Infrared spectromicroscopy 0.05-1 eV 

3.1 Bend Diagnostic beamline 200-280 eV 

4.0.1-2 EPU5 Magnetic spectroscopy 20-2000 eV 

4.0.3-4 EPU5 Magnetic microscopy 100-1600 eV 

5.0.1 W16 Monochromatic protein crystallography 7-14 keV 

5.0.2 W16 Multiple-wavelength (MAD) & monochromatic 3.5-14 keV 
protein crystallography 

6.1.2 Bend High-resolution zone-plate microscopy 500-800 eV 

6.3.1 Bend Calibration and standards, EUV/soft x-ray optics 500-2000 eV 
testing, solid-state chemistry 

6.3.2 Bend Calibration and standards; EUV optics testing; 50-1000 eV 
atomic, ·molecular & materials science 

7.0.1 , U5 Surface and materials science, 60-1000 eV 
spectromicroscopy 

7.0.2 U5 Coherent optics experiments 70-650 eV 

7.3.1.1 Bend Magnetic microscopy, spectromicroscopy 260-1500 eV 

7.3.1.2 Bend Surface and materials science, micro x-ray 260-1500 eV 
photoelectron spectroscopy 

7.3.3 Bend Materials science 3-12 keV 

8.0.1 U5 Surface and materials science· 60-1000 eV 

9.0.1 U10 Atomic and molecular science, high-resolution 20-310 eV 
gas-phase spectroscopy* 

9.0.2.1 U10 Chemical reaction dynamics, photochemistry 5-30 eV 

9.0.2.2 U10 Photoionization dynamics 5-30 eV 

9.3.1 Bend Atomic, molecular, and materials science 2.2-6 keV 

9.3.2 Bend Chemical and materials science 30-1500 eV 

1 0.3.1 Bend Fluorescence x-ray microprobe 3-20 keV 

10.3.2 Bend X-ray optics development, deep-etch 3-12 keV 
x-ray lithography '(LIGA), materials science 

11.3 Bend Deep-etch x-ray lithography {LIGA), 3-12 keV 
scanning transmission x-ray microscopy 260-750 eV 

12.0.1/ us EUV lithography optics testing, interferometry, 60-320 eV 
12.0.2 surface and materials science 

* The atomic and molecular science beamline will move to 1 0.0 in early 1998. 
** Bend = bend magnet; EPU5 = 5-cm-period elliptical polarization undulator; 

W16, = 16-cm-period wiggler, Ux = x-cm-period undulator 

Beamline Information • 554 

Avail. Pages for 
Abstracts/ 
Technical 
Info. 

Now 469/587 

1997 -/555 

Now -/-

1998 -/556 

1998 -/557 

1998 -/558 

1997 -/559 

Now 1/560 

1998 -/561 

Now 35/562 

Now 83/563 

1997 -/567 

1997 -/568 

Now -/569 

1997 -/570 

Now 179/571 

Now 247/573 

Now 283/575 

Now· 283/576 

Now 307/577 

Now 331/580 

Now 413/582 

Now 443/583 

1998 -/584 

Now 465/585 



Beamline 1.4 

Beamline/Branchline number L4 
Operational 1997 

Research program Infrared spectromicroscopy 

Source characteristics Bend magnet 

Energy range 0.05-1 eV 

Frequency range 700 cm-1 to 4000 cm-1 

Interferometer resolution 0.25 cm-1 

Endstations FriR, IR microscope (N2 purged) 

Characteristics Motorized sample stage, micron-resolution transmission 
and reflection modes 

Spatial resolution Diffraction limited (= wavelength) 

Detectors Extended-range MCT (Mercury Cadmium Telluride) 

Spot size at sample 10 J.Lm 

Samples 
Preparation Stereo microscope and table available 

Sample environment N2 purged, minimal clean area (no particle specification) 

Scientific applications Particulate contamination, biological samples, forensic 
studies, laminates, polymers, fibers 

Local contact (until July 1997) Name: Carol J. Hirschmugl 
Phone: (510) 486-8627 
Fax: (510) 486-7696 
Email: cjhirschmugl@ lbl.gov 

Spokesperson Name: Wayne R. McKinney 
Affiliation: Advanced Light Source, LBNL 
Phone: (510) 486-4395 
Fax: (510) 486-7696 
Email: wrmckinney@ lbl.gov 
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Beamline 4.0.1-2 

Beamline/Branchline number 4.0.1-2 

Operational 1998 

Research program Magnetic spectroscopy 

Source characteristics 5.0-cm-period elliptical polarization undulator 
(EPU5.0), EPU7.5 (planned) 

Energy range 20-2000eV 

Monochromator Variable included angle PGM 
Calculated flux (1.9 GeV, 400 rnA) 5 x 1013 photons/sec/0.1 %BW at 800 e V* 
Resolving power (E/ Lill) 5,000-10,000 

Endstations Total yield, XPS, and fluorescence detectors in UHV 
chambers with magnets generating fields up to 6 T 

Local contact Name: Anthony T. Young 
Affiliation: Advanced Light Source, LBNL 
Phone: (510) 486-7746 

-

Fax: (510) 486-7696 
Email: atyoung@ lbl.gov 

* Polarization is user selectable, from horizontal to vertical and left and right elliptical (or 
circular) polarization. Value reported is the merit function flux = total flux x (degree of circular 
polarizationi. 
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Beamline 4.0.3-4 

Beamline/Branchline number , 4.0.3-4 
Operational 1998 

Research program Magnetic microscopy 

Source characteristics 5.0-cm-period elliptical polarization undulator 
(EPU5.0) 

Energy range 100-1600eV 

Monochromator SGM 
Calculated flux (1.9 GeV, 400 rnA) 5 x 1013 photons/sec/0.1 %BW at 800 e V* 
Resolving power (E/.M~} 3000 

Endstations Scanning spot microscope 
Full-field photoemission electron microscope 

Local contact/spokesperson Name: Anthony T. Young 
Affiliation: Advanced Light Source, LBNL 
Phone: (510) 486-7746 
Fax: (510) 486-7696 
Email: atyoung@ lbl.gov 

* Polarization is user selectable, from horizontal to vertical and left and right elliptical (or 
circular) polarization. Value reported is the merit fimctiort flu.X = total flux x (degree of circular 
polarization)2• 
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Beamline 5.0.1 

Beamline/Branchline number 5.0.1 

Operational 1998 

Research program Monochromatic protein crystallography 

Source characteristics 16-cm-period wiggler (Y'/16) 

Energy range 7-14 keV 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 8.5 x 1013 photons/sec/0.1 %BW at 12 keV (energy 

dependent) 
Resolving power (E/Llli) :::::6000 with Si(111) at 10° asymmetry angle 

Endstation Macromolecular crystallography facility 

Detectors CCD (planned) 

Spot size at sample (FWHM) 0.7 mm (h) x 0.3 mm (v) 

Samples 
Format Single crystals of biological molecules 
Preparation Support labs available 

Sample environment Ambient or :::::1 00°K 

Special notes Computers for data processing and analysis are 
available 

Scientific applications Biological crystallography; monochromatic 

Local contact/spokesperson Name: Thomas Earnest 
Affiliation: Structural Biology Div., LBNL 
Phone: (510) 486-4603 
Fax: (510) 486-5664 
Email: tnearnest@ lbl.gov 
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Beamline 5.0.2 

Beamline/Branchline number 5.0.2 

Operational 1997 

Research program Multiple-wavelength anomalous diffraction (MAD) 
and monochromatic protein crystallography 

Source characteristics 16-cm-period wiggler (W16) 

Energy range 3.5-14keV 

Monochromator Double crystal 
Calculated flux (1.9 GeV, 400 rnA) 2.3 x 1013 photons/sec/0.1 %BW into 1.5 mrad at 

12.4 keV 
Resolving power (E/Llli) 15,000 for Si(l11) 

Endstation Macromolecular crystallography facility 

Characteristics Kappa-geometry camera, CCD detector, low-
temperature system 

Detectors 2 x 2 array CCD detector 

Spot size at sampLe (FWHM) 3.0 mm (h) x 0.3 mm (v) 

Samples 
Format Single crystals of biological molecules 
Preparation Support labs available 

Sample environment Ambient or ""'1 00°K 

Special notes - Computers for data processing and analysis are 
available 

Scientific applications Biological crystallography; multiple-wavelength 
ano~alous diffraction (MAD); monochromatic 

Local contact/spokesperson Name: Thomas Earnest 
Affiliation: Structural Biology Div., LBNL 

. Phone: (510) 486-4603 
Fax: (510) 486-5664 
Email: tnearnest@lbl.gov 

\ 
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Beamline 6.1.2 
Abstracts begin on page 1 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 

Resolving power (E/Llli) 

Endstation 

Characteristics 

Spatial resolution 

Detectors 

Field of view 

Samples 
Format 

Preparation 

Sample environment 

Special notes 

Scientific applications 

Local contact/spokesperson 

6.1.2 

Now 

High-resolution zone-plate microscopy 

Bend magnet 

500-800 e V (extended range 250-950 e V) 

Zone plate linear 
Images with 1000 x 1000 pixels, 
1000 photons/pixel are recorded in 3 sec at 
517 eV/0.3%BW 
200-500 {With 20-5 Jlm field of view) 

X-ray microscope (~-1) 

Conventional-type (full-field) soft x-ray microscope 

40nm 

Back-thinned CCD camera 

5 to 20 Jlm single field; larger areas can be tiled 
together like a mosaic 

Thin samples (up to 10 J.Lm thick) on silicon nitride or 
other foils, wet chamber provided 
Sample dependent 

Helium at atmospheric pressure, wet or dry, low 
temperature ( cryo) (in preparation) 

Mutual indexing system with visible-light microscopy 
provided to position and focus sample 

Biology, environmental sciences, material sciences, 
polymers 

Name: Werner Meyer-llse 
Mfiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-6892 
Fax: (510) 486-4550 
Email: w_meyer-ilse@lbl.gov 
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Beam line· 6.3.1 
) 

Beamline/Branchline number 6.3.1 
~rational 1998 

Research program Calibration and standards, EUV/soft x-ray optics 
testing, solid-state chemistry 

Source characteristics Bend magnet 

Energy range 500-2000eV 

Monochromator Double crystal 
Calculated flux (1.9 GeV, 400 rnA) 1011 photons/sec/0.01 %BW at 1000 eV 
Resolving power (E/Llli) 5000 

Endstation Reflectometer 

Characteristics VLS-PGM monochromator with fixed exit slit and 
refocusing mirror; 2-circle goniometer with X, y, Z, e 
sample mirror 

Spatial resolution Can position to 1 Jlm 

Detectors Si diode, CEM, MCP, total yield 
' 

Spot size at sample 5 x 200 Jlm 

Samples Solid-state, gas phase 
Format Foils, powders, etc. 

Sample environment - High vacuum or UHV 

Scientific applications Solid-state chemistry to the AI and Si Kedges, atomic 
physics reflectometry, scattering 

Local contact/spokesperson Name: Jim H. Underwood 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-4958 
Fax: (510) 486-4550 
Email: underwoo@lbl.gov 
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Beamline 6.3.2 
Abstracts begin on page 35 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/ Llli) 

Endstation 

Characteristics 

Spatial resolution 

Detectors 

Spot size at sample 

Samples 
Format 

Sample environment 

Scientific applications 

Local contact/spokesperson 

6.3.2 

Now 

Calibration and standards; EUV optics testing; atomic, 
molecular, and materials science 

Bend magnet 

50-1000eV 

VLS-PGM 
1011 photons/sec/0.01 %BW at 100 eV 
7000 

Reflectometer 

2-circle goniometer with x, y, z, e movement of 
sample 

Can position to 1 Jlm 

Si diode, CEM, MCP, total yield 

5 x 200 Jlm 

Solid state, gas phase 
Foils, powders, films . 
High vacuum or UHV 

Solid-state chemistry, gas phase, atomic physics, 
reflectometry, scattering 

Name: Jim H. Underwood 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-4958 
Fax: (510) 486-4550 
Email: underwoo@ lbl.gov 
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Beamline 7.0.1 
Abstracts begin on page 83 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/Llli) 

Endstations 

Endstation identifier 

Characteristics 

Spatial resolution 

Detectors 

Spot size at sample 

Samples 
Format 
Preparation 

Sample environment 

Special notes 

Scientific· applications 

Local contact 

Spokesperson 

-

7.0.1 

Now 

Surface and materials science, spectromicroscopy 

5-cm-period undulator (U5) 
(first, third, and fifth harmonics) 

60-lOOOeV 

SGM (gratings: 150, 380, 925 1/mm) 
=1012 photons/sec/0.01 %BW (resolution dependent) 
3000 typical, 8000 optimized 

UltraESCA 
Scanning transmission x-ray microscope (STXM) 
Scanning photoemission microscope (SPEM) 
Fluorescence spectrometer 

UltraESCA 

High-resolution, angle-resolved XPS spectroscopy; 
capable of making images by rastering the sample 
through a fixed spot; sample is rotated for _angle-
resolved measurements 

50 Jlm 

Hemispherical electron energy analyzer; total electron 
yield detector 

50 Jlm 

Solid samples, 1" maximum diameter 
Preparation chamber with sputtering is provided 

UHV 

LEED and in-situ sample heating and cooling available 

XPS, XPD, NEXAFS of solids and surfaces 

Name: Eli Rotenberg 
Phone: (510) 486-5975 
Fax: (510) 486-2930 
Email: erotenberg@ lbl.gov 

I 

Name: Professor Brian Tonner 
Affiliation: University of Wisconsin-Milwaukee 
Phone: ( 414) 229-4626 
Fax: (414) 229-5589 
Email: tonner@csd.uwm.edu 
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Beamline 7.0.1, cont. 

Endstation identifier Scanning transmission x-ray microscope (STXM) 

Characteristics Used to make x-ray images and NEXAFS spectra of thin samples in 
transmission in the photon energy range 180-900 eV 

Spatial resolution Scanning microscope with focusing by means of Fresnel zone 
plates; resolution determined by spot size, which is 150 nm with 
current zone plates but will improve with new zone plates 

Detectors Gas proportional counter, silicon photodiode 

Spot size at sample 150 nm with current zone plates 

Samples Solids 
Format Thin sections or thin films (1 00 nm thick) typically 3 x 3 mm in area 
Preparation No preparation chamber available 

Sample environment Helium at 1 atm 

Special notes Samples may be wet or dirty; thin films may be deposited on silicon 
nitride widows; optical alignment is provided by looking at the back 
side of the sample to locate regions of interest from optical 
micrographs 

Scientific applications Imaging, NEXAFS in small spots 

Local contact Name: Tony Warwick 
Phone: (510) 486-5819 
Fax: (510) 486-7696 
Email: t_ warwick@ lbl.gov 

Spokesperson Name: Professor Brian Tonner 
Affiliation: University of Wisconsin-Milwaukee 
Phone: (414) 229-4626 
Fax: (414) 229-5589 
Email: tonner@csd.uwm.edu 
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Beam line 7 .0.1, cont. 

Endstation identifier Scanning photoemission microscope (SPEM) 
(This instrument is presently being commissioned; we expect to 
serve independent investigators by the summer of 1997.) 

Characteristics Designed for sub-micron XPS in the photon energy range 
200-800eV 

Spatial resolution Scanning microscope with focusing by means of Fresnel zone 
plates; resolution determined by spot size, which is 150 nm with 
current zone plates but will improve with new zone plates 

Detectors Hemispherical electron energy analyzer; total electron yield detector 

Spot size at sample 150 nm with current zone plates 

Samples Solids 
Format 1" maximum diameter 
Preparation Preparation chamber with sputtering and annealing provided 

Sample environment UHV 

Special notes Optical alignment equipment provided so that visible marks on the 
sample surface can be used to find an area of interest prior to x-ray 
measurements; in-situ heating and cooling. 

Scientific applications Imaging, XPS and NEXAFS in small spots 

Local contact Name: Tony Warwick 
Phone: (510) 486-5819 
Fax: (510) 486-7696 
Email: t_ warwick@ lbl.gov 

Spokesperson Name: Professor Brian Tonner · 
Affiliation: University of Wisconsin-Milwaukee 
Phone: (414) 229-4626 
Fax: (414) 229-5589 
Email: tonner@csd.uwm.edu 
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Beam line 7 .0.1, cont. 

Endstation identifier Fluorescence spectrometer 

Characteristics Grating spectrometer for high.;.resolution ( 1 :3000) photon-in/photon-
out spectroscopy in the 50-1200 e V range 

Detectors Channel-plate photon counter in spectrometer focal plane 

Spot size at sample 50J..Lm 

Samples 
Format Solids or gases in windowed cell 
Preparation No preparation chamber provided 

Sainple environment UHV 

Special notes This spectrometer is installed by the group from the University of 
Uppsala, Sweden. Potential users are asked to contact Professor 
Nordgren to explore possible collaborations. 

Scientific applications Photon-in/photon-out spectroscopy 

Local contact Name: Tony Warwick 
Phone: (510) 486-5819 
Fax: (510) 486-7696 
Email: . cwarwick@lbl.gov 

Spokesperson Name: Professor Joseph Nordgren 
Affiliation: University of Uppsala, Sweden 
Phone: +46 (0) 18 183554 
Fax: +46 (0)18 183524 
Email: joseph @fysik.uu.se 
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Beamline 7.0.2 

Beamline/Branchline number 7.0.2 

Operational 1997 

Research program Coherent optics experiments 

Source characteristics 5-cm-period undulator (US) 

Energy range 70-650 eV 

Monochromator None 
Calculated flux (1.9 GeV, 400 rnA) 2.8 x 1015 photons/sec/1 %BW/central cone at 457 eV 
Resolving power (E/Llli) 70 

Endstations General purpose ' 

Detectors Resist and others 

Samples Any 
Format Mount on thin membrane 
Preparation Can be cryo 

Sample environment Clean high vacuum 

Special notes Endstation separated from beamline by cooled 
window 

Scientific applications Holography, diffraction, coherent scattering, 
correlation spectroscopy 

Local contact/spokesperson Name: Malcolm Howells 
Mfiliation: Advanced Light Source, LBNL 
Phone: (510) 486-4949 
Fax: (510) 486-7696 
Email: mrhowells@ lbl.gov 
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Beam line 7 .3.1.1 

Beamline/Brancbline number 7.3.1.1 

Operational 1997 

Research program Magnetic microscopy, spectromicroscopy 

Source characteristics Bend magnet 

Energy range 260-1500eV 

Monochromator SGM 
Calculated flux (1.9 GeV, 400 rnA) 3 x 1012 photons/sec/0.1 %BW at 800 e V 
(linearly polarized) 
Resolving power (E/Llli) 1800 at 800 eV 

Endstation Photoemission electron microscope (PEEM2) 

Characteristics Imaging of electron emission 

Spatial resolution 200 x 200 A (designed) 

Detectors CCD 

Spot size at sample ~50 x 50 J..Lm 

Samples Conductive solids up to 1 cm2 in area 
Format Solid 
Preparation Sputtering, heating, transfer capability . 

Sample environment UHV 

Special notes Choice of linearly or circularly polarized radiation (flux 
of circularly polarized radiation is reduced) 

Scientific applications Real-time study of magnetic, elemental, chemical, and 
topological properties of materials 

Local contact Name: Simone Anders 
I Phone: (510) 486-5928 

Fax: (510) 486-4374 
Email: sanders@ lbl.gov 

Spokesperson Name: Joachim Stohr 
Affiliation: ffiM Almaden Research Center 
Phone: (408) 927-2461 
Fax: (408) 927-2100 
Email: stohr@almaden.ibm.com 
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Beam line 7 .3.1.2 

Beamline/Branchline number 7.3.1.2 

Operational Now 

Research program Surface and materials science, micro x-ray 
photoelectron spectroscopy 

Source characteristics Bend magnet 

Energy range 260-1500eV 

Monochromator SGM 
Calculated flux (1.9 GeV, 400 rnA) 3 x 1010 photons/sec/0.1 %BW at 800 e V 
Resolving power (E/AE) 1800 at 800 eV 

Endstation Micro-XPS 

Characteristics X-ray photoelectron spectrosco~y study of 
50 x 50 mm sample with 1-J..Lm spot size 

Spatial resolution 1 x 1 J..Lm (designed) 

Spot size at sample 2 x 2 J..Lm (now) 

Detectors Electron energy analyzer detector, partial electron yield 
detector 

Samples Up to 50 x 50 mm 
Format Solid 
Preparation Heating, sputtering 

Sample environment UHV 

Special notes In-vacuum fiducialization of sample using optical 
visible-light rriicroscope; high-precision 2" x 4.5" x-y 
stage; laser interferometer encoding 

Experimental techniques Micro-XPS, NEXAFS, MCD 

Scientific applications Study of microstructures and interfaces in integrated 
circuits 

Local contact Name: Zahid Hussain 
Phone: (510) 486-7591 
Fax: (510) 486-7696 
Email: hussain @lbl.gov 

Spokesperson Name: Baylor Triplett 
Affiliation: Intel Corporation 
Phone: (408) 765-2069 
Fax: (408) 765-2949 
Email: baylor_b_triplett@ccm.sc.intel.com 
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Beamline 7.3.3 

Beamline/Branchline number 7.3.3 
Operational 1997 

Research program Materials science 

Source characteristics Bend magnet 

Energy range 4-12 keV 

Monochromator White light and monochromatic 
Calculated flux (1.9 GeV, 400 rnA) Monochromatic (8.5 ke V): 

\ 1 x 109 photons/sec/Jlm2/3xl04 BW 
Resolving power (E/ Llli) 3500 at 8.5 ke V (monochromatic) 

Endstations Microdiffraction 
Femtosecond laser-driven x-ray diffraction 

Characteristics Microprobe, white light, and monochromatic 
experiments 

Spatial resolution 1 Jlm, 50 x 300 Jlm for fsec 

Detectors X-ray CCD, fluorescence, fsec streak camera 

Spot size at sample 1 Jlm, 50 x 300 Jlm for fsec 

Samples 
Format Typically < 1 cm2 x 1 mm thick 

Sample environment Air 

Scientific applications Micro-diffraction applied to measurement of strain, 
micro-XAS, environmental science, sub-picosecond 
diffraction 

Local contact/spokesperson Name: A.A. MacDowell 
Affiliation: Advanced Light Source, LBNL 
Phone: (510) 486-4276 
Fax: (510) 486-7696 . 
Email: macdowel@ grace.lbl.gov 
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Beamline 8.0.1 
Abstracts begin on page 179 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV,400 rnA) 
Resolving power (E/Lffi) 

Endstations · 

Endstation identifier 

Characteristics 

Spot size at sample 

Samples 
Format 
Preparation 

Sample environment 

Special notes 

Scientific applications 

Local contact 

Spokesperson 

8.0.1 

Now 

Surface and materials science 

5-cm.:.period undulator (U5) 
(first, third, and fifth harmonics) 

60-1000 eV 

SGM (gratings: 150,380,925 Vmm) 
""1012 photons/sec/0.1 %BW (resolution dependent) 
3000 typical, 8000 optimized 

Ellipsoidal-mirror electron energy analyzer 
Soft x-ray fluorescence spectrometer 

Ellipsoidal-mirror electron energy analyzer (EMA) 

Measures 84 ° of electron emission angles from solid 
samples with 80 me V resolution 

100 Jlm 

Solids 
< 1 x 1 em 
In-situ resistive heating; in-situ evaporation 

UHV 

Sample transfer capabil~ties; preparation chamber 

XPS, ARPES, NEXAFS of solids and surfaces 

Name: Lou Terminello 
Phone: (510) 423-7956 
Fax: (510) 423-7040 
Email: terminello1 @llnl.gov 

Name: Franz Himpsel 
Affiliation: University of Wisconsin, Madison 
Phone: (608) 263-5590 
Fax: (608) 263-2334 
Email: himpsel @comb. physics. wisc.edu 
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Beamline 8.0.1, cont. 

Endstation identifier Soft x-ray fluorescence spectrometer 
Characteristics Measures the soft x-ray emission from solid samples 

with a dispersive grating spectrometer 

Spot size at sample lOOJ.Lm 

Samples_ Solids 
Format Samples up to 4" in diameter 

Sample environment UHV 

Special notes Sample transfer capabilities 

Scientific applications SXF, fluorescence-yield XAS of solids 

Local contact Name: Melissa Grush 
Phone: (510) 486-6645 
Fax: (510) 486-4773 
Email: mmgrush@ lbl.gov 

Spokesperson Name: Thomas Callcott 
Affiliation: University of Tennessee 
Phone: (423) 974-6765 
Fax: (423) 974-3949 
Email: tome @utkux.utcc.utk.edu 
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Beamline 9.0.1 
Abstracts begin on page 247 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/ Llli) 

Endstations 

Characteristics 

Detectors 

Spot size at sample 

Samples 
Format 
Preparation 

Sample environment 

Special notes 

Scientific applications 

Local contact 

Spokesperson 

9.0.1 

Now 

Atomic and molecular science, high-resolution gas-phase 
spectroscopy 

10-cm-period undulator (UlO) 
(first and third harmonics) 

20-310eV 

SGM (gratings: 380,925,2100 Vmm) 
=1012 photons/sec/0.01 %BW (dependent upon resolution) 
=10,000 (selectable by slit width) 

Endstations for photoelectron and photoionizaton yield 
spectroscopy are available; users may bring their own 
endstations 

Optimized for gas-phase spectroscopy using a variety of 
facility- and user-provided endstations 

Electron, ion, photon 

0.75 mm (h) x 0.1-0.5 mm (v) depending on exit slit 
setting 

' 

Gas at pressure up to w-s Torr 
Vented gas cabinets available for hazardous samples 

Differential pumping is provided on the beamline to permit 
gas pressures in the experimental stations of approximately 
10·5 Torr without adverse effects on the beamline optics. 
Potential users of the beamline should check with ALS 
staff regarding the suitability of the differential pumping for 
their gases. 

A parallel-plate ion-yield gas cell is available for beamline 
calibration 

Atomic and molecular photoelectron spectroscopy, ion 
spectroscopy, photoionization yield spectroscopy, 
fluorescence spectroscopy 

Name: John D. Bozek 
Phone: (510) 486-4967 
Fax: (510) 486,.7696 
Email: jdbozek@ lbl.gov 

Name: NoraBerrah 
Affiliation: Western Michigan University 
Phone: (616) 387-4955 
Fax: (616) 387-4939 
Email: berrah@wmich.edu 
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Beamline 9.0.1, cont. 

Endstation identifier Gas-phase photoelectron spectrometer 

Characteristics Optimized for gas-phase photoelectron spectroscopy with a 
gas cell, differentially pumped electron lens, and dispersive 
electron energy analyzer 

Detectors Spherical-sector electron energy analyzer 
' 

Spot size at sample 3.0 mrn,(h) x 0.1-l.O mm (v) 

Samples 
Format Gases at pressures up to :::::10-5 Torr 
Preparation Gas cabinets available for hazardous samples 

Sample environment Permanent differential pumping is incorporated into the 
bearnline to permit relatively high sample pressures of w-5 

Torr in the interaction region. 

Special notes Heating of the gas cell to approximately 400°C is possible 

Scientific applications Atomic and molecular electron spectroscopy 

Local contact/spokesperson Name: John D. Bozek 
Affiliation: Advanced Light Source, LBNL 
Phone: (510) 486-4967 
Fax: (510) 486-7696 
Email: jdbozek@lbl.gov 

< 
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Beamline 9.0.2.1 
Abstracts begin on page 283 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/ Llli) 

Endstation 

Characteristics 

Detectors 

Spot size at sample (calculated) 

Samples 
Format 
Preparation 

Sample environment 

Scientific applications 

Local contact 

Spoke~person 

9.0.2.1 
Now 

Chemical reaction dynamics, photochemistry 

10-cm-period undulator (U10) 
(fundamental) 

5-30 eV 

None 
:::::1016 photons/sec/2.5%BW 
40 

Crossed molecular beam 

Designed for photofragmentation spectroscopy and 
reactive scattering; two rotatable m.olecular-beam 
sources 

Time-of-flight spectroscopy by quadrupole mass 
analyzer 

170 J..Lm (h) x 50 Jlm (v) 

Gas sample 
Molecular beam, seeded in rare gas 

Vacuum :::::10-6 Torr 

Photofragmentatipn spectroscopy, reactive scattering 

Name: Naoki Hemmi 
Phone: (510) 486-7635 
Fax: (510) 486-5311 
Email: naoki@ leea.cchem.berkeley .edu 

Name: Arthur Suits 
Affiliation: Chemical Sciences Div., LBNL 
Phone: (510) 486-4754 
Fax: (510) 486-5311 
Email: arthur@ leea.cchem.berkeley .edu 
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Beamline 9.0.2.2 
Abstracts begin on page 283 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/ Llli) 

Endstation 

Characteristics 

Detectors 

Spot size at sample (calculated) 

Samples 
Format 
Preparation 

Sample environment 

Scientific applications 

Local contact 

Spokesperson 

9.0.2.2 

Now 

Photoionization dynamics 

10-cm-period undulator (U10) 
(fundamental) 

5-30eV 

Off-plane Eagle 
::=1011 photons/sec/0.01 %BW 
70,000 

Molecular-beam photoelectron/photoion spectroscopy 

Multipurpose design for high-resolution photoelectron 
spectroscopy and photoelectron/photoion coincidence 
experiments 

Time-of-flight and quadrupole ion and pulse field 
ionization electron detector 

360 J.Lm (h) by 240 J.Lm (v) 

I 

Gas sample 
Molecular beam, seeded in rare gas 

Vacuum ::=10--Q Torr 

Pulse field ionization photoelectron spectroscopy, 
threshold photoelectron/photoion coincidence 

Name: Chiawei Hsu 
Phone: (510) 486-2992 
Fax: (510) 486-2930 
Email: cwh@me13.lbl.gov 

Name: CheukNg 
Affiliation: Iowa State University 
Phone: (515) 294-4225 
Fax: (515) 294-5825 
Email: cyng@pop.ames.lab.gov 
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Beamline 9.3.1 
Abstracts begin on page 307 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (E/Llli) 

Endstations 

Endstation identifier 

Detectors 

Spot size at sample 

Samples 

Sample environment 

Scientific applications 

Local contact 

Spokesperson 

9.3.1 

Now 

Atomic, molecular, and materials science 

Bend magnet 

2200-6000 eV with Si(111) crystals 

Double crystal 
4.2 x 1010 photons/sec/0.0 1 %BW at 2500 e V 
3000-8000 

X-ray absorption cell ,_ 

Ion time-of-flight spectrometer 
Angle-resolved time-of-flight electron spectrometer 
Angle-resolved hemispherical electron analyzer 
Polarized-x-ray emission spectrometer 

X-ray absorption cell 

Photodiode 

1 x 1 mm 

Powder, 112" diameter 

UHV 

NEXAFS 

Name: Rupert Perera 
Phone: (510) 486-5680 
Fax: (510) 486-7696 
Email: rupert@lbl.gov 

Name: Dennis Lindle 
Affiliation: University of Nevada Las Vegas 
Phone: (702) 895-4426 
Fax: (702) 895-4072 
Email: lindle @nevada.edu 
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Beamline 9.3.1, cont. 

Endstation identifier Ion time-of-flight spectrometer 

Characteristics Timing resolution ==200 ps; capable of coincidence 
measurement (ion-ion, ion-ion-ion, electron-ion, 
electron-ion-ion, etc.) 

Detectors Microchannel plates for ions, channeltron for electrons 

Spot size at sample 1 x 1 mm 

Samples J Gases 

Sample environment Gas-phase flow system 

Scientific applications Ion spectroscopy, total and partial ion yields, PIPICO, 
PEPICO, PEPIPICO, etc. 

Local contact Name: Rupert Perera 
Phone: (510) 486-5680 
Fax: (510) 486-7696 
Email: rupert@lbl.gov 

Spokesperson Name: Dennis Lindle 
Affiliation: University of Nevada Las Vegas 
Phone: (702) 895-4426 
Fax: (702) 895-4072 
Email: lindle @nevada.edu 

Endstation identifier Angle-resolved time-of-flight electron spectrometer 

Characteristics Timing resolution ==200 ps; chamber rotates about 
x-ray beam (±100°) 

Detectors 4 time-of-flight electron analyzers (0:5 m long) 

Spot size at sample 1 x 1 mm 

Samples Gases 

Sample environment Gas-phase flow system 

Scientific applications Photoelectron and Auger spectroscopy, electron-
electron coincidence 

Local contact Name: Rupert Perera 
Phone: (510) 486-5680 
Fax: (510) 486-7696 
Email: rupert@lbl.gov 

Spokesperson Name: Dennis Lindle 
Affiliation: University of Nevada Las Vegas 
Phone: (702) 895-4426 
Fax: (702) 895-4072 
Email: lindle@nevada.edu 
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Beamline 9.3.1, cont. 

Endstation identifier Angle-resolved hemispherical electron analyzer 
(available late 1997) 

Characteristics High energy resolution (E/ &: ~ 5000) and high 
electron kinetic energies (~ 5 ke V); chamber rotates 
about x-ray beam and analyzer rotates about a 
perpendicular axis, allowing coverage of = 17t 
steradians 

Detectors 2-D position-sensitive detector (microchannel plates 
plus resistive anode) 

Spot size at sample 1 x 1 mm 

Samples Gases ." 
Sample envirqnment Gas-phase flow system 

Scientific applications Photoelectron and Auger spectroscopy 

Local contact Name: Rupert Perera 
Phone: (510) 486-5680 
Fax: (510) 486-7696 
Email: rupert@lbl:gov 

Spokesperson Name: Dennis Lindle 
Affiliation: University of Nevada Las Vegas 
Phone: (702) 895-4426 
Fax: (702) 895-4072 
Email: lindle@nevada.edu 

Endstation identifier Polarized-x-ray emission spectrometer 
(available in 1998) 

Characteristics High x-ray energy resolution (E/&: = 3000). Curved-
crystal Rowland-circle spectrometer 

Detectors 2-D position-sensitive detector (microchannel plates 
plus resistive anode) 

Spot size at sample 1 x 1 mm 

Samples Gases 

Sample environment Static gas cell with windows 

Scientific applications X-ray emission 

Local contact Name: Rupert Perera 
Phone: (510) 486-5680 
Fax: (510) 486-7696 
Email: rupert@lbl.gov 

Spokesperson Name: Dennis Lindle 
Affiliation: University of Nevada Las Vegas 
Phone: (702) 895-4426 
Fax: (702) 895-4072 
Email: lindle @nevada.edu 
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Beamline 9.3.2 
Abstracts begin on page 331 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator ~ 

Calculated flux (1.9 GeV, 400 rnA) 
Resolving power (ElitE) 

Endstations 

Endstation identifier 

Characteristics 

Spatial resolution 

Detectors 

Spot size at sample 

Samples 
Format 
Preparation 

Sample environment 

Special notes 

Experimental techniques 

Scientific applications 

Local contact 

Spokesperson 

9.3.2 
Now 

Chemical and materials science 

Bend magnet 

30-1500eV 

SGM (gratings: 100, 600, 1200 1/mm). 
""1011 photons/sec/0.1 %BW at 400 e V 
3000 typical, 8000 max (with 10-J.Lm slits) 
Capability for circularly polarized radiation 

Advanced materials chamber (AMC) 
Advanced photoelectron spectrometer/diffractometer 
(APSD) 
Industrial chamber*, ARPES * 
Users may bring their own endstation 
*Available June 1997 

Advanced materials chamber (AMC) 

PHI analyzer, sample preparation with LEED, XPS, 
evaporation, sputtering, precision manipulator 

0.5 x 1 mm2 

16-element multichannel detector, partial electron yield 
detector 

0.5 x 1 mm2 

Solid 
5-10 mm diameter 
Sputtering, evaporation, XPS, LEED, 
heating up to 2000°C; cooling down to 80°K 

UHV 

Sample transfer capability 

Photoelectron diffraction, XPS, NEXAFS, MCD 

Studies of atomic and electronic structure of surfaces 

Name: Zhou Xin 
Phone: (510) 486-7633 
Fax: (510) 486-4299 
Email: xin @ux8.lbl.gov 

Name: Zahid Hussain 
Mfiliation: Advanced Light Source, LBNL 
Phone: (510) 486-7591 
Fax: (510) 486-7696 
Email: hussain@ lbl.gov 
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Beamline 9.3.2, cont. 

Endstation identifier Advanced photoelectron 
spectrometer/diffractometer (APSD) 

Characteristics High-resolution rotatable Scienta analyzer, sample 
preparation with LEED, evaporator, high-precision 
sample manipulator, sputtering . 

Spatial resolution 5 Jlm with pre-lens 

Detectors Multichannel detector and spin-resolved mini Mott 

Spot size at sample 0.5 x 1.0 mm2 

Samples Solid 
Format 5-10 mm diameter, 1-2 mm thick 
Preparation Sputtering, evaporation, LEED, XPS, 

heating up to 2000°C; cooling down to 150°K 

Sample environment UHV 

Special notes Capability of using either a multichannel detector or a 
spin detector, analyzer rotatable in horizontal plane 

Experimental techniques Photoelectron diffraction, high-resolution XPS, UPS, 
MCD 

Scientific applications Studies of the atomic, electronic, and magnetic 
structure of surfaces, interfaces, and nanostructures 

Local contact Name:· Zahid Hussain 
Phone: (510) 486-7591 
Fax: (510) 486-7696 
Email: hussain@lbl.gov 

Spokesperson Name: Professor C. S. Padley 
Affiliation: Material Sciences Div., LBNL, 

and UC Davis 
Phone: (510) 486-5774; (916) 752-8788 
Fax: (510) 486-4680 
Email: fadley@lbl.gov 
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Beam line 1 0.3.1 
Abstracts begin on page 413 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeV, 400 rnA) 

Resolving power (E/Llli) 

Endstation 

Characteristics 

Spatial 'resolution 

Detectors 

Spot size at sample 

Samples 
Format 

Preparation 

Sample environment 

Special notes 

Scientific applications 

Local contact 

Spokesperson 
(Returning to LBNL in August 1997) 

10.3.1 

Now 

Fluorescence x-ray microprobe 

Bend magnet 

3-20 keV (without multilayer mirrors) 
6-15 keV (with multilayer mirrors) 

Multilayer mirrors in Kirkpatrick-Baez configuration 
3 x 1010 photons/sec 
17 at 12.5 keV 

Fluorescence x-ray microprobe with white light 
capability 

X-ray fluorescence analysis of samples with high 
elemental sensitivity and high spatial resolution 

1.2 X 1.8 J!m 

Si (Li) 

1.2 x 1.8 J.Lm 

Almost any sample can be studied since most 
samples are measured in air. Standard sample holders 
are available to less th~m 2 em diameter. 
Samples should be flat to within 19 J!m 

Air 

By special arrangement, the focusing mirrors can be 
removed and then the white-light beam can be used for 
experiments that require white radiation (e.g., testing 
capillary optics or evaluating x-ray collimators) 

Trace elen;tent analysis with high spatial resolution, for 
example silicon solar cells, GaN, environmental soil 
samples, and biological samples; testing of x-ray 
capillary optics and new x-ray detectors 

Name: Scott McHugo 
Phone: (510) 486-4874 
Fax: (510) 486-7696 
Email: samchugo@ lbl.gov 

Name: AI Thompson 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-5590 
Fax: (510) 486-4550 
Email: thompson@ lbl.gov 
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Beam line 1 0.3.2 
Abstracts begin on page 443 

Beamline/Branchline number 

Operational 

Research program 

Source characteristics 

Energy range 

Monochromator 
Calculated flux (1.9 GeY, 400 rnA) 

Endstation 

Scientific applications 

Local contact 

Spokesperson 

Endstation identifier 

Spot size at sample 

Scientific applications 

Local contact/spokesperson 

10.3.2 

Now 

X-ray optics development, deep-etch x-ray 
lithography, materials science 

Bend magnet (2 horizontal mrad at 32 m from bend 
magnet) 

3-12 keY 

None 
2. 7 x 1013 photons/sec/0.1 %BW 

Large hutch with optical table for experimental 
equipment 

Many differen~ experiments have been done which use 
x-ray energies of about 3 keY: past experiments 
include LIGA, TXRF of silicon wafers, x-ray optical 
element testing 

Name: Keith Jackson 
Phone: (510) 486-6894 
Fax: (510) 486-4955 
Email: keithjackson @macmail.lbl.gov 

Name: AI Thompson 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-5590 
Fax: (510) 486-4550 
Email: thompson@ lbl.gov 

Deep-etch x-ray lithography 

4" X {).05" 

Micromachining of high-aspect-ratio microstructures 

Name: Keith Jackson 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-6894 
Fax: (510) 486-4955 
Email: keithjackson @macmail.lbl.gov 
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Beamline 11.3 

Beamline!Branchline number 11.3 

Operational 1998 

Research program Deep-etch x-ray lithography (LIGA), scanning 
transmission x-ray microscopy 

Source characteristics Bend magnet 

Energy range 3-12 keV (LIGA) 
260-750 eV (STXM) 

Endstations LIGA (see Beamline 10.3.2) 
Scanning transmission x-ray microscope (STXM) 

Local contact/spokesperson (for LIGA) Name: Keith Jackson 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-6894 
Fax: (510) 486-4955 
Email: keithjackson @macmail.lbl.gov 
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Beam line 12.0.1 /12.0.2 
Abstracts begin on page 465 

Beamline!Branchline number 12.0.1/12.0.2 

Operational Now 

Research program EUV lithography optics testing, interferometry, ... 

surface and materials· science 

Source characteristics S-cm-period undulator (US) 

Energy range 60-320eV 

Monochromator VLG-PGM 
Calculated flux (1.9 GeV, 400 rnA) :::::5 x 1013 photons/sec/1 %BW at 134 ey 
Resolving power (E/ Llli) 200-1000 

Endstations EUV interferometer 
MAXIMUM 

Endstation identifier EUV interferometer 

Detectors GaAsP flux monitor, silicon 1000 x 1000 CCD array 

Samples 
Format All-reflective, multilayer-coated EUV optics 

Sample environment 10--7 Torr or 10-4 Torr of 0 2 

Scientific applications Interferometric wavefront measurement of optics 
designed for EUV lithography 

Local contact Name: Kenneth A. Goldberg 
Phone: (510) 4S6-4079 

• Fax: (510) 4S6-4550 
Email: kagoldberg@ lbl.gov 

Spokesperson Name: Jeffrey Bokor 
Affiliation: U.C. Berkeley, 

Center for X-Ray Optics, LBNL 
Phone: (510) 642-4134 
Fax: (510) 642-2739 
Email: jbokor@eecs.berkeley .edu 
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Beam line 12.0.1 /12.0.2, cont. 

Endstation identifier MAXIMUM 

Characteristics Scanning photoelectron microscope with multilayer 
optics at 95 eV or 130 eV 

Spatial res~lution 0.1 Jlm 

Detectors CMA-MCP 

Spot size at sample 0.1 Jlm 

Samples 
Format 15 x 15 mm maximum sample size 
Preparation Deposition, cleaving, ion beam sputtering, annealing 

Sample environment UHV; in-situ heating and electrical testing 

Scientific applications Semiconductor surfaces and interfaces, 
microelectronics, metallization, silicides 

Local contact Name: Gian Franco Lorusso 
Phone: (510) 486-6853 
Fax: (510) 486-4550 
Email: glorusso@ grace.lbl.gov 

Spokesperson Name: Jim H. Underwood 
Affiliation: Center for X-Ray Optics, LBNL 
Phone: (510) 486-4958 
Fax: (510) 486-4550 
Email: underwoo@ lbl.gov 
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Beam Test Facility 
Abstracts begin on page 469 

Beamline/Branchline number 

Operational 

Electron beam energy 

Charge/bunch 

Bunch length 

Emittance 

Number of bunches/macropulse 

Repetition rate 

Minimum spot size 

Lasers 

Local contact/spokesperson 

Beam Test Facility 

Now 

50 MeV 

1-1.5 nC 

25-35 ps 

0.2-0.5 mm-mrad 

1-8 

1, 2Hz 

35 J..lm 

Ti: Al20 3 Nd:YAG 
A.= 800 nm A. = 1.064 J..lm, 0.532 J..lm, 0.266 J..lm 
E=60mJ e = 1 J, o.s J, 0.1 J 

't = 100 fs 't = 9 ns, 7 ns, 4-5 ns 
Rep. rate: 10 Hz 

Name: WimLeemans 
Mfiliation: Center for Beam Physics, LBNL 
Phone: (51 0) 486-7788 
Fax: (510) 486-7981 
Email: lee mans@ lbl.gov 
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Table of Beamlines at the ALS 

No. Source Areas of Research Energy 
** Range 

BTF ALS Beam Test Facility 50 MeV elec. 
linac 

1.4 Bend Infrared spectromicroscopy 0.05-1 eV 

3.1 Bend Diagnostic beamline 200-280 eV 

4.0.1-2 EPUS Magnetic spectroscopy 20-2000 eV 

4.0.3-4 EPUS Magnetic microscopy 100-1600 eV 

5.0.1 W16 Monochromatic protein crystallography -7-14 keV 

5.0.2 W16 Multiple-wavelength (MAD) & monochromatic 3.5~14 keV 
protein crystallography 

6.1.2 Bend High-resolution zone-plate microscopy 500~800 eV 

6.3.1 Bend Calibration and standards, EUV/soft x-ray optics 500-2000 eV 
testing, solid-state chemistry 

6.3.2 Bend Calibration and standards; EUV optics testing; 50-1000 eV 
atomic, molecular & materials science 

7.0.1 us Surface and materials science, 
. 

60-1000 eV 
spectromicroscopy 

7.0.2 us Coherent optics experiments 70-650 eV 

7.3.1.1 Bend Magnetic microscopy, spectromicroscopy 260-1500 eV 

7.3.1.2 Bend Surface and materials science, micro x-ray 260-1500 eV 
photoelectron spectroscopy 

7.3.3 Bend Materials science 3-12 keV 

8.0.1 us Surface and materials science 60-1000 eV 

9.0.1 U10 Atomic and molecular science, high-resolution 20-310 eV 
gas-phase spectroscopy* 

9.0.2.1 U10 Chemical reaction dynamics, photochemistry 5-30 eV 

9.0.2.2 U10 Photoionization dynamics 5-30 eV 

9.3.1 Bend Atomic, molecular, and materials science 2.2-6 keV 

9.3.2 Bend Chemical and materials science 30-1500 eV 

'1 0.3.1 Bend Fluorescence x-ray microprobe 3-20 keV 

10.3.2 Bend X-ray optics development, deep-etch 3-12 keV 
x-ray lithography (LIGA), materials science 

11.3 Bend Deep-etch x-ray lithography (LIGA), 3-12 keV 
scanning transmission x-ray microscopy 260-750 eV 

12.0.1/ U8 EUV lithograP,hy optics testing, interferometry, 60-320 eV 
12.0.2 surface and rhaterials science 

* The atomic and molecular science beamline will move to 1 0.0 in early 1998. 
** Bend = bend magnet; EPUS = S-cm-period elliptical polarization undulator; 

W16 = 16-cm-period wiggler, Ux = x-cm-period undulator 

Avail. Pages for 
Abstracts/ 
Technical 
Info. 

Now 469/587 

1997 -/555 

Now -I-
1998 -/556 

1998 . -/557 

1998 -/558 

1997 -/559 

Now 1/560 

1998 -/561 

Now 35/562 

Now 83/563 

1997 -/567 

1997 -/568 

Now -/569 

1997 -/570 

Now 179/571 

Now 247/573 

Now 283/575 

Now 283/576 

Now 307/577 

Now 331/580 

Now 413/582 

Now 443/583 

1998 -/584 

Now 465/585 



ALS Contacts 

ALS Director 
Brian M. Kincaid 
Tel: (51 0) 486-4810 
Fax: (51 0) 486-4960 
Email: bmkincaid@lbl.gov 

ALS Scientific Program Head 
Neville Smith 
Tel: (51 0) 486-5423 
Fax: (51 0) 486-4773 
Email: nvsmith@lbl.gov 

ALS Head of Operations 
Ben Feinberg 
Tel: (51 0) 486-7725 
Fax: (51 0) 486-4960 
Email: b_feinberg@lbl.gov 

ALS Program Support 
Alfred S. Schlachter 
Tel: (51 0) 486-4892 
Fax: (51 0) 486-6499 
Email: fred_schlachter@lbl.gov 

ALS Administration 
Elizabeth Saucier 
Advanced light Source, MS 80-101 
Lawrence Berkeley National Laboratory 
University of California 
Berkeley, CA 94720 
Tel: (51 0) 486-6166 
Fax: (51 0) 486-4960 
Email: ecsaucier@lbl.gov 

ALS Home Page 
http:/ /www-als.lbl.gov 

ALS User Executive Committee Chair 

1997 
Louis j. Terminello 
Lawrence Livermore National Laboratory 
P.O. Box 808, MS L-357 
Livermore, CA 94550 
Tel: (51 0) 423-7956 
Fax: (51 0) 423-7040 
Email: terminello@cms1 .llnl.gov 

1998 
Werner Meyer-lise 
Center for X-Ray Optics, MS 2-400 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 
Tel: (51 0) 486-6892 
Fax: (51 0) 486-4550 
Email: w.meyer-ilse@lbl.gov 
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