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NEAR THRESHOLD STUDIES OF PHOTOELECTRON SATELLITES 

Philip Alfred Heimann 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
Universi ty of " a l i f o r n i a 

Berkeley, Ca l i fo rn ia 94720 

Abstract 

Photoelectron spectroscopy and synchrotron rad ia t ion have been used 

to study cor re la t ion ef fects in the rare gases: He, Ne, Ar, Kr, and Xe. 

Two kinds of t i m e - o f - f l i g h t electron analyzers were employed to examine 

photoionizat lon very close to threshold and at higher k ine t i c energies. 

Par t ia l cross sections and angular d i s t r i bu t ions have been measured for 

a number of photoelectron s a t e l l i t e s . The shake-off p robab i l i t y has 

been determined at 3ome Inner-shel l resonances. 

The valence s a t e l l i t e s of neon were studied from about 5 to 15 eV 

k inet ic energy. The pa r t i a l cross sections and Angular d i s t r i bu t i on 

asymmetry para-neters of the s a t e l l i t e s are compared wi th those of the 2s 

and 2p main l i nes . The pa r t i a l cross sect ion and asymmetry parameter 

resul ts are used to confirm the previous assignments of the s a t e l l i t e 

f i n a l states in neon and to consider, in general, the energy-dependent 

behavior of s a t e l l i t e s . 

The valence s a t e l l i t e s of helium and neon were examined with 

threshold electron analysis. This measurement was the f i r s t d i rect 
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observation of photoeleotron sa t e l l i t e s at threshold. Strong 

correlation effects were observed in the asyr.metry parameters of the 

helium s a t e l l i t e s and in the presence of many final s ta tes in the Me 

threshold photoelectron spectrum. 

Multiple-electron ejection was investigated at the inner-shell 

resonances: Ar 2p -» ns, nd, Kr 3d * np, and Xe i4d - np. Multiple-

electron ejection was observed to be a strong decay channel. At the 

resonances studied, a valence electron and the Rydberg electron are 

usually ejected in these t rans i t ions . 

Threshold electron analysis was applied to the argon valence 

s a t e l l i t e s . For argon at threshold, essential ly a l l of the possible 
2S*1 

sate l l i t e final states, L, were observed. 



I . INTRODUCTION 

Photoe lec t ron spectroscopy i s an e f f e c t i v e probe of e l e c t r o n i c 

s t r u c t u r e . The experiments descr ibed in t h i s t h e s i s use pho toe lec t ron 

spect roscopy to examine e l e c t r o n c o r r e l a t i o n in atoms. Photoe lec t ron 

s p e c t r a taken a t a so f t x-ray photon energy hv conta in d i s c r e t e peaks a t 

k i n e t i c energ ies e , , 

£ j = h v - I . , (1) 

where I. is the electron binding energy. In the independent-electron 
2 approximation, also known aa Koopmans' theorem, an electron is ionized 

from a given orbital while the other electrons remain in their initial 

state orbitals. In this limit, which can explain the intense main 

lines, the binding energy Is associated with the orbital energy in the 

neutral atom. 

The intensities of photoelectrons are proportional to the cross 

section o.(e.), which in the dipole approximation is given by, 
2 2 

vv-^^v^rVvijh 1 ^ ' 2 ' (2) 

Here, a i s the f ine s t r u c t u r e c o n s t a n t , a i s Bohr 's r a d i u s , i|i. i s 

the ion wavefunction, $.(£,) i s the wavefunction of the continuum 

(N) e l e c t r o n , and i|>. i s the n e u t r a l atom wavefunction. The cross s e c t i o n 

depends on the d ipo le matr ix e lements , which in the independen t -e lec t ron 

approximation s impl i fy t o i n t e g r a l s over the i n i t i a l and f i n a l s t a t e 

o r b i t a l s , <i. and $. ( E . ) . 

The angular d i s t r i b u t i o n of pho toe lec t rons in the d ipo le 

approximation and with l i n e a r l y po la r ized l i g h t i s descr ibed by Yang's 
U theorem, 



o¥= f 7 [ 1 + SP2tcose)]. (3) 

Here, 8 is the angular-distribution asymmetry parameter, P is the 

second Legendre polynomial, and 8 is the angle between the light 

polarization vector and the photoelectron emission direction. The 

asymmetry parameter, which assumes values between -1 and 2, is sensitive 

to the phase of the outgoing photoeleotron waves. 

Photoelectron spectra have weak satellite peaks, which correspond 

to excited final 3tates of the ion. These satellites cannot be 

explained within the independent-electron approximation. Electron 

correlation must be considered, and indeed the satellites yield insight 

into electron correlation. 

The mechanisms used in discussing satellites are related to the 

methods for calculating satellite intensities. "Shake-up" refers to a 

calculation which uses single Slater determinants to describe the 

initial and final states. In terms of a physical effect, shake-up 

involves the relaxation of the passive orbitals as the hole is formed. 

The satell i te intensity depends on a product of overlap integrals 

between the passive orbitals in the initial atom and final ion. Shake-

up should be most important for inner-shell ionization, in which the 

effective nuclear charge for the valence electrons changes by nearly one 

unit. 

At a higher level of sophistication, a configuration interaction 

expansion is used to describe either or both the initial state (ISCI) or 

the final ionic state (FISCI). Configuration interaction may include 

correlation in the Initial atom and final ion as well as relaxation. In 

the case of FISCI, a satellite gains intensity from the admixture of the 



3 

primary hole configuration in the satellite final state. For final 

states of different symmetry than the main line, ISCI can contribute, 

but FISCI cannot. 

Both the shake-up and configuration interaction models, as 

described above, are only truly appropriate to the limit of high 

photoeleccron kinetic energy. Shake-up, for example, invokes the sudden 

approximation, which requires photoabsorption and ejection of an 

electron to occur quickly. In the sudden limit, the (satellite) / (main 

line) Intensity ratio is constant, independent of the energy. At the 

present time, the minimum kinetic energy for the sudden limit has not 

been determined. 

The energy dependence of satellite cross sections has been 

introduced into the theoretical models In only a preliminary way. For 

3hake-up, the varying length of time to create the hole has been 
7 considered. For all satellite transitions, the resulting intensity is 

lower at threshold and increases to a constant value at higher kinetic 

energy. The changing dipole matrix elements can also influence 

satellite lntensitiee even expressed as a ratio with the main line, 

since the satellite and main line will be at different kinetic 
8 energies. Outside the sudden limit, additional mechanisms, sometimes 

referred to as continuum-state configuration interaction (CSCI), 

contribute to satellites. At some resonances for doubly-excited states, 

satellite cress sections are known to vary rapidly with photon 
9.10 energy. At the satellite thresholds, being furthest from the sudden 

limit, CSCI effects should have their greatest influence. 
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Chapter I I I describes the cross sections and asymmetry parameters 

of the Me valence s a t e l l i t e s at low kinetic energies. For neon in this 
i) ? o energy range, the most important s a t e l l i t e final s t a t e s , 2p np P , can 

be reached by shake-up associated with 2p ionization. Predictions for 

s a t e l l i t e asymmetry parameters are not available except when symmetry 

requires the asymmetry parameter of the s a t e l l i t e and main l ine to be 

the same. 

Chapters IV and VI pr&sent the f i r s t direct me-"surements of 

photoelectron s a t e l l i t e s at threshold. The He, Ne, and Ar valence 

s a t e l l i t e s were studied. Helium, a two-electron atom, i s a special 

system for which much more detailed calculations have been performed. 

In argon, a 3trong configuration interaction mixes the final ionic 

3tates 3s3p S and 3s 3p nd S. ' In general for the rare gases other 

than helium, FISCI is considered to be more important than ISCI because 

of the closed shell i n i t i a l 3 ta te . 

Another feature in photoelectron spectra which resul ts from 

correlation is the continuous distr ibution of shake-off electrons. In 

shake-off, two ejected electrons share a to ta l kinetic energy, usually 
1 2 with one electron being much faster tnan the other. Chapter V i s 

concerned with the shake-off occuring In the decay of inner-shell 

resonances of Ar, Kr, and Xe. 

The following chapter describes the threshold electron analyzer and 

various other experimental methods. 
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I I . EXPERIMENTAL 

In t h i s t h e s i s gas phase photoemission experiments us ing 

synchrot ron r a d i a t i o n a r e desc r ibed . The experiments took p lace dur ing 

ten runs a t the Stanford Synchrotron Radia t ion Laboratory (SSRL) and one 

run a t the Hamburg Synehro t rons t rah lungs labor (HASYLAB). The r a d i a t i o n 

provided by t he se s to rage r i n g s i s an i n t e n s e oontinuum from a few eV to 

a few tens of keV. For our work, o ther important c h a r a c t e r i s t i c s of 

synchrot ron r a d i a t i o n a r e i t s high p o l a r i z a t i o n and i t s t ime s t r u c t u r e 

shown in F ig . 1. For a s i n g l e bunch in the s to r age r i n g a t SSRL, s h o r t 

pu l ses a r e emit ted a t a frequency of 1.28 MHz. 

Two monochromators were used: the "new grasshopper" on beam l i n e 
2 3 I I I - 1 a t SSRL and the t o r o i d a l g r a t i n g monochromator (TGM) a t 

H 
HASYLAB. The "grasshopper" i s a 1i. r ad iu s Rowland c i r c l e monochromator 

with a d j u s t a b l e s l i t openings and two in te rchangeab le g r a t i n g s , with 

r u l i n g d e n s i t i e s of 600 1/mm and 1200 1/mm, The r e l a t i v e photon f lux 

from the monochromator a f t e r pass ing through a 1500 A t h ick Si window i s 

shown by the s o l i d l i n e i n F i g . 2. Pate r e p o r t e d an abso lu t e i n t e n s i t y 
9 

of - 3x10 1/s a t 150 eV photon energy and with 15mA current in the 

3torage r i n g . The energy r e s o l u t i o n A(hv), a t cons tant &A, inc reases 
2 

with photon energy as (hv) . The dashed l i n e in F i g . 2 r e p r e s e n t s the 

photon i n t e n s i t y at a cons tan t energy r e s o l u t i o n , which i s more r e l e v a n t 

to our exper iments . The SI window i s observed to absorb s t r o n g l y a t 100 

eV, a t the 2p subshe l l t h r e s h o l d . 

The HASYLAB TGM provides higher i n t e n s i t y , in par t because i t 

accep ts a l a r g e r h o r i z o n t a l angle from the s t o r a g e r i n g : 9 mrad as 

compared with 2 mrad for the "grasshopper ." S imi la r to the 
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"grasshopper" the s l i t s are adjustable and two effective gratings are 

provided, with 750 1/mm and 1500 1/mm ruling densi t ies . The resolution 

of the TGM is somewhat better than the "grasshopper" at open s l i t 

se t t ings , but improves only slowly as the s l i t s are closed because of 

the imperfect focus at the exit s l i t . The polarization of the TGM must 

be carefully cal ibrated. 

The time-of-flight apparatus has been described in detai l 

elsewhere. The same vacuum chamber, pumps, and most of the electronics 

were used for both the Double-Angle Time-of-Flight (DATOF) and threshold 

measurements. A thin Si window (Luxel) i sola tes the 10 torr vacuum 
-I of the monochromator from the 10 torr chamber vacuum. The main 

chamber i s pumped by a 500 1/s Airco turbo pump and a 1000 1/s cryopump 

from CTI-crycgenics. A second 500 1/s Airco turbo pump provides 

differential pumping for the analyzers. For the DATOF experiments, the 

gas inlet uses a microchannel array. The gas source is nearly effusive. 

The pressure behind the gas in le t is held constant by a Granville-

Phil l ips leak value and a capacitance manometer (MKS Instruments, I n c . ) . 

The photon intensity is monitored by a sodium sal icyla te s c in t i l l a to r 

and photmultipller tube. 

In the DATOF experiment, two electron analyzers are positioned at 

angles 0° and 55° with respect to the photon polarization direction. 

The photoelectron kinetic energy Is inferred from the time delay between 

the synchrotron light pulse and the arr ival of the electron at. one of 

the two detectors. A field-free flight distance of 10.5 cm i s followed 

by a pair of grids and another length of 18 cm, over which electrons may 

be either accelerated or retarded. Retarding resul t s in. higher 
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resolution, while acceleration allows electrons with lower kinetic 

energy to be studied. The time-of-flight technique has good sens i t iv i ty 

because electrons of a l l energies are collected at once. The analyzer 

resolution resul ts mainly from the size of the interaction region and is 

AE/E - 0.02 (0°) and 0.03-H (55°). The transmission of the time-of-

flight analyzers is nearly constant down to a kinetic energy of - 20 eV, 

where i t begins to decrease. 

The experiments described in chapters IV-VI were performed with a 

threshold electron analyzer using time-of-flight, which i s shown in Fig. 

3. A schematic diagram is found in Fig. 1 of chapter IV. The 

motivation for constructing this analyzer was to measure the in tens i t ies 

of s a t e l l i t e t ransi t ions at and near threshold. At that time, only a 
7 single s a t e l l i t e He n=>2 had been observed at zero kinetic energy. 

Threshold analyzers, which have both high resolution and high 

sens i t iv i ty , are part icularly suited to the study of s a t e l l i t e spectra, 

which contain a number of weak l ines . The threshold analyzer described 

below is most similar to that of Baer et a l . While having quite high 

resolution at 0 eV, the resolution of their analyzer degrades rapidly 

with increasing energy, to AE - 1 eV at 2 eV. By lengthening the flight 

distance from 15 mm to 215 mm, we hoped to have good resolution over the 

kinetic energy range from 0 to 10 eV. 

The remainder of th is chapter will follow, in an approximately 

chronological way, work that began in the fa l l of 1983 and ended in the 

summer of 1985. In order to choose fl ight distances and aperture s izes , 

various properties of a threshold analyzer were calculated analyt ical ly, 

and ray tracing was performed. Then the rest of the analyzer was 



designed, including the gas jet and magnetic shielding. Drawing and 

assembly were followed by nearly one year of testing and modification, 

made more difficult by insufficient beam time. In order to store an 

electron energy spectrum while the photon energy is scanned, a FORTRAN 

program called TEA was written. Finally, a second version of the 

threshold analyzer was constructed for the experiments in chapter IV 

performed in collaboration with the U. Becker group at HASYLAB. 

Referring to the photograph in Fig. 3, the synchrotron radiation 

(moving into the figure) and gas intersect beneath the top, reflecting 

grid. Photoelectrons travel through three regions as shown in Fig. 1 of 

chapter IV: the extraction region (d - 5 mm, i.e. from the center to 

the entrance grid), the acceleration region (d - 18 mm), and the drift 

region (d. = 192 mm). The flight time of the electron depends on these 

distances and on the extraction (E -2.2 V/cm) and accelerating (E « 
e a 

3.8 V/cm) f ields in the following way: 

t ( U 0 , d e ) - t e • t a • t d , (1 ) 

where Un is the In i t i a l electron kinetic energy and d i s considered to 

vary depending on where the electron s t a r t s in the interaction region. 

The rather large Interaction region i s mainly defined by the width of 

the synchrotron radiation beam from the "grasshopper" monochromator -
2 

2x2 mm and by the diameter of the entrance aperture 6.6 mm. 
/2m 

fce ' W e

 ( / U 0 + d e q E e * / U 0 > • ( 2 ) 

where m and q are the aleetron 's mass and charge, and the ± considers 

electrons i n i t i a l l y moving away from or toward the detector. For 

kinetic energies lee1* than the reflector voltage, two peaks are observed 
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separated by the time for an electron to move from the interaction 

region toward the reflector and then to return to its starting point. 

Similarly, 

/2m 
\ ' Wa

 ( / U 0 * d e q E e + d a a E a " / U 0 + W' ( 3 ) 

t d - m

1 / % [ 2 ( U 0 • deqEe • d a q E a ) ] - 1 / 2 . W 

These equations are Identical to those for a time-of-flight mass 

spectrometer with extraction and acceleration regions. 

For high time (energy) resolution, the space-focussing condition 
9 

must be satisfied at the center of the interaction region, 

d d e 

An electron from the far side of the interaction region is accelerated 

more, while an electron from the near side travels a shorter distance. 

With the correct distances and voltages, both electrons reach the 

detector with the same flight time. For our analyzer parameters, the 

space-focussing condition is satisfied for electron kinetic energies 

between 0 and 10 eV. When considering a source of width 1 mm, the time 

differences are at most 0.5 ns. 

To choose all the distances and voltages, additional criteria must 

be considered. The total flight distance was limited by the dimensions 

of the existing vacuum chamber, originally built for the double-angle 

time-of-fllght measurements. In addition, the duty cycle of SPEAR in 

the 4x1 mode (it * 195 ns) suggested a flight time of 150 ns for 0 eV 

electrons. 
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The transmission function of a threshold analyzer is a consequence 
of the weak extraction field. For very low kinetic energies, here 0 -
0.03 meV, all electrons are collected by the detector, whose active area 
Is determined by the anode radius r of 11.2 mm. With increasing 
kinetic energy, the transmission function decreases steeply. The 
transmission may be calculated from the flight time (Eqns. (1)-(5)) and 
from the constant transverse velocity with which an electron will just 
hit the edge of the anode. The acceptance half-angle 5 and transmission 
T are given to a good approximation by: 

• _ r J5 
i - sin '(— ) (6) 

T - 1 (1 - C03<5). (7) 

The 30lld l ine in Fig. 1 shows the calculated analyzer transmission 

function convoluted with a gaussian 0.2 eV wide representing the 

raonochromator bandpass. At threshold, the transmission has a value well 

below 100 % because of the monochroraator resolution. The moderate 

resolution of the soft x-ray monochromators not only broadens the 

threshold peaks, but actually decreases their Intensity at a constant 

photon flux. At low kinetic energies, the transmission of angle-

resolved electron analyzers is significantly lower. For example, our 

other time-of-flight spectrometers collect 6 of 3°, which correponds to 

a transmission of 0.07 1, below the abscissa in Fig. 4. This comparison 

should be qualified by noting that the threshold measurement benefits 

less from the multichannel nature of time-of-flight since only the low 

kinetic energy part of the spectrum is useful. A disadvantage of the 
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strongly varying transmission function i s the resul t ing uncertainty in 

the calibration for Intensity measurements. To overcome this 

diff icul ty, photon energy scans may be considered where a l l the peaks 

are at the same kinetic energy and analyzer transmission. 

The observed variation of photoelectron in tens i t ies with emission 

direction i s influenced by the analyzer acceptance angle 5. For small 

5, the angular distr ibution of photoelectrons and Auger electrons i s 

described by Yang's theorem: 

J § . f c [ 1 + 6 P 2 ( c o s 9 ) L (8) 

where B is the angular distr ibution asymmety parameter, P the second 

Legendre polynomial, and 6 the angle between the analyzer axis and the 

photon e lec t r ic field vector. Here, the dipole approximation, a 

randomly oriented sample, and 100 % .linearly polarized l ight have been 

assumed. For r.arge angular acceptance, one must integrate Eqn. (8) over 

dfi. F i r s t , the coordinates are rotated by 6 about 2 in order to place 2 

paral lel to the analyzer axis . In the new coordinate system (r, S', $), 

P,(cos9) •• k3(eos6'cos8 - slnfi 'sin<t>sin9)2 - 1] . (9) 

Then Integrating over the acceptance cone of the analyzer, 

- do - -1[2 - 2003,5 + gcos<53in26P„(c039)] (10) 

As an advantageous consequence of Eqn. 10, 9 of 55° i s always a 

magic angle irrespective of 6. Therefore, the threshold analyzer in 

Fig. 3, whose orientation is fixed at the magic angle, will measure 

intensi t ies independent of 8. Angular distr ibution effects cannot be 

neglected at angles quite close to the magic angle. For example at 53°, 

different 6 values can lead to intensity variations of up to 13 %. For 
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the measurement of 8 with a rotatable threshold analyzer, the 

sens i t iv i ty to 6 decreases only slowly with 5. 

Ray tracing was performed with the program EBQ written by A.C. Paul 

primarily for r e l a t i v i s t i c ion beams. In Fig. 5, equipotential surfaces 

and electron t ra jector ies are plotted for an idealized geometry. For 4 

cm diameter accelerating elements separated by 1 and 2 cm, the effects 

of fringing fields i s quite small. The electrons follow parabolic paths 

in the extraction and acceleration regions and, of course, l inear paths 

in the drift region. There are flight-time differences, which resul t 

from the different emission angles, of which 5' from 0° to 50° are shown 

in Fig. 5 for U_ - 0.1 eV. The time dispersion among 0.1 eV electrons 

that reach the detector i s 0.7 ns . Because of the narrowing acceptance 

angle 6, th is time width decreases with increasing energy. Starting the 

electron rays from different positions In the interaction region leads 

to small time differences in agreement with the one-dimensional 

calculation. 

The effects of a grid on electron fl ight paths were examined by 

considering a small portion of 100 l ines / in . mesh of 0.001 in. wires. 

The volume, a cylinder of 0.05 in . radius and length, was limited by the 

maximum number of points allowed by EBQ. Before the grid, electrons are 

accelerated, while on the far side l i e s a drif t region. First of a l l , 

10 % of the electrons are lost from physically h i t t ing a wire. The 

other electrons are deflected, especially if they pass close to a wire. 

However, the calculated deflections are small, - 1°, which resul ts in an 

additional transmission loss of - 8 % and In negligible time differences 

of - 0.1 ns. On the other hand the a r t i f i c i a l boundaries of the small 
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volume enhance the uniformity of the e lec t r i c f ie ld . In the threshold 

analyzer electrons pass throu3h three grids, a l l Cu 20 l ines / in . The 

observed photoelectron peaks are asymmetrically broadened on the low 

kinetic energy s ide , which would be reduced by replacing the grids by 

open apertures. A disadvantage of apertures i s that electrons s ta r t ing 

froa the sides of the interaction region are accepted in a very 

asymmetric way. For electrons s tar t ing with 0.1 eV kinetic energy from 

an i n i t i a l position 2 mm above the analyzer axis , i n i t i a l emission 

angles from -17° to -8° with respect to the analyzer axis are collected. 

Various components of the threshold analyzer will now be described. 

The openings of the grid-apertures and of the two collimators in the 

drift region were chosen by considering a f in i t e source volume and the 

minimum kinetic energy to f i l l the detector. A 32 meV electron s tar t ing 

2 mm off-axis and moving i n i t i a l l y in the perpendicular direction will 

just miss the edge of a l l the apertures. The resul t ing aperture 

diameters are large, 6.6 mm for the f i r s t and smallest grid-aperture. 

This aperture size should be compared with the aperture of our other 
H 

time-of-flight analyzers, with a diameter of 2.1 mm. Since a larger 

interaction region is viewed by the threshold analyzer, the sens i t iv i ty 

should be enhanced. On the other hand, the differential pumping, 

provided by a 500 1/s Airco turbo pump mounted below the analyzer, is 

somewhat compromised by the large aperture openings. In addition, there 

is a small gap at the wall of the magnetic shielding cylinder. The 

grid-apertures are constructed from thin Al sheet (0.016" thick) to 

avoid focusing e f fec ts . 
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The detector i s in many respects identical to that of our other 

time-of-flight analyzers. I t consists of a pair of Varian 40 mm 

microchannel plates and an anode. The conical anode has a resistance 

that increases from 16 Q in front to 50 n in back and is followed by a 

transformer, which decouples the signal from high voltage to gound 

potential . The pulses' leading edge have fa l l times of - 1 ns. The 

pulse heights are on the order of 50 mV. The channel plate stack was 

modified in order to make i t easier to disassemble and put together. 

The contact rings were etched from 0.005" Cu sheet . A slot ted Lexan 

ring keys on the anode shield, while having an inner diammeter which 

aligns the microchannel plates and contact r ings. Finally, the anode 

and channel plate stack can be remove from the analyzer. 

Magnetic shielding i3 provided by an annealed mu metal cylinder 

with t" O.D. and 0.060" wall thickness. An estimate of the effect of a 

magnetic field may be obtained by considering the motion of an electron 

with constant energy. This electron will follow a circular path in a 

plane J_ to B with a radius given by, 

' - 3 5 ( l l ) 

For example, a 7 eV electron moving in a 10 mG magnetic field is 

deflected by 2 mm over a 20 cm flight path. After putting a cuff over 

the 2" diameter hole opposite the gas-inlet needle, the residual 

magnetic f ield was less than 20 mG. Although three pairs of Helmholtz 

coils were constructed, a significant effect was not observed in the 

electron spectra. The Helmholtz colls were used only once. 

In order to preserve the uniformity of the e lec t r ic field in the 

Interaction region, a thin needle is used as the gas source. A 
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stainless s teel tube (0.065" O.D.) i s employed. At the end, a brasr 

plug with a O.0O6" diameter orif ice simply increases the backing 

pressure. The peaking of th is gas source was determined by measuring 

the electron count r a t e while moving the gas inlet J_ to the analyzer 

axis . The peaking i s only moderate: 9 i / 2 > defined by 1(0. . . j /KO") = 

0.5, is 40". However, th i s performance is somewhat better than that of 

the microchannel array gas in l e t , for which 8 . / 2 was measured to be 

50°. 

The timing electronics are the same as used for the other time-of 

fl ight experiments. An additional low voltage power supply, using 

operational amplifiers, provides the voltages for the accelerating 

elements. The timing pulses from the anode are amplified (x9) and 

discriminated before being sent to a time-to-amplitude convertor (TAC) 

as a s t a r t . A reference timing signal from an inductive coil in the 

storage ring provides a s top. The pulse height spectrum is accumulated 

in a Canberra Series 10 multi-channel analyzer (MCA) and is then read 

into a Digital Equipment Corp. (DEC) LSI-11/23 computer. Peripherals of 

the computer include a Hewlett Packard 7220C xy plot ter and a DEC RL02 

hard disk drive with 10 Megabyte removable disks. 

A program called TEA was written to perform the data acquisit ion. 

At each photon energy point, the following data must be read and stored: 

a spectrum of electron counts vs. flight time and the photon and 

pressure scalars . The photon scalar is derived from a sodium sal icylate 

sc in t i l l a to r and photomultiplier tube. The pressure scalar monitors thR 

pressure behind the gas needle. During a scan, which typically las t s 

one hour, the experimenter must be able to follow the scan's progress. 
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The TEA program has the capability for drawing graphs on the HP plotter, 

for converting energies to time channels, and for performing simple 

integrations. In addition, a scan may be interrupted. 

The facility for running dual tasks is achieved by poling. After a 

delay equal to the point collection time, a completion routine sets a 

logical variable READY, to be true. At various times while, for example, 

TEA might be plotting, the program checks the value of READY. If READY 

is true, the secondary process Is interrupted until the primary task of 

storing the completed spectrum and beginning the next one has been 

carried out. The running of two tasks at the same time may be achieved 

more naturally by using the RT 11 foreground/background monitor. 

The "grasshopper" monochromator is controlled by the program 

SPECTR, which is provided and supported by SSRL. In the READEXTERNAL 

mode, SPECTR waits passively for the characters 'E,' followed by a real 

number which is the next requested photon energy. After the 

monochromator motion has been completed, SPECTR sends the character 'F.' 

As a result of the dead time needed by SPECTR in the READEXTERNAL mode, 

the collection time per point must be at least 10 s. 

At each scan point, a series of seven, primary steps are performed. 

First, a time spectrum (limited to a maximum of 501 channels) is 

transferred from the MCA to computer memory. Then, the photon and 

pressure scalars are read. To save disk space and time, the real data 

array is first converted into integer numbers and then written into a 

file as an unformatted block (or two blocks). The TEA program now sends 

SPECTR the request for the next photon energy. After receiving the 'F' 

character in return, the scalars and MCA are cleared. The MCA is then 
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placed on col lect , which through a gating signal i l so s t a r t s the 

sca lars . Finally, the completion routine is set to run after the 

collection time has e.'apsed. The execution of these steps takes less 

than 2 s, in general. 

I n i t i a l test ing of the threshold analyzer occurred over a four day 

period at the end of the April 191^ dedicated run. This length of time 

was enough to characterize in part three problems and to identify one 

solution. Flr3t , the synchrotron beam would not pass cleanly through 

the analyzer. A diffuse component of the beam, probably caused by 

scat ter ing from the Si window, hit the metal surface." of the analyzer 

causing a large background. By positioning a 0.125" diammeter aperture 

in front of the analyzer, th is unwanted signal was minimized. When gas 

sample was introduced, however, a new, intense background signal arose, 

that was not f l a t . This new background signal was interpreted as being 

c. used by high energy electrons hi t t ing the surfaces of the analyzer. 

Finally, the analyzer transmission was observed to decrease at kinetic 

energies below 5 eV. We realized la ter that the transmission losses 

were at least in f*rt caused by the analyzer power supply common 

floating with respect to the ground of the chamber and gas needle. 

The April run was followed by 3even months without beam time. 

Additional test ing took place in Berkeley with a Varian LEED/Au^er 

electron gun modified for timing. Pulses of - 15 V from a Tektronix 

PG508 pulse generator were sent to one of the deflectors of the electron 

gun. At electron beam energies of 100-200 eV, tut electron gun 

delivered pulses of 2-3 ns width. Because the electron energy loss may 
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have any value, background cannot be effectively studied with the 

electron gun. 

A number of modifications of the analyzer were made. The 

uniformity of the e lec t r ic f ields In the extraction and acceleration 

regions was improved. A cuff was added to the magnetic shield . In 

order to make alignment easier as well as to improve the background, two 

fixed apertures were mounted on the chamber bottom flange. In Berkeley, 

a careful allignment was done with a laser 30 that the synchrotron 

radiation centered on the front and back apertures will ^ass through the 

center of the analyzer. The sol id disk reflector wâ  replaced with a 

grid. The metal surfaces of the analyzer, which we."-.- originally gold 

plated, were painted with colloidal graphite. 

The present performance of the threshold analyzer can be seen in 

Fig. 4 as well as in the various spectra 3hown in chapters IV-VI. The 

background has been reduced to a sufficient extent that t ransi t ions with 

0 < 1 kb have been observed. The f i l l ed circles in Fig. t show the 

analyzer transmission inferred from the measured intensity ra t ios of the 

He n=2 s a t e l l i t e at low kinetic energy and the He 1s. For the He Is 

peak the calculated transmission at high kinetic energy was assumed. 

The observed and calculated transmission agree well . That the measured 

transmission appears somewhat higher suggests that the effective source 

volume at low kinetic energies is larger than at high kinetic energies. 

The highest resolution was achieved in the Ar threshold scan in 

chapter VI, where the 3s peak has a 0.085 eV width, of which the 

analyzer contributes an estimated 0.055 eV. This resolution at 0 eV 

kinetic energy is inferior to the upper bounds of 0.020 eV reported by 



20 

Q -j i 

Baer et a l . or 0.028 eV quoted by Stockbauer. Improvements in our 

resolution could probably be realized by integrating the electron counts 

over a smaller time window or by using lower extraction and acceleration 

voltages. However, in the experiments described in this thes i s , the 

monochromator bandwidth was comparable to that of the analyzer. 

Therefore, the gain from improved analyzer resolution would be small and 

could not offset the loss in transmission. 

The goal of sat isfactory resolution over the kinetic energy range 

from 0 to 10 eV has also been achieved. The open circles in Fig. 4 

represent the full width at half maximum (FWHM) of the He n=2 s a t e l l i t e 

peak. Near threshold, the observed FWHM in the time spectra is caused 

by the form of the transmission function. From 0.2 eV to 2 eV kinetic 

energy, the main contribution to the FWHM is the monochromator 

resolution, which is estimated to be 0.2 eV. Above 2 eV, the resolution 

of the threshold analyzer contributes s ignif icant ly . The worsening of 

the analyzer resolution follows the compression of the time scale as the 

kinetic energy increases. A time resolution of 1 ns corresponds to an 

energy width of 0.2 eV at 5 eV kinetic energy, but of 0.1 eV at 10 eV 

kinetic energy. Improved resolution at the higher kinetic energies 

requires a longer fl ight distance. 

For the He and Ne threshold experiment described in chapter IV, a 

second version of the threshold analyzer was constructed to be 

compatible with the Becker group's chamber. Since their chamber is 

rotatable , angular distributions near threshold could be measured. 

There are a number of small differences between the two threshold 

analyzers. The second version has a longer fl ight distance of 285 mm. 
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From outside the chamber, the gas needle may be moved in one dimension. 

The magnetic shielding is provided by two concentric cylinders of 0.025" 

thick mu metal. Finally, the TEA program could not be used with the TGM 

program. Instead, three scalars were read: two counting electrons 

arriving in different kinetic energy windows and a third monitoring the 

photon in tens i ty . 
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FIGURE CAPTIOHS 

F ig . 1 A diagram showing the e l ec t ron s to rage r i n g , monochromator and 

phc toe lec t ron spec t rometer . In the t i m e - o f - f l i g h t method,time 

d i f ferences a r e measured between the synchrotron r a d i a t i o n pulse 

and the a r r i v a l of the e lec t ron a t a d e t e c t o r . 

F ig . 2 The r e l a t i v e photon i n t e n s i t y ( so l id curve) from the 

"grasshopper" monochromator (1200 1/mm gra t ing ) which i s 

t r ansmi t ted through a 1500 ft th ick Si window. For the dashed 
2 

curve the Intensity has been divided by (hv) to give the 

intensity for a unit energy interval. The sodium salicylate 

scintillator, which monitors the photon flux, has an efficiency 

which increases by 80 i between 100 and 270 eV photon energy, in 
5 

an approximately linear way. 

Fig. 3 A photograph of the threshold electron analyzer. At the top is 

the extraction region with the acceleration and drift region 

below. The conical anode can be seen through the support beams. 

Fig. t The threshold analyzer performance as determined by the 
+ measurement of He 1s and n«2 photoelectrons. The experimental 

transmission (filled circles) is compared with a calculated 

curve. The observed resolution of the analyzer is shown with 

open circles. 

Fig. 5 A plot from the program EBQ showing electron paths and 

equipotential surfaces. The cylindrically symmetric 

configuration has a reflector at 0 V separated by 2 cm from the 

flr3t grid at IV which Is spaced by 1 cm from the drift region 

at 14 V. The initial kinetic energy is 0.1 ev. 
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III. THE VALENCE PHOTOELECTRON SATELLITES OF NEON* 
ABSTRACT 

Synchrotron radiation was directed at neon gas, creating Ne 
ions in "satellite" states characterized by the configurations 
ls*2s 2p nl, in addition to the main line final states: 2s and 
2p . Satellite features appearing in the photoelectron spectrum 
were studied in the near-threshold region with photon energies from 
55.2 to 99.7 eV. For three of the satellite peaks, the angular dis­
tribution asymmetry parameter, B.-, varies with kinetic energy in 
much the same way as the asymmetry parameter of the 2p line. None of 
the satellites have a B. like that of the 2s line. All the satel­
lite partial cross sections, o^, have kinetic energy dependences 
similar to the partial cross section of the 2p main line. However, 
the a- curves are not identical, and some deviation from the 2p 
intensity behavior is observed. These Bj and a- results are used 
to confirm the previous assignments of the satellite final states in 
neon and to consider, in general, the energy-dependent Dehavior of 
satellites near threshold. 
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A. INTRODUCTION 
In simple systems such as atomic neon, the photoelectron spectrum 

is dominated by intense peaks associated with the removal of a single 
electron from the nominal ground-state configuration of the parent 
atom; e.g., 

Ne(ls 22s 22p 6; lS) - Ne +(ls 22s 22p 5; 2 P 1 / 2 s 3 / 2 ) + e" . 

These "main" peaks are analogous to the "diagram" lines in x-ray 
spectra. 

Also present, usually with much lower intensity, are "satellite" 
peaks, which fall at higher binding energies than the main peaks. For 
heuristic reasons these satellites have been called "shake-up" peaks, 
because their dominant configurations could be accessed in a hypo­
thetical two-electron excitation process; e.g., 

Ne(ls 22s 22p 6) + hv-»e" + Ne +(ls 22s 22p 4n/) . 

Here one 2p electron would undergo photoejection, and another would 
simultaneously be "shaken up" into the n orbital by the changing 
Coulomb field. In this approximation the satellite intensity can De 
estimated as being proportional to the square of the overlap matrix 
element between the pass ve electrons in the initial and final states; 
i.e., excluding the initial and final orbitals of the photoelectron. 

A more general theoretical approach takes electron correlation 
into account and employs multi-configuration wave functions in both 
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the initial and final states. The satellite peaks are then assoc­
iated with "correlation states," which are accessed by tne same pro­
cess that gives rise to the main peak. This approach restores the 
qualitative equivalence of the ionic "main" and "satellite" states and 
liberates the latter from their dependence on being created through 
the somewhat artificial "shake-up" process. Using a single configura­
tion initial state and a multi-configuration final state, Dyall and 
Urkins'' J have calculated the binding energies and high energy 
intensities of the neon valence satellites. 

These theoretical approaches have been adequate for providing an 
understanding of the existing satellite data measured with fixed-
energy laboratory-based photon sources. The majority of correlation-
satellite studies have been addressed to the energies of satellite 
peaks and to their intensities in the high energy (suaden) limit. A 
notable exception is an early paper on neon by Wuilleumier and 
Krause, in which these authors used laboratory sources at several 
fixed energies to do pioneering studies of the kinetic energy (e) 
dependence of satellite cross sections o^ and angular distribution 
asymmetry parameters B;. Wuilleumier and Krause noted that studies 
of o.j(e) and sAe) should yield insights into the symmetry of the 
correlation satellite states and the mechanism by which they are 
populated. They also considered the useful concept of the relative 
excitation energy, e/E Q, where E Q is the energy separating the 
correlation state from the main-line state. The ratio e/E can be 
regarded qualitatively as an adiaoaticity parameter. 
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With the availability of synchrotron radiation, there now exists 
the capaDility of controlling e continuously. Of special interest is 
the possibility of making measurements of o.( £) from the adiabatic 
regime, juSi. above threshold, to the high e sudden limit. Additional 
information can be gained by measuring e^c) through the range of e 
in which B of the main line exhibits its characteristic variation: in 
the neon case, near threshold, where B 2 D varies greatly. In this 
paper we report a synchrotron-radiation study of the neon 2s, 2p 
satellites in vihich oAe) and aAe) were measured through the 
range between e = 3-6 eV and e ~ 40 eV (between e/E = 0.1-0.2 and 
e/E - 1.2). Parallel experiments have examined the outer shell 
satellites of other atoms: He 5, Ar , and Xe. 

The experiment and data analysis are described in Section II. 
The spectra' peak assignments are discussed in Section III. Section 
IV is devoted to the angular distribution results, and Section V to 
the partial cross sections. Finally, Section VI contains the 
conclusions. 

B. EXPERIMENTAL 
This experiment was performed at the Stanford Synchrotron 

Radiation Laboratory (SSRL) using a grazing incidence "grassnopper" 
monochromator with a 1200 line/mm grating. A 1000A thick Si window 
isolated tne monochromator vacuum from the experimental chamber. 
During the experiment the background pressure of the chamber was aDout 
5x10 torr. We estimate that the pressure in the interaction 
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region was approximately a factor of 10 higher. 
Photoelectrons were analyzed by the time delay between the 

synchrotron light pulse and the arrival of the electrons at one of two 
Q Q 

detectors. This method has been described elsewhere. ' 
The simultaneous measurement at two angles, e = 0* and 54.7°, 

yields the reported quantities i.(t) and a^e) from Yang's 
theorem: 1 0 

do^E.O) 0,(6) 
- T O - - i r - C l + SitOPztcos*)] . (1) 

Here the subscript i denotes a particular satellite peak, and e is the 
angle between the photon electric vector and the photoelectron propaga­
tion direction. The dipole approximation, a randomly oriented sample, 
and linear polarized light have been assumed. A high degree of polar-

9 
izafion P has been estimated for the "grasshopper" monochromator, 
and the resulting uncertainty in Bj should be relatively small, less 
than 0.1 for P = 90 percent. The intensities measured provide 
branching ratios of the satellite peaks with respect to the 2s line, 
Cj/opc. All the intensity ratios presented here compare two 
transitions at the same photon energy. To obtain o^ the satellite 
to 2s ratio was multiplied by o 2 s from Wuilleumier and Krause. 1 1 

For calibration, the transmission of the 54.7* analyzer and the 
relative efficiencies of the two analyzers were evaluated from the 
measured intensity of the 2s peak in combination with the literature 
cross section,11 and the known value of B 2 s = 2. The transmission 
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function was corrected for changes in the light intensity, the 
percentage of higher-order light components, and the gas pressure. 

To determine the peak areas and binding energies, the time-of-
flight spectra (which were linear in time) were converted to a linear 
energy scale. Using a least-squares program, the satellite peaks were 
then fitted to Gaussian functions. Figure 1 displays the fit of a 
converted spectrum. The unresolved satellites 6 and 7 were fitted to 
2 Gaussians separated by a fixed 0.55 eV, the approximate difference 
in binding energies. An exponential tail was combined with the 
Gaussian for the 2s peak, which was asymmetrically broad on the low 
kinetic energy side. For the background the sum of two functions was 
used: the first being constant in energy, and the second constant in 
time, varying as e~ 3' 2. The binding energies were determined from 
the separation between the satellites and the 2s main line, which has 
a binding energy of 48.48 e V . 1 2 ' 1 3 

The error bars provided for the 0^(0) and B ^ C ) data in this 
work represent either the standard deviations of the fits or the 
agreement between different spectra taken at the same photon energy. 
For the most important systematic error, that resulting from the 
calibration procedure, we estimate the uncertainty in B to be 0.1 ana 
the uncertainty in the branching ratio to be 5 percent. At the lowest 
kinetic energies, 5 eV or less, the calibration error increases to 
about 0.15 in B and to 10-20 percent in the branching ratio. 
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C. THE ENERGY SPECTRUM 
The spectrum shown in Figure 1 was accumulated in 3000 sec with 

an accelerating voltage of 13 volts. The numbers labeling the 
satellite peaks follow the notation of Wuilleumier and Krause and 
will be used throughout this discussion. Our total experimental 
resolution can be seen, for example, in the observed width of the 
satellite peak 7, which is 0.41 eV FWHM. Convoluted in this width is 
the monochromator bandwidth, estimated to be 0.33 eV. 

For the satellites appearing in this spectrum, Table 1 lists our 
binding energies along with the final ionic states as assigned by 
Oyall and Larkins and with the energies from emission spectros-

1? copy. Wuilleumier and Krause identified several other peaks with 
very low intensity. With an improved signal-to-background ratio, we 
do not observe peaks 5, 8 (attributed by them to 2p electrons having 
undergone two inelastic collisions), 9, and 12. Dyall and Larkins 
could not find assignments for these features, either. 

At photon energies above 66 eV, satellites 1 and 2 are observed. 
Because of their low intensity, only a brief description of their 
behavior will be given here. Satellite 1 has a &• of 0.3(3) and a 
branching ratio with respect to the 2s main line of 2.3(3) percent, 
averaged over energy. For satellite 2, s i increases from aoout 0 at 
10 eV kinetic energy to about 1 at 35 eV. Similarly, the branching 
ratio of satellite 2 rises from approximately 1.5 to approximately 3 
percent over the same energy range. 

For two of the peaks appearing in Fig. 1, their shape implies 
some partly hidden structure. First, satellite 6 appears as a 
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shoulder on the low kinetic energy side of satellite 7. In the 54.7* 
spectrum at 64.1 eV, satellite 6 is more prominent. Secondly, 
satellite 3 is always unnaturally broad. Figure 2 displays the 
satellite peak widths from five similar spectra. The larger width of 
satellite 3 probably results from the summing of significant con­
tributions from more than one of the final states listed in Table I. 
Comparison of the binding energy of satellite 3 with the energies of 
these final states suggests that one or more of the ( D)3d states 
should be an important component in this peak. 

At this point some qualitative observations can be made about the 
satellite spectrum as a whole. First, all but the weakest lines can 
be assigned to configurations containing an excited orbital n with 
n=3. Therefore, processes leaving the Ne ion with higher values of 
n seem to be less important. Secondly, final states of the form np 
2P° are more important than those of the type ns S or nd 2 S . 
In other words, satellites uf the 2p main line are more important than 
those of the 2s line. This result, which will be confirmed in the 
following section by the B^ curves, is expected because the 2p 
channel is much more intense than the 2s in this energy range. In 

fact, the branching ratio °2p/°2s v a r i e s f r o m 2 8 a t 5 5 e V t 0 10 a t 

11 ? 
100 eV. Having made separate calculations for the S and 
P° manifolds, Dyall and Larkins assumed that the 2s and 2p 
satellites would be scaled by the main line branching ratio of the 2s 
and 2p cross sections. This argument implies that at high photon 
energy, i.e. 1 keV or more, satellites of the 2s peak should dominate 
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over the 2p satellites. In Ar, Kr, and Xe a dissimilar situation 
exists because of the unusual 1 
and ns2np*nd configurations. 
exists because of the unusually strong interaction between the nsnp 

D. ANGULAR DISTRIBUTIONS 
A complete assignment from the energy spectrum alone would 

require a degree of resolution unobtainable by the present or by 
earlier studies, and beyond the accuracy of theory. As seen in Table 
I, there are too many final states, too closely spaced. However, the 
angular distribution asymmetry parameters can provide additional 
information. Ma.ison and Starace applied the angular momentum 
transfer formalism to the term dependence of angular distributions. 
Assuming LS coupling, they showed that for certain transitions all 
final states with the same "+1|_ must have identical e i param-
eters. Applying these rules to Ne, the 'S main line and satellite 
final states must have a s value of 2 independent of energy. 
Similarly, ŝ  is -1 for the 2P states. These geometrical 
arguments do not restrict the B^ variation of the 2P° or 2 D 
states. However, the same algebraic expression in terms of scattering 
amplitudes applies to B i of the 2p main line as well as the otner 
2P° transitions. While the scattering amplitudes need not be the 
same, the 2P° satellites should have B i curves similar to that 
of the 2p main line. 

Table II presents the numerical values of Bj, and Fig. 3 shows 
the 8j results as functions of kinetic energy for the five satellite 
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peaks. Included in these plots are the a. values obtained by 
Adam. While confirming the observed trends for the three higher 
binding energy satellites, Adam's 8̂  results are systematically 
higher than ours. 

For three satellite peaks—4, 6+7, and 10—the observed $-
variation with energy is very much like 6nD, though for 
satellite 10, 8̂  seems to fall somewhat below the By,, curve. In 
the case of satellites 4 and 10, the state assignments in Table I for 
these ^P 0 peaks are strongly supported by the 6^(e) result. 
Conversely, this result suggests that even without an obligatory rule 
from angular momentum and parity considerations, 6i for a shake-up 
satellite will resemble that of its main line. We believe this 
approximate identity should hold for all satellites having the same 
term symbol as a main line. In Ar and Xe, Adam et al. and Fahlman 
et al. 7 have observed that the (10)md *S satellites have 8 i 

like B . 
ns 

For the peak 6+7, consideration of binding energies alone gives 
an ambiguous identification. The B i results suggest that one of the 
unresolved final states, (^D^p Z P ° , is dominant. In the photon energy 
range of this experiment, the contribution from (1S)3s 2 S should be 
small because ionization of a 2p electron is much more probable than 
of a 2s electron. Wuilleumier and Krause measured the angular 
distribution of peak 7 at photon energies of 132.3 and 151.4 eV. 
Obtaining a e^ value the same as Bo. within error, they estimated 
the maximum admixture of ( S)3s £S to be 25 percent. Using a 
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similar assumption, namely: 
B,(«) = C 3 s * 2 s(«)+C 3 p

 B2p( E»' <2> 

11 IS 
and using 8 2 s=2 and the literature values for B 2 D(e), ' we 
estimate the contribution of ( S)3s 2S, C 3 s to be 10 * 10 
percent of satellite 7 in the low e range. 

The energy dependence of 8., for satellites 3 and 11 are quite 
different from either B 2 s(e) or B 2 D ( e ) . Satellite 11 is assoc-
iated with a single final state of symmetry £ D , so that the 
satellite-producing mechanism is not final ionic-state configuration 
interaction (FISCI). A similar situation exists for helium in the 
photoelectron channel leading to He (2p),. for which 6- is quite 

c 

different from that of the He Is main line. 
For satellite 3 several final states are involved. As discussed 

earlier, the binding energy and broad width of this peak imply both a 
major contribution from tne (*D)3d final states and the possiDle 
presence of additional components. Because B for this line is roughly 
constant, lying midway between B ( 2 S ) » 2 and 3( 2P) = -1, its 
intensity may be attributed to an approximately equal admixture of 
( D)3d 2P and 2 S final states. The slightly rising slope observed 
may then be due to a small admixture of P° states. A conclusive 
decomposition of satellite 3 would require a known BJ for the 
^DJSd 2 0 final state. 
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E. PARTIAL CROSS SECTIONS 
The primary data, intensity branching ratios between the 

satellite and the 2s line are shown in Table II. In Fig. 4 each 
measured ratio has been multiplied by the appropriate literature value 
of Ops* yielding the satellite cross section, a,. To intro­
duce the c dependence in the shake model, Smid and Hansen 1' have 
included tha variation of the main-line dipole matrix elements, e.g. 
<ed r 2p>. This reasoning suggests that the satellite a^ should 
resemble a- at the same kinetic energy, where the continuum 
wavefunctions ed will be most alike. 

Several observations can be made from Fig. 4. All the satellites 
have a.j(e) varying similarly to o^Ae), but except perhaps for 
satellite 3, the agreement is not exact. For example, a^'e) for the 
satellite peak 6+7 exhibits a deviation that demonstrates a breakdown 
of the shake theory in the low-e region. Ironically, o^e) of 
satellite 3 shows very close agreement with o~ (e). This similarity 
must be regarded as fortuitous because the &Ae) data for this 
satellite (Fig. 3) disagree strongly with 8 2 (e). In addition, Fig. 
4 shows that the various satellite <JAC) curves differ, even for 
those three satellite peaks (4, 6+7, and 10) in which the &Ae) data 
track B 2 o ( e ) . We conclude that near-threshold satellite intensities 
have complicate! origins and cannot be simply predicted from main-line 
curves. Finally, the satellites o.(e) do not display a tendency to 
approach zero at threshold. This final observation, along with the 

result that the o^( e) curves are different, stand in conflict wi 
1 ft 1 Q 

the models of Stohr et al. and Thomas, developed for 

th 
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on 

core-level satellites. 
It is of interest to compare our near-threshold satellite 

intensities with previous work. In Table III our intensities at 
e = 10 eV and 40 eV are given as branching ratios relative to the 2p 
main line. Also listed are the measurements at 130 to 150 eV photon 
energy given by Wuilleumier and Krause, and predicted values from 
the shake-theory calculation of Dyall and Larkins. The literature 
values for both <?- and ay were used to convert our data to the 
(satellite)/(2p) branching ratio. The precise values of Wuilleumier 
and Krause are in doubt because of an uncertainty in the normalization 
given by their Table V. Nevertheless, their results indicate that 
the sudden-limit intensities of the individual satellites have not 
been reached at the highest photon energies of our experiment. 

The qualitative agreement between the calculated and experimental 
intensities confirms that Dyall and Larkins' model includes the most 
important effects. Thus for the neon valence satellites, it appears 
that the relaxation which accompanies the formation of the hole and 
correlation in the final ionic state are important mechanisms. In 
this somewhat artificial division, we consider the change from tne 
atomic to the ionic one electron orbitals separately from the 
multi-configurational description of the ionic state. These 
mechanisms may explain the populations of 2P° and 2S final states, 
measured to be about 64 and 11 percent of all the satellite intensity, 
respectively. On the other hand, eitner initial state (ISCI) or 
continuum state configuration interaction (CSCI) must be invoked to 
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explain the presence of the 2 D and 2P satellites, about 25 percent 
of the satellite spectrum. By comparison, the intensity variation of 
satellite 11, (1D)3s 2D, is quite different from that of the He + 2p 
satellite in the helium photoelectron spectrum, which is produced 
mainly by the CSCI process. Tne He 2p to Is branching ratio decreases 
monotonically with increasing energy.' Thus the main contribution 
to satellite 11 may well be initial state configuration interaction. 
For the 5p satellites in the xenon spectrum, Hansen and Perssen 2 2 

have suggested that initial state correlation plays the main role. 
Satellite intensity data over a wider energy range is desirable, 

but the available data are very limited. For the single case of 
satellites 6+7 it is possible to extend the data range to e - 1.5 keV, 
by combining our results with intensities given by Wuilleumier and 
Krause. 4 The combined data are shown in Fig. 5, plotted against a 
logarithmic kinetic energy scale. Unfortunately, these data must be 
interpreted with caution, because the high intensities observed at the 
three highest kinetic energies may not represent an enhancement of a 
single satellite process. At these energies, the 2s channel has 
become stronger than the 2p, and as a consequence the ( S)3s 2 S 
satellite may dominate over the ( D)3p P°. 

Also plotted in Fig. 5 is a curve representing a theoretical 
treatment of the satellite intensity variation from the adiaoatic to 

19 sudden limits. This model of Thomas is based on a specific 
"shake-up" mechanism during the creation of the hole state. The 
relative intensity ratio y is given by 
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u = u exp(-mr 2E 0/2 2 E g x ) , (3) 

where m is the electron mass, E refers to the energy separation 
between the satellite and main-line final states, and E is the 
excitation energy of the satellite electron above the main line 
threshold, i.e., E = E 0+c. The adjustable parameters, ji and r, 
are the sudden-limit intensity ratio and an effective radius, 
respectively. For the curve shown in Fig. 5, both parameters were 
varied to achieve the best reasonable fit with the data (u = 3.7 
percent and r = 0.78A); the highest energy points were excluded from 
the fit for the reason mentioned above. 

With suitable adjustment, the model can be made to fit the data 
in Fig. 5. However, there are at least two reasons for caution in 
appraising this agreement. First, the model must be regarded with 
skepticism at low values of e, because it does not explicitly require 
energy conservation [u(e<0) > 0]. Second, the low-energy behavior of 
satellites 6+7 cannot be regarded as typical. For comparison, the 
nearly constant intensity ratio for satellite 10 is included in Fig. 
5. Satellite intensity ratios which decrease as kinetic energy 
increases have been observed in He^ and Ar.^ Eqn. (3) cannot 
provide a universal curve for this complex variety of energy-dependent 
satellite intensities. 
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F. CONCLUSION 
Me have described the measurement of tne binding energies, 

asymmetry parameters, and partial cross sections for the neon valence 
satellites. Observing the satellite spectrum at low photon energies, 
certain types of final state configurations are found to be more 
important than others. Of the final states with unambiguous 
parentage, ^S and ?a, the ^P° states receive greater intensity, 
which suggests that the satellites mainly "borrow" intensity from the 2p 
main line. In addition, the excited orbital is usually in tne n»3 shell. 
For the 2P° satellites, B^e) follows 8 2 p(e) closely. Therefore, 
as a general rule, a satellite having the same 2S+1 L a s the main 
line also should have a B^e) which tracks the B(e) of tne main 
line. Other satellites may have quite different B^e) dependence, 
as seen from the B(C) results. All a 1 approximately imitate o 2 

as a function of kinetic energy. The observed deviations of Ojj £) 
from <J2 ( e) remain puzzling. Tnese differences do suggest that the 
sudden limit has not been reached by e - 40 eV U / E 0 ~ 1.2). 
Comparison of the experiments with the calculation of Dyall and 

3 Larkins confirms the importance of relaxation and FISCI. However, 
2 2 

to explain the presence of D and P satellites, some other 
mechanism must contribute, such as initial state correlation. The 
neon valence satellites represent a problem which has been partly 
solved. Two very useful contributions would be: (1) a measurement of 
Bj at high energy, e.g. h« » 1 keV, in order to determine the role 
of the 2s satellites, (2) a calculation of o, which includes ISCI. 
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Table I. The neon valence satellite binding energies from the present 

work together with the assignment'., of Oyall and Larkins 

and with the energies of Perssen*'- from emission 

spectroscopy. All the satellite final states include a 

ls 22s 22p 4 core. 

Binding Optical 
Peak Energy (ev) Assignment Energy (eV) 

1 62.27(10) ^DJSp 2P° 
(^d 2S 

2 61.02(10) (1D)4p 2P° 60.96 

3 59.56(7) 

4 58.06(6) 

6 56.41(5) 

7 55.85(4) 

( 3P)5p 2 P° 

( ^ d 2D 

(1D)3d 2S 

(XD)3d 2P 

[h)3[> 2P° 

(3P)4p 2P° 

(3P)3d 2P 

(3P)3d 2D 

59.83 

59.54 

59.51 

59.46 

59.40 

58.01 

56.48 

56.33 

(:S)3s 2S 

(LD)3p 2P° 
55.87 

55.80 
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Table I. Continued. 

Binding 
Peak Energy (eV) 

10 53.10(4) 

11 52.13(3) 

2s 

2p 

Optical 
Assignment Energy (eV) 

(3P)3p 2 P° 53.06 

^ D ^ s 2D 52.12 

48.48 

21.57 
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Table II. The asymmetry parameter values and branching ratios with 
respect to the 2s main line. The error in the last digit 
is noted in parentheses. 

K.E. 
Peak (eV) 

Asymmetry 
Parameter (a) 

Branching 
Ratio (%) 

K.E. 
Peak (eV) 

Asymmetry 
Parameter (B) 

Branching 
Ratio (%) 

3 3.3 _ 11.9 (33) 4 3.6 -0.42 (10) 4.5 ( 8) 
4.4 0.41 (23) 11.0 (16) 4.7 -0.06 (21) 3.2 ( 5) 
7.1 0.55 ( 5) 12.6 ( 8) 5.9 0.19 (15) 3.4 ( 7) 
10.7 0.56 (11) 12.4 ( 3) 8.6 0.43 (22) 3.4 ( 1) 
12.8 0.52 ( 6) 13.0 ( 4) 12.2 0.74 (42) 3.1 ( 4) 
15.8 0.55 (12) 12.0 (18) 14.3 0.81 (15) 3.3 ( 2) 
20.9 0.52 ( 5) 12.0 ( 3) 17.3 0.95 (24) 3.2 ( 4) 
25.9 0.44 (12) 11.3 (12) 22.4 1.14 (39) 3.4 ( 5) 
31.0 0.86 ( 7) 9.3 ( 6) 27.4 1.06 (37) 2.9 ( 8) 
36.1 0.57 (24) 9.5 (15) 32.5 1.47 (27) 2.6 ( 6) 
40.1 0.76 (15) 8.3 ( 7) 37.6 1.43 (44) 3.1 ( 7) 

41.6 0.91 (26) 3.4 ( 4) 

4.7 -0.04 ( 4) 19.1 ( 6) 10 3.2 - 12.7 (33) 
5.9 0.14 ( 7) 20.5 (13) 4.0 - 11.0 ( 6) 
6.9 0.17 (ID 20.2 ( 9) 6.0 -0.20 ( 2) 12.5 ( 5) 
8.0 0.31 (10) 22.2 (ID 7.2 -0.01 (14) 9.6 ( 3) 
10.7 0.35 ( 7) 22.9 ( 8) 8.8 0.13 (34) 9.6 ( 9) 
14.3 0.71 (14) 22.6 (18) 9.7 0.17 ( 3) 10.1 ( 3) 
16.4 0.70 ( 4) 23.9 ( 5) 10.9 0.17 ( 8) 10.0 ( 4) 
19.5 0.87 (20) 23.7 (12) 13.6 0.35 (13) 9.2 ( 5) 
24.5 1.04 (11) 24.7 ( 4) 17.2 0.68 (20) 7.8 ( 2) 
29.6 1.10 ( 9) 24.2 ( 7) 19.3 0.68 ( 6) 7.7 ( 2) 
34.6 1.11 ( 8) 24.4 ( 9) 22.3 0.70 ( 7) 7.4 ( 5) 
39.7 1.26 ( 7) 23.7 ( 5) 27.4 0.81 (12) 7.0 ( 5) 
43.8 1.27 (10) 23.3 ( 9) 32.5 

37.5 
42.6 

0.76 
0.97 
1.23 

(25) 
(29) 
(16) 

6.2 ( 6) 
5.5 ( 6) 
5.1 ( 3) 
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Table II. Continued. 

K.E. Asymmetry 
Peak (eV) Parameter (B) Ratio (%) 

3.3 - 13.1 (23) 
4.1 1.24 (18) 7.6 ( 7) 
5.0 1.68 (25) 7.0 (12) 
7.0 0.51 ( 4) 8.6 ( 3) 
8.2 0.18 (15) 7.1 (15) 
9.7 -0.01 (10) 6.4 ( 3) 

10.7 -0.12 ( 5) 6.8 ( 6) 
11.9 -0.22 ( 7) 6.6 ( 2) 
14.6 -0.20 ( 6) 6.2 ( 4) 
18.2 -0.27 ( 7) 6.9 ( 6) 
20.3 - 7.2 ( 2) 
23.3 -0.34 (13) 6.6 ( 6) 
28.4 0.16 (25) 6.8 ( 5) 
33.4 0.27 (13) 6.1 ( 5) 
38.5 - 5.2 (12) 

I 1 
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Table III. Relative satellite intensities as a ratio with the 2p 
line. The results of this work are compared with the 
Higher energy measurement of Wuilleumier and Krause and 
with the sudden limit calculation of Dyall and Larkins. 

Satellite 
Peak 
No. 

10 eV 
Kinetic 
Energy 

40 eV 
Kinetic 
Energy 

Experiment 
at 130-150 eV 
Photon Energy Calculation 

3 0.81 0.85 0.54 0.41-0.61 

4 0.20 0.33 0.49 0.36 
6+7 1.34 2.33 2.55 1.13-1.24 

10 0.52 0.51 0.68 0.28 

11 0.32 0.48 0.35 -

Sum 3.19 4.50 4.61 2.18-2.49 

awuilleumier and Krause's reported intensities for satellites 5, 8, 
9, and 12 have been added to their neighbor satellite peak. 

bThe calculated contributions from 'S states have been multiplied 
by the ratio <" 2s / o2p at 55-150 eV photon energy. 1 0 
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IV. HELIUM AND NEON PHOTOELECTRON SATELLITES AT THRESHOLD* 

ABSTRACT 

Photoioniza t ion of helium and neon to exc i ted s a t e l l i t e s t a t e s , 
+ + 2 2 1 

He n l and Ne 1s 2s 2p n l , was s tudied with synchrotron r a d i a t i o n and 

threshold e l ec t ron a n a l y s i s . Photoeleotron s a t e l l i t e s have been 

d i r e c t l y measured a t th reshold for the f i r s t t ime. The r e l a t i v e 

s a t e l l i t e cross s ec t i ons were determined over the k i n e t i c energy range 

from 0 to 1 eV. The angular d i s t r i b u t i o n s were a l so evaluated c lo se to 

t h r e sho ld . Strong c o r r e l a t i o n e f f ec t s were observed in two c a s e s . For 

He near t h r e sho ld , the a n g u l a r - d i s t r i b u t i o n asymmetry parameter $ i s 

near zero for the n-2 s a t e l l i t e and i s inc reas ing ly nega t ive for the 

higher n s a t e l l i t e s , in agreement with the t h e o r e t i c a l p red ic t ion of 

Greene. In the threshold photoeleotron spectrum of Ne, many f i n a l 

s t a t e s a re p r e sen t , some with quar t e t spin m u l t i p l i c i t y and o the r s with 

high L va lues . 
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A. INTRODUCTION 

In photoelect ron spec t r a s t rong "main- l ine" peaks are accompanied 

by weak s a t e l l i t e peaks. The s a t e l l i t e t r a n s i t i o n s lead t o f i n a l i on i c 

s t a t e s tha t cannot be crea ted simply by removing a s i n g l e e l e c t r o n from 

the nominal ground-s ta te conf igurat ionj e . g . , 

He ( 1 s 2 ( 1 S ) ) - He + (2s ,?p) + e" , 

or Ne ( 1 s 2 2 s 2 2 p 6 ( 1 S ) ) -> Ne + ( 1 S 2 2 S 2 2 P Y D ) 3 P ( 2 P ° ) ) + e". 

Two theoretical models which are used to describe satellite 

intensities are shake-up and configuration interaction (CI). According 

to the shake-up theory, the more or less abrupt change in the atomic 

potential that accompanies the photoelectron's departure provides a 

perturbation which may "shake" one of the passive electrons into an 

excited orbital. In this heuristic picture, the probability of reaching 

an excited (satellite) final state in the ion depends on the time At for 

the hole to be created; i . e . , on the kinetic energy of the 

photoelectron. Two limits are hypothesized. At the satellite 

threshold, in the adiabatic limit, the passive electrons' orbltals can 

relax into their final state form during photoemission, accelerating the 

photoelectron. In this limit the satellite transition should have i ts 

minimal value. In the high photon energy, sudden limit, the satellite 

transition's intensity approaches a constant fraction of the main-line 
2 

intensity. Thomas has developed a model for the transition from the 

adiabatic to the sudden limit. In this model the sudden limit is 

already closely approached at a relatively low value of the satellite 

photoelectron's kinetic energy. 



60 

The c o n f i g u r a t i o n - i n t e r a c t i o n model employs a raulticonfiguration 

desc r ip t i on of the i n i t i a l and f i n a l s t a t e s to c a l c u l a t e the s a t e l l i t e 

cross sec t ions o. Because of t h e i r c l o s e d - s h e l l i n i t i a l s t a t e s , CI 

c a l c u l a t i o n s have been c a r r i e d out for the valence s a t e l l i t e s of the 

r a r e gases . In the high photon-energy l i m i t , the r e l a t i v e s a t e l l i t e 

i n t e n s i t i e s may be ca l cu l a t ed from the CI mixing c o e f f i c i e n t s . For the 

" f i n a l - i o n i c s t a t e CI channel" in Ne 2p photoemission, for example, much 

of the i n t e n s i t y i s derived from the admixture of the main 

conf igu ra t ion , Ne |2p P >, in the f i n a l - s t a t e wavefunction. By using 

a bas i s of r e laxed o r b i t a l s t o descr ibe the f i n a l - i o n i c s t a t e , the CI 

c a l c u l a t i o n s include the shake-up c o n t r i b u t i o n s . To f i r s t 

approximation, the photon-energy dependence of the ( s a t e l l i t e ) / (main 

l i n e ) i n t e n s i t y r a t i o i s determined by the energy v a r i a t i o n of the 
4 

d lpo le matr ix element between the 2p and continuum o r b i t a l s . At a 

given photon energy, hv, the s a t e l l i t e and main- l ine photoelec t rons wi l l 
t 2 have d i f f e r en t k i n e t i c e n e r g i e s . For the np nd S s a t e l l i t e s in Ar, Kr 

J4 
and Xe, Smid and Hansen have predic ted tha t the r e l a t i v e i n t e n s i t i C 3 

wi l l remain near ly constant with energy, decreas ing slowly with 

inc reas ing hv. However, these ca l cu la t ions a re not expected to be 

accura te a t low k i n e t i c e n e r g i e s . 

The p red ic t ions of the d i f f e ren t t heo r i e s for s a t e l l i t i e s far from 

the sudden l i m i t a re most r igorous ly t e s t ed by measuring s a t e l l i t e s a t 

th reshold and low k ine t lo e n e r g i e s . In p a r t i c u l a r , one experiment has 

examined a s a t e l l i t e i n t e n s i t y through a wide range of k i n e t i c energies 

down to t h r e sho ld . Woodruff and Samson ' used synchrotron r a d i a t i o n to 

ionize He and the f luorescent decay from the exc i ted He (n=2) l e v e l s to 
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measure the n-2 s a t e l l i t e intensity down to threshold. In the low 

kinetic energy region, they observed that the s a t e l l i t e cross section 

varied slowly with energy except on autoionizing doubly-excited s t a t e s , 

where dramatic asymmetric and window profiles were observed. Since the 

s a t e l l i t e intensity was not observed to decrease at low energies, their 
2 experiment suggests that the time dependent shake-up theory is not an 

adequate description for He near threshold as might be expected for a 

two electron system. By having a strong electr ic field present or 

absent, Woodruff and Samson were also able to deconvolute the n-2 

fluorescence into the 2s and 2p contributions. Their r esu l t s , as well 
7-9 as those from photoelectron angular distribution measurements, show 

the 2s having a nearly constant ( sa te l l i t e ) / (main l ine) intensity 

r a t i o , while the (2p) / (13) branching ra t io decreases with increasing 

kinetic energy over the measured 60 eV range. The energy-dependent 

behavior of 0, and a, has been reproduced by close-coupling 

calculations. 

The fluorescent technique, however, i s limited to the lowest-

binding-energy s a t e l l i t e . A more general method i s electron 

spectroscopy. Satel l i tes in the Ar KLL Auger spectrum have been studied 

by Armen et a l . In qualitative agreement with the predictions of the 

time dependent shake-up theory, the core-level Auger s a t e l l i t e is weaker 

near threshold, increasing to a constant value at higher photon 

energies. Experiments on the valence photoelectron sa te l l i t e s of 
12 13 14 15 

Ne, ' Ar and Xe have revealed a variety of intensity vs. energy 
dependences: Increasing, nearly constant and decreasing. Quite 
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different oOiv) behavior has been seen for sa t e l l i t e s whose main f t ra l -
12 13 s ta te configurations have the same excited orbi ta l . ' Shake-up and 

In i t i a l - and f inal- ionlc-state CI alone are unable to explain the 

observed variety of u(hv) behavior. Mechanisms not included in these 

theories are autoionizatlon from doubly-exoited s t a t e s , studied in He 
13 and Ne, and continuum-state CI, which has been observed in the He 2p 

6-9 energy dependence. Autoionlzation into s a t e l l i t e channels and 

continuum-state CI have together been referred to as interchannel 

coupling. 

These additional processes should be strongest at threshold. 

Unfortunately, electron spectrometers typically have increasing 

diff icult ies with background and transmission as the electron energy 

decreases below a few eV. However, one class - threshold electron 

analyzers - are specifically designed to study photoionization processes 

at threshold by using a 3mall e lectr ic field for extracting slow 

electrons. For 0 eV electrons this technique provides high 

sensi t iv i ty and high resolution. A threshold electron analyzer has been 

constructed which uses tlme-of-flight analysis, similar to the approach 

used by Baer et a l . Because of i t s longer flight distance, the 

resolution of our analyzer degrades more 3lowly with increasing kinetic 

energy, fac i l i ta t ing the measurement of s a t e l l i t e intensit ies at small 

kinetic energies. Combining the threshold electron analyzer with a 

rotatable chamber allows s a t e l l i t e angular distributions to be 

determined near threshold, as well. In this paper we report studies of 

correlation sa t e l l i t e s in the photoelectron spectra of He and Ne , 

determined near threshold by this spectometer. Experimental procedures 
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are described in Section B. In Section C we report and discuss the 
+ cross sections and asymmetry parameters of the He satellites. Neon 

satellite cross sections and asymmetry parameters are presented and 

discussed in Section D. Finally, Section E contains the conclusions. 

B. EXPERIMENTAL 

Figure la shows the threshold electron analyzer, which Is 

cylindrically symmetrical. In the interaction region, the synchrotron 

radiation beam crosses through an effusive gas jet. Electrons ejected 

from the gaseous atoms pas3 through three regions: the extraction 

region (10 mm long), the acceleration region (18 mm), and the drift 

region (262 mm). With the voltages plotted in Fig. 1b, zero-kinetic 

energy electrons have a flight time of 150 ns. Figure 2 shows a 

photoelectron spectrum of He with the photon energy 1 eV above the n=2 

satellite threshold. Two peak3 result from the n-2 satellite transition 

because of photoelectrons Initially moving toward (shorter time) and 

away from (longer time) the detector. 

The small electric field across the interaction region bends the 

trajectories of low kinetic energy electrons toward the detector. For 

very slow electrons, in our case 0 to 30 meV, all emission directions 

are accepted. The transmission function shown in figure 2 was 

calculated by considering a point source and the initial ejection angle 

for an electron to hit the edge of the detector. The transmission 

decreases steeply to an acceptance half-angle (<5) of 10° at 1 eV. 

However, the 1 eV angular acceptance is still much larger than that of 
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an angle resolved photoelectron analyzer. For example, the tlme-of-
19 

flight electron spectrometers of White et a l . have a collection half-
angle 6 of 3°. 

A threshold tlme-of-fllght analyzer, like a time-of-fllght mass 

spectrometer, achieves high resolution by satisfying the space focussing 
20 condition. As shown In Fig. 1b, an electron from the side of the 

interaction region further from the detector Is accelerated more than 

one from the near side. With the proper choice of distances and 

voltages, both electrons arrive at the detector in the same flight time. 

One-dimensional calculations which consider a 5 mm wide interaction 

region show that the resulting time width can be < 1 ns for electrons 

with kinetic energies from 0 to 10 eV. Ray tracing for 0.1 and 1 eV 

electrons predicts that the time width frora the different In i t i a l 

emission directions should also be < 1 ns. These calculations are 

confirmed by the observed full width at half maximum of 1.3 ns for the 1 

eV peak in figure 2. The raonochromator bandpass contributes 

significantly to this width. 

We now describe some other aspects of the design. A moveable 

hypodermic needle serves as the gas Inlet while preserving the 

uniformity of the e lect r ic f ie ld . The analyzer apertures are wide In 

order to accept electrons from a large Interaction region. The f i r s t 

and smallest aperture has a diameter of 6 mm. The apertures are covered 

with Cu grids, 20 lines/Inch. For the shielding of magnetic f ie lds , 

there are 2 cylinders of mu metal around the analyzer and 1 cylinder at 

the vacuum chamber wall. The drift region and detector are 

differentially pumped by a 50 1/s turbo pump. The electron detector, 

consisting of a pair of microchannel plates and a conical anode, Is 
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19 i d e n t i c a l to t h a t of White et a l . To minimize unwanted secondary 

e l e c t r o n s , a l l sur faces seen by photoelec t rons in f l i g h t are coated with 

g r a p h i t e . In order to fur ther reduce the background, an ape r tu re i s 

posi t ioned upstream of the analyzer t o prevent s c a t t e r e d l i g h t from 

h i t t i n g any analyzer s u r f a c e s . 
19 The n m e - o f - f l i g h t s igna l processing i s done in the usual way 

using a t ime- to-ampl i tude converter (TAC), which rece ives the e l e c t r o n 

pulse as " s t a r t " and the l i g h t pulse as " s t o p . " Scans a re done by 

varying the photon energy and having a mul t i - inpu t s c a l a r c o l l e c t : 

(1) the counts f a l l i n g in to one or two time ( k i n e t i c energy) windows and 

( t i ) the output from the photon f lux monitor , a sodium s a l i c y l a t e 

s c i n t i l l a t o r . For normal izat ion the e l ec t ron counts a re divided by the 

photon f l u x . Within a scan the e l e c t r o n s a re i 11 a t a given k i n e t i c 

energy. Therefore , in a scan the normalized i n t e n s i t i e s a re 

propor t iona l t o the d i f f e r e n t i a l c ross s e c t i o n do/dn (hv ,8 ) , with no 

analyzer t ransmiss ion co r rec t ion needed. The sample pressure was held 

constant by a v a r i a b l e leak v a l v e . The ambient pressure of the chamber 
-5 was about 3x10 mbar during both the He and Ne experiments . 

The experiments were performed at the 5.6m t o r o i d a l g ra t ing 

monochromator (TCM) a t the Hamburger Synchrotronstrahlungslabor 

(HASYLAB). Some prel iminary scans were ca r r i ed out using a grazing 

incidence "Grasshopper" monochromator at the Stanford Synchrotron 

Radiation Laboratory (SSRL). For He a 1500 1/mm gra t ing with no f i l t e r 

was used. For Ne a 750 1/mm gra t ing was employed with a 1500 A Al 

f i l t e r to reduce the con t r ibu t ion of higher order l i g h t . Residual 

higher order l i gh t produces a continuous background because the higher 
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order components are above the threshold for double i o n i z a t i o n , in 

a d d i t i o n , the measured l i g h t i n t e n s i t y must be cor rec ted in order t o 

represen t the f i r s t order component a lone . The t y p i c a l r e s o l u t i o n of 

the TGM monochromator was 0.1 eV for the 0 eV scans and 0.2 eV for the 

higher k i n e t i c energy s c a n s . 

Fig. 3 shows a 0 eV scan with the He s a t e l l i t e s n-2 through 8 

c l e a r l y 3een with smoothly decreas ing i n t e n s i t y . At 65.1 eV photon 

energy, the combined analyzer and monochromator r e s o l u t i o n i s 0.15 eV, 

of which the monochromator con t r i bu t e s an es t imated 0.08 eV. The n-8 

^ t e l l i t e has a cross s ec t i on of only 0.8 kb, which demonstrates the 

high s e n s i t i v i t y of the th reshold technique . The higher s a t e l l i t e s a re 
+2 seen as an unresolved s t ep which ends at the He t h r e s h o l d . The 0 eV 

3ignal r i s e s above the He threshold as the double Ion iza t ion 

p r o b a b i l i t y i n c r e a s e s . 

The peaks in a constant k i n e t i c energy scan a re not symmetric. For 

a 0 eV scan the low hvi 3ide contains only the monochromator width , while 

the high hv s ide i s affected by both the monochromator and analyzer 

r e s o l u t i o n s . As a r e s u l t , the peaks were f i t t e d using an asymmetric 

gausslan func t ion , for which the l e f t and r i g h t s ides can have d i f f e r en t 

widths . 

The s a t e l l i t e cross s ec t i ons were ca lcu la ted from I n t e n s i t y r a t i o s 

r e l a t i v e to the n»2 s a t e l l i t e for He and to the 2s main l i n e for Ne. 

The He n»2 s a t e l l i t e cross s ec t i on has been measured by Woodruff and 
5 

Sam3on to be 0.10(1) Mb from 0 t o 1 eV k i n e t i c energy. For Ne, a has 
21 

only been determined down to 2.5 eV. This lowest k i n e t i c energy value 

o . - 0.21(4) Mb (assumed to include s a t e l l i t e 13) was ex t rapola ted 
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l i n e a r l y t o a- » 0.17 Mb at 0 eV. The repor ted e r r o r s for the cross 

sec t ions represen t the u n c e r t a i n t i e s of the f i t s , increased if two 3cans 

do not agree within e r r o r s . These er ror es t imates a re as l a rge a s , or 

l a r g e r t han , the s t a t i s t i c a l unce r t a in ty . 

The analyzer was mounted in a chamber which could be r o t a t e d about 
22 the photon beam. In order t o determine the angular d i s t r i b u t i o n 

asymmetry parameter B, we c a r r i e d out 0.5 and 1 eV scans at t h r ee 

ang l e s , 6 - 0 ° , t8° or 55°, 90° . Here, e i s the angle between the 

photon po l a r i z a t i on d i r e c t i o n and the e l ec t ron emission d i r e c t i o n . In 

the d ipole approximation with a randomly o r i e n t e d sample, the angular 

23 d i s t r i b u t i o n of photoelect rons follows the equat ion given by Yang, 

do(e.hv) o_ [1+B(hv)P ?(cos8)], (1) 
an in 

where P_ is the second Legendre polynomial. In analyzing the angular 

distribution results, two sizable corrections must be considered. 

First, the Incomplete linear polarization of the light must be included. 

Secondly, the large acceptance angle (<5) of the analyzer must be 

considered. The resulting equation for the photoelectron angular 

distribution is: 

i\ do 

| [2-2 cos 5 + -jj- O - P ^ B cos i s in & + P 8 cos 5 sin2>5 P (cos 6-A)] . (2) 

The f i r s t two terms represent the angle-independent p a r t , which becomes 

monotonlcally l a rge r as 6 i n c r ea se s . The l a s t two terms come from the 

angle-dependent port ion of Eq. ( 1 ) . 
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The p o l a r i z a t i o n c a l i b r a t i o n was performed by tak ing photoelec t ron 

spec t r a of Ne a t severa l angles and by using the known 8-values of the 

2s and 2p l i n e s . The measured values for the He experiment (60 - 80 eV 

photon energy) were P.. - 0 .89 (2 ) , X - -7(2)° and for the Ne experiment 

(50 - 60 eV) P 1 - 0 . 7 3 ( 3 ) , X - - 1 0 ( 1 ) ° , where P 1 i s the f i r s t Stokes 

parameter ( I I I - I i ) / ( I M + I i ) and A the angle between the major ax i s 

of the p o l a r i z a t i o n e l l i p s e and the hor izon ta l plane of the DORIS 

s to rage r i n g . Measuring the i n t e n s i t y r a t i o of He (n-2) a t low k i n e t i c 

energy and He Is at high k i n e t i c energy while assuming the ca l cu l a t ed 5 

a t high energy gives the fol lowing r e s u l t s : 6-15° a t 0.5 eV and 6-11° 

a t 1 eV. These 6 va lues , which r ep resen t average acceptance angles over 

the source volume, a re qu i t e s i m i l a r t o those c a l c u l a t e d for a point 

source a t 0.5 and 1.0 eV. The analyzer s e n s i t i v i t y was very ang le -

dependent in par t because of the crescent-shaped photon beam s p o t , 5 mm 

broad. As a r e s u l t , the s e n s i t i v i t y t o 6 had to be c a l i b r a t e d aga ins t a 

t r a n s i t i o n of known B. 

C. HELIUM 

The cross sections and asymmetry parameters will be discussed 

separately below. 

1. HELIUM CROSS SECTIONS (o) 
Table I shows the observed He satellite binding energies together 

with the calculated energies of a singly charged H-like Ion. Each 
satellite contains an unresolved summation of the possible values of the 
orbital angular momentum 1. Table I displays in its last column the 
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observed a values at 0 eV. At threshold the s a t e l l i t e a values decrease 

approximately as the mean separation of energy levels adjacent to E , 

AE(n) =• 8l„n / (n - 1) , with I„ being the ionization potential of H. n n 
25 Fano and Cooper 3tate that for a given Rydberg ser ies , the excited 

orbitals are nearly identical at small r except for a normalization 

factor, for which they use the energy spacing. Qualitatively, the 

variation of the s a t e l l i t e a values with n ref lects the expansion of the 

Rydberg o rb i t a l 3 . 

The s a t e l l i t e o values from 0 to 1 eV above threshold are shown in 

Fig. 4. The o values in both the table and the figure have been 

corrected for the contribution of higher-order l i gh t , which decreases 

nearly l inearly from 31 % at 65 eV to 12 % at 80 eV photon energy. 

There are no calculated a values available for comparison. A recent 

photoelectron measurement at higher kinetic energies shows <j , and 

0 „ having lower values than at threshold, with the intensi t ies n-4 
decreasing faster than the Is main l ine . The sa te l l i t e s as a whole show 

relat ively constant behavior over the kinetic energy range from 0 to 

1 eV. Continuum sta te CI has been shown both theoretically and 
6-9 experimentally to strengthen the 2p s a t e l l i t e as the kinetic energy 

decreases. I t should affect the higher n sa te l l i t e s in a similar 

manner. However, the intensity variations caused by continuum state CI, 

as observed for He 2p, occur over wide ranges of kinetic energy. The 

resulting intensity change from 0 to 1 eV should be quite small. The 

changes In intensity which are observed probably result from 

autolonlzation from doubly excited s ta tes . A number of autoionizing 

resonances K have been reported: 2^ at 73.66 eV, 0^ (7"».15 eV) , 
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3 5 (75.54 eV) , 3 6 (76.10 eV), and 3 (76.30 eV), a l l of which could 

c o n t r i b u t e t o v a r i a t i o n s in F ig . U. A more d e t a i l e d s tudy i s requi red 

to determine the e f fec t of ind iv idua l resonances on each s a t e l l i t e . 

B. HELIUM ASYMMETRY PARAMETERS (B) 

Figure 5 shows the asymmetry parameters of the He s a t e l l i t e s n=-2-6 

measured a t k i n e t i c energies near 0.5 and 1.0 eV. The r e l a t i v e analyzer 

e f f i c iency E(8) was c a l i b r a t e d by using known B-value3 for one 

t r a n s i t i o n . For 0° E was a l t e r n a t i v e l y in fe r red from B. • 2 and from 

B - - - 0 . 1 0 ( 1 2 ) . 7 E(55°) was s e t a r b i t r a r i l y t o 1, while B , was n»2 n»H 

again used to eva lua te E(90°) . The e r r o r bars for B include both 

s t a t i s t i c a l e r r o r s and sys temat ic e r r o r s from the e f f ic iency 

c a l i b r a t i o n , es t imated to be 0 . 1 . The ft _ values repor ted r e s u l t from 
7-9 the 8. c a l i b r a t i o n and agree with the e a r l i e r measurements. Llndle 

e t a l . determined B for the s a t e l l i t e s n - 3,1 and 5 a t some higher 

k i n e t i c e n e r g i e s . Their lowest k i n e t i c energy B va lues , at 3-1 eV, 

agree with the present r e s u l t s , while a t higher energies B , and B u 

are observed to i n c r e a s e . 
27 Greene has ca lcu la ted the nea r - th resho ld asymmetry parameters for 

28 He. His t h e o r e t i c a l approach s t a r t s from Her r i ck ' s |KT> b a s i s , 

developed for doubly exc i ted s t a t e s . In th i3 bas is the dipole operator 
2 r cose / " i s approximately d iagona l . Here r . i s the r a d i a l d i s tance 

of the bound e l e c t r o n , r , the r a d i a l d is tance of the photoelectron and 

9 . , the angle between r . and r_ . Larger values of K and T correspond to 

more co r r e l a t ed angular motion of the two e l e c t r o n s , which tends to keep 

them on opposi te s ides of the nucleus . For both near - th resho ld 
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sa t e l l i t e s and doubly-excited s ta tes , the dipole operator has dominant 

importance for the angular wavef unctions. In both these cases angular 

correlations are influential . For He with a P final s t a t e , the T =• 1 

channel is the loweat energy channel at high r_. For He with T - 1, the 

preferential photoelectron direction is parallel or anti-parallel to h_ = 

± , and fl - - 1 , where 1̂  is the total orbital angular momentum and j_ is 

the angular momentum of the photon. The resul ts calculated by Greene 

are displayed in Fig. 5 as open squares, connected by a solid l ine for 

c la r i ty . Both the experiment and theory show 8 decreasing with 

increasing n. The generally good agreement between experiment and 

theory Implies that the factors affecting 8 are reasonably well 

understood and are Included in Greene's theory. This is the major 

result of the comparison. The decreasing trend in 8 also confirms the 

expectation that the K, T claaaiflcation becomes more exact as n 

increases. The agreement between the experiment and the calculation of 

Greene also Improves with increasing n. Finally, Greene only claimed 

accuracy for his calculation for photoelectron energies between 0 and a 

fraction of an eV. However, the small change in & from 0.6 to 1.1 eV, 

as well as the agreement with the measured 8 values at 3-1 eV, 

auggeata that the theory and the angular correlations which i t describes 

may in fact apply to a wider kinetic energy range than expected. 

An alternative basis set for the He final s ta te i s |nl . l 2 iLn>, 

where n and 1. refer to the bound electron and 1 ? to the photoelectron. 

In this description each s a t e l l i t e n has a set of 1 unresolved 

components, with 6 determined by, 

6 = £ O B / I o . (3) 
n l , l \ h l , i \ 
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The e x t r a c t i o n f i e l d was much too weak to produce s i g n i f i c a n t 1. mixing. 

For the n«2 He s a t e l l i t e where 1. may be s or p , Jacobs and Burke and 
29 Chang have ca lcu la ted S which decreases with decreas ing k i n e t i c 

energy u n t i l B„ - -0.85 a t 1.3 eV (from Jacobs and Burke). All B 
2p ns 

must be 2. From 8- and 8- along with our experimental 6 n ~> o n e 

i n fe r s o„ / a„ => 2.7(5) a t 0.6 eV and 2.3(4) a t 1.1 eV. Like 6 „, 
tip £3 n»£ 

c o 
these r a t i o s agree with e a r l i e r measurements. ' For the higher n s a t e l l i t e s l a r g e r 1, and l_ can c o n t r i b u t e . Since only 8 i s known a 1 2 ns — 

p r i o r i , and only B_ i s a v a i l a b l e from c a l c u l a t i o n s , the d i f f e r e n t 1 

components a re undetermined for n > 2 . However, the observed nega t ive B 

values imply t h a t t he ns s t a t e s cannot be dominant c o n s t i t u e n t s In the 

n > 2 s a t e l l i t e s . F ig . 6a shows Greene 's th resho ld p red ic t ions for 

the f r a c t i o n a l con t r i bu t ion of the d i f f e ren t 1 . values in a given n 

s a t e l l i t e peak. As n increases the d i s t r i b u t i o n over 1 s h i f t s toward 

higher 1 . . We s h a l l r e tu rn to F ig . 6b a t the end of Section IV. 

D. NEON 

\ . NEON CROSS SECTIONS ( o ) 

+ + 2 2 4 

Figure 7 shows the 0 eV scan of the Ne (2s) and Ne (1s 2s 2p nl) 

s a t e l l i t e s . At 18.5 eV, the combined analyzer and monochromator 

r e s o l u t i o n i s 0.1 4 eV, of which the monochromator con t r ibu te s an 

est imated 0.11 eV. Table I I contains assignments of the observed peaks 
32 using the o p t i c a l energies of Persson. The t a b l e a l so Lncludes peaks 

observed a t higher photon energy than shown in F ig . 7. This r a t h e r long 

l i s t i s not meant t o be complete, but ins tead includes the s t a t e s which 
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are necessary to obtain a good f i t . Additional states could contribute, 

for example, (1S)33 2S at 55.87 eV and (1D)3d 2S (59.51 eV). Above 59 

eV, as the energy approaches the double ionization thresholds, the 

assignments become more uncertain because the density of final states 

increases greatly. Both the d and f Rydberg orbitals have small quantum 

defects because of large centrifugal barr iers . The energy spacing 

between nd and nf states is therfore quite small. As a resu l t , the 

s a t e l l i t e peaks assigned to Id and 5d s tates in Table II probably 

contain nf contributions. 

The s ^ u t r a l scan in Fig. 7 contains many more peaks and i t s 

assignment many more final s tates than have been previously observed in 

Ne spectra. ' Term symbols of high orbi tal angular momentum, e.g. 

F , are present. The ionic term symbols populated in the shake-up and 

final-ionic s ta te CI models, P and S, are in the minority. Several 

quartet s tates are observed contrary to the spin selection rule AS = 0. 

The s a t e l l i t e spectrum, at least at threshold, is seen to be very 

complex. . The additional final states may or may not contribute to the 

s a t e l l i t e spectrum at higher hv. Comparison with photoelectron 
12 spectra is inconclusive because of their lower resolution of 0.4 eV 

and higher background. 

An analogy with double Ionization suggests that the s a t e l l i t e 

spectrum at thresnold might be different from that observed at higher 
33 energies. Fano has predicted the exc i ta t ion of high orDl ta l angular 

momentum states near the double photoionization threshold (below and 

above). With two electrons moving slowly from the Ion core, the angular 

corre lat ion predicted by the Wannler theory res t r i c t s the electrons to 
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two narrow cones in opposite directions. The narrow spatial angles 

imply that the electrons may at ta in high values of 1. For s a t e l l i t e s at 

threshold, the situation i s similar , the photoelectron and excited 

electrons are travell ing away from the nucleus with small kinetic 

energy. The s a t e l l i t e may be thought of as a failed double ionization 

where one electron fa l l s behind the other and i s captured. In an 

analogous way, the spectator decay of an inner-shell resonance has been 
35 considered a3 an extreme case of post-collision Interaction. The 

observed quartet and high L s a t e l l i t e s tates in Ne may resul t from the 

strong coupling between the excited electron and photoelectron. The 

orientation of the core'3 spin and orbital angular momentum exerts a 

weakened Influence on the excited electron, However, certain term 

symbols for the complete ion are s t i l l favored such as P and D. 

Autoionlzation from doubly-excited s tates could explain an 

additional s a t e l l i t e being present at threshold. As seen by Woodruff 

and Sanson ' in He and Becker et a l . in Ne, thi3 mechanism is 

especially important at low kinetic energies because there exists a 

series of doubly-excited levels below each s a t e l l i t e threshold. The 
3 2 

measurements in Ne showed in particular that s a t e l l i t e 12 ( P)3s P has 

vanishing intensity except on doubly-excited resonances. The 

influential c"oubly-exclted s ta tes have either the same core term symbol 
3 

( P) or the same excited orbital (3s) as s a t e l l i t e 12. The absorption 
experiment of Codling et a l . places resonances: ( P)3p( P)4d at 

52.112 ev, ( 3P)3p( 2P)5d (52.178 eV), ( 1S)3s( 2S)3p (52.61U eV) and 
1 2 

( S)3d( D)3p (57.571 eV) . These resonances coincide with the thresholds 
of sa t e l l i t e s 11, 11a and 5, suggesting that sa te l l i t e s 11a and 5 may 
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e x i s t only on these resonances because of the au to ion iza t ion decay. 
12 13 31 • S a t e l l i t e 11 i s c l e a r l y observed at higher photon e n e r g i e s . The 

complexity of the th reshold spectrum may r e s u l t from the c o r r e l a t i o n 

between the exc i ted e l ec t ron and photoelect ron in two ways: non-

resonant ly because both e l ec t rons are slow and resonan t ly from the decay 

of doubly-exci ted s t a t e s . 

The l a s t column of Table I I presents the s a t e l l i t e cross s e c t i o n s 

in fe r red from the ( s a t e l l i t e ) / (2s) branching r a t i o values derived from 

the th reshold scan . Figure 8 shows the s a t e l l i t e a from a s e r i e s of 

constant k i n e t i c energy scans from 0 t o 1 eV taken a t 18°, near the 

pseudo-magic a n g l e . For t he Ne 3cans , the counts were f i r s t normalized 

t o the e l e c t r o n current in the s torage r i n g and then divided by a 

s e p a r a t e scan of Khv) / ( r ing c u r r e n t ) . This procedure was necessary 

because of i n s t a b i l i t i e s in the photomul t ip l ie r tube used to monitor the 

photon f l u x . The unce r t a in ty of t h i s normalizat ion i s es t imated t o be 

i 5J . The l i g h t i n t e n s i t y i s correc ted for higher order components, 

whose con t r ibu t ion var ied between 8 and 23 J . Figure 8 a l so conta ins 
12 the a values at higher k i n e t i c energies from Heimann et a l . and Becker 

et a l . In F ig . 8 and t a b l e I I the e r r o r bars include the unce r t a in ty 

from both the normalizat ion and the higher order c o r r e c t i o n . 

The Ne s a t e l l i t e i n t e n s i t i e s wi l l be discussed in two p a r t s . 

F i r 3 t , the cross sec t ions a t threshold wi l l be considered, then the 
33 v a r i a t i o n of a with k i n e t i c energy. The general d iscuss ion of Fano 

and the He c a l c u l a t i o n of Oreene (shown in t i g . 6a) p red ic t how tne 

exc i ted e lec t ron goes in to the d i f f e ren t 1 o r b i t a l s a t th resho ld . The 

d i s t r i b u t i o n over 1 should change as n Inc rea se s , s h i f t i n g t o higher 1 . 
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Figure 6b shows the observed distribution for the neon valence 

s a t e l l i t e s . The np s ta tes , which are heavily favored in the shake-up 

picture, are strong but not dominant. For s a t e l l i t e final states with n 

- 3, the s and p orbitals receive nearly equal fractions while d 

orbitals are more infrequent. When the excited electron goes to the n = 

t or n - 5 shel l , the fraction of s orbitals i s small while larger, 

similar portions are observed in p and d Cor f) o rb i ta l s . 

Qualitatively, the Ne sa t e l l i t e s at threshold show the expected behavior 

of favoring higher 1 as n increases. 

I t is interesting to consider the distribution among the core term 
3 1 1 3 1 1 

symbols at threshold: the P : D : S intensit ies vary as P : D : S 

=9 : 8 : 0.3. The difference between the measured values and the 

s t a t i s t i c a l rat ios resul ts in part from the enhancement of the D 

s a t e l l i t e 11 on a resonance and from the location of the S states at 

high binding energies, where some sa t e l l i t e peaks could not be assigned. 

The result at threshold contrasts with the observation at 130 - 150 eV 
3 1 1 

photon energy of Wuilleumier and Krause, P : D : S - 9 : (17-22) : £ 

6. Their measured values may be affected by unresolved contributions 

in their spectra. 

In the kinetic energy range from 0 to 1 eV, the intensi t ies of 

s a t e l l i t e 11 and 12 undergo large changes. As discussed above, doubly-

excited 3tates may autolonize into s a t e l l i t e channels enhancing the 

sa t e l l i t e intensity. In a constant kinetic energy scan, a resonantly 

enhanced peak shows a number of characteristic features, seen for 

example in sa te l l i t e 11 at threshold. The width of this peak in the 

0 eV scan 13 0.12 eV, less than the experimental resolution. Similarly, 
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the h\j position of s a t e l l i t e 11 i s not quite right for i t s binding 

energy. If the monochroraator width is decreased to 0.09, then the 

branching ra t io of s a t e l l i t e 11 relat ive to the 2s intensity is 

Increased by 17(6)J. 

For s a t e l l i t e 11 the enhancement at threshold by a factor of 3 is 
3 2 

caused by the resonance ( P)3p( P)^d, which 3hares neither core terra 
symbol nor excited orbital with the s a t e l l i t e . In contrast, a doubly-

1 2 

excited s ta te with a 3s orb i ta l , ( S)3s( S)3p, gives l i t t l e intensity to 

this s a t e l l i t e channel. This resonance instead strongly enhances 

s a t e l l i t e 12, whose final s ta te also has a 3s o rb i ta l . At 0.7 eV 
13 kinetic energy, Becker et a l . measured a s a t e l l i t e 11 intensity of 

0.026(2) Mb, which is somewhat larger than the present o resul t . 

Sa te l l i te 12 decreases by a factor of 3 from 0 to 0.5 eV kinetic 

energy. No doubly-excited s ta te has been observed near the s a t e l l i t e 

12 threshold, which suggests a continuum-state CI effect. As discussed 

above, the Intensity of the He (2p) s a t e l l i t e decreases with increasing 

kinetic energy because of continuum s ta te CI. However, the energy range 

over which s a t e l l i t e 12 diminishes is very much smaller than the range 

for He (2p). At 1.0 eV sa t e l l i t e 12 is seen to be increasing again 
1 2 

because i t approaches the ( D)3s( D)1p resonance at 50.565 eV. The mean 

of this line la shifted by 0.21 eV because the autoionizing - 1 ectrons 

are at the uppermost edge of the analyzer kinetic energy window. On the 
13 high hv side of this resonance, Becker et a l . observed the s a t e l l i t e 

12 intensity to be enhanced. 

The sa te l l i t e s other than 11 and 12 are l i t t l e affected by the 

presence of resonances. One would expect, for example, that s a t e l l i t e 
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1 2 
10 would be enhanced dramatically at 0.6 eV on the ( D)3p( P)1s 
resonance. Curiously, thi3 resonance appears to have l i t t l e effect on 

13 the other s a t e l l i t e channels, e i ther . There seems to be something 

special about sa t e l l i t e s 11 and 12, which make them rao-e l ikely to be 

resonantly enhanced. Codling et a l . observe the doubly-excited 

resonances becoming weaker with increasing photon energy. Hence, most 

of the strong resonances are located below the thresholds of the higher 

s a t e l l i t e s , and as a result coupling to sa te l l i t e s 11 and 12 i s favored. 

To understand in general which doubly-excited 3tates decay into which 

s a t e l l i t e channels requires further work. At present, a weak rule might 

s ta te that when a doubly-excited s ta te shares the excited orbi tal or 

core term symbol with one or more open sa t e l l i t e channels, the resonance 

will usually couple to one of the s a t e l l i t e channels. 

The sa t e l l i t e s as a whole appear to become somewhat less intense at 

0.5 - 0.7 eV. This variation could resul t from the multiplication by 

o ? if the 2s intensity does not change linearly as assumed. Comparing 

the 2s intensity from 1.5 to 0.1 eV with the calculated analyzer 

transmission confirms that o ? is slowly varying and that i t is enhanced 

by 10 - 20 % between 0.1 and 0.7 eV. The origin of the increase i s 
1 2 

probably autoionization from doubly-excited s tates such as ( D)3s( D)3p 

at 18.91 eV and ( 3 P)3s ( 2 P 3 / 2 )7p at 18.98 eV. The apparent overall drop 

in the s a t e l l i t e Intensities at 0.5 - 0.7 eV is most l ikely an art ifact 

resulting from this uncertainty in o_ . 

In comparison with higher kinetic energies, the intensit ies at 

threshold are either similar (sa te l l i tes 7, 10) or higher (3, 1, 11, 

12). This result suggests that the adiabatic limit does not exis t . A 
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37 recent c a l c u l a t i o n for Ne 2p •* 3p shake-up p red ic t s tha t the s a t e l l i t e 

i n t e n s i t y a t th reshold i s c lose r t o the sudden l i m i t than t o the 

a d l a b a t i c l i m i t . C l a s s i c a l l y , the ve loc i t y of the photoelect ron as i t 

passes through the valence o r b i t a l s i s not low even a t th resho ld . From 

an a l t e r n a t i v e point of view, the o s c i l l a t o r s t r e n g t h w i l l be a 

continuous function from the doubly-exci ted Rydberg s e r i e s across the 
14 corresponding s a t e l l i t e t h r e sho ld . Over the t o t a l , measured k i n e t i c 

energy range , the He and Ne s a t e l l i t e i n t e n s i t i e s (except for the Ne 

s a t e l l i t e 7) a re not observed to decrease as th resho ld i s approached, 
2 con t ra ry t o the expecta t ions of the shake-up model. 

2. NEON ASYMMETR* PARAMETERS (6) 

Table I I I shows the Ne g values measured a t 0.5 and 1.0 eV k i n e t i c 

e n e r g i e s . The asymmetry parameters were c a l cu l a t ed from I n t e n s i t i e s at 

0° and t8° with the analyzer e f f i c iency c a l i b r a t e d with the Ne 2s main 

l i n e . The e r ro r bars include sys temat ic e r r o r s from the c a l i b r a t i o n . 

While the u n c e r t a i n t i e s a re l a r g e , some q u a l i t a t i v e observa t ions can be 

made. S a t e l l i t e 12 i s seen t o have B - -1 within e r r o r . For s a t e l l i t e 

12 the re i s only one poss ib le photoelect ron wave with 1-1. According to 
39 angular momentum t r a n s f e r theory , t h i s t r a n s i t i o n i s p a r i t y unfavored 

and must have a constant 8 - - 1 . The only dramatic B v a r i a t i o n occurs 

for s a t e l l i t e 11. While the low B value at 0.5 eV might r e s u l t from the 

( S)3a( S)3p resonance at 52.611 eV, no corresponding effect i s 

observed in the o of f igure 8. Near t h re sho ld , s a t e l l i t e s 7 and 10 have 

B l i k e the 2p main l i n e , which has been observed at higher k i n e t i c 

energies and Is expected because of t h e i r P° f i na l s t a t e . Las t ly , 
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12 for satellite 3 the nearly constant B at higher kinetic energies 

continues close to threshold. 

The satellites of both He and Ne have small or negative 6 values 

near threshold. In the case of Ne, one must hesitate to Infer an 

angular correlation between the excited and ejected electrons because 

the main line 8- is also negative. The Ne 8 results show one sa*- llite 

to originate from a parity unfavored transition. For two P satellites 

(7, 10) 8 is similar to B_ near threshold as weT.1 as ac higher kinetic 

energies. 

E. CONCLUSION 

We have directly measured for the ' f i r s t time threshold intensi t ies 

of photoelectron s a t e l l i t e l ines . In He correlation sa t e l l i t e s up to 

n-8 were observed. The angular distribution asymmetry parameter 8 of 

these sa te l l i t e s becomes increasingly negative with hig! jr principal 

quantum number n of the excited electron. This result agrees with the 

predictions of a theoretical treatment of the long-range dipole 

interaction. In Ne the threshold spectrum contains lines with high spin 

and orbital momentum and is more complex than the spectra obtained at 

higher photon energies. The qualitative prediction of an approach 

toward the adlabatic limit with s a t e l l i t e Intensities decreasing toward 

threshold is not seen (except for the Ne s a t e l l i t e 7) . Near threshold 

the He Is and Ne 2p s a t e l l i t e Intensities vary slowly except at 

resonances, where some sa te l l i t e s show rapid enhancement. Further 

theoretical and experimental work toward understanding the selective 

decay of doubly-excited states into s a t e l l i t e channels will be valuable. 
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Table I . The He s a t e l l i t e binding energies and threshold oroas sections. 

Binding Calculated 

Peak Energy (eV) Energy (eV) o (Mb) 

Is 21.567 7 . 6 ( 2 ) b 

n-2 65. 11 65.377 0 .10(1)° 

n-3 72.95 72.931 0.0159(5) 

n-1 75.57 75.579 0.0080(2) 

n-5 76.80 76.803 0.0022(1) 

n-6 77.16 77.169 0.u015(1) 

n-7 77.86 77.870 0.00091(7) 

n-8 78.12 78.130 0.00077(7) 

n-9 78.30 78.308 0.00013(7) 

n-10 78.16 78.136 0.00037(6) 

S a t . t o t a l 0.13 

a 2 2 

from E - Ê  - I„ (Z /n ) , where I„ is the loniz^vion energy for H. 

b R e f . 2« 

°Ref. 5 
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Table I I . Neon valence s a t e l l i t e binding energies from the present work 
32 together with the energies of Persson from emission 

spectroscopy. All the assigned s a t e l l i t e final states include 
2 2 1 a 1s 2s 2p core. The las t column contains the s a t e l l i t e 

cross sections at threshold measured by us. 

Binding Optical 

Peak Energy (eV) Assignment Energy (eV) a (Mb) 

2p 21.57 6 . 2 ( 2 ) a 

2s 18.18 0 . 1 6 b 

13 18.77 • ( 3 P ) 3 s S 18.77 0.013(3) 

12 19.36 ( 3 P ) 3 s 2 P 19.37 0.019(3) 

11 52.07 ( 1 D)33 2 D 52.11 0.063(7) 

11a 52.13 ( 3 P)3P V 52.19 0 .007(2) 

10a 52.72 ( 3 P)3P V 52.71 0 .007(2) 

( 3 P)3p 2 S ° 52.91 

10 53.07 ( 3 P)3P 2 P ° 53.08 0.027(3) 

7a 55.58 ( 1 D)3P 2 F ° 55.59 n.009(2) 

7 55.81 ( 1 D ) 3 P 
2 P ° 

2 D° 

55.83 

55.95 

0.021(3) 

6 56.33 ( 3 P)3d "D 

2 D 

56.19 

56.32 

0.020(3) 

2 F or "p 56, 

2 P 

,39 or 56.11 

56.18 

6a 56.66 ( 3 P)1s 2 P 56.72 0.005(2) 

5 57.68 ( 3 P)1p V 57.71 0.001(1) 
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+ o the r terms 

1 57.99 ( 3 P)4p 2 P ° 58.04 0 .013(2) 

3b 59.04 ( 3 P ) 4 d 4D 59.00 0 .016(2) 

2 D 59.05 

2 P 59.15 

3 59.40 ( 3 P)5s 2 P 59.27 0.029(3) 

( ' 8 )3? 2 P ° 59.43 

( ' D ) 3 < 1 2 D 59.54 

3a 59.67 (3P)5P V 59.69 0.009(2) 

V 59.85 

2a 60.31 ( 3 P)5d 60.3 0.008(2) 

2 60.96 ( 1 D)4p 2 P ° 60.96 0.009(2) 

l b 61.34 0 .003(1) 

la 61.64 0.003(1) 

1 62.22 ( 1 D)4d 62.2 0.018(3) 

Ob 62.7 ( 1 D)5p 0.001(1) 

Oa 63.1 ( T S)3d 2 D 0.003( 1) 

0 63.4 (Vsd 0.008(1) 

-1 64.0 0.003(2) 

-2 64.4 ( 1 S ) 4 p 2 P ° 0 .003(2) 

Sa t . t o t a l O.32 

a R e f . 24 

b R e f . 21 
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Table I I I . Asymmetry parameters of Ne valence s a t e l l i t e s at t h r ee 

k i n e t i c e n e r g i e s : 0.5 and 1.0 from the present work and 5 eV 

from Ref. 12; 8. from Ref. 38. 
2p 

Peak 6 ( 0 .5 eV) 6 ( 1 . 0 eV) 8 (5 eV) 

2p - 0 . 5 5 ( 7 ) - 0 . 6 3 ( 7 ) - 0 . 1 8 ( 7 ) 

2" 2 2 2 

12 - 0 . 9 ( 3 ) 

11 0 .2 (3 ) 1.0(6) 1.7(3) 

10 - 0 . 2 ( 5 ) 0 .0 (3 ) - 0 . 2 ( 1 ) 

7 - 0 . 2 ( 2 ) - 0 . 2 ( 3 ) 
0 .0 (1 ) 

6 - 0 . 5 ( 2 ) - 0 . 2 ( 4 ) 

4 0 .4 (3) 0 .0 (1) 

3 0 .5 (2 ) 0 . 3 ( f ) 0 .4 (2 ) 
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FIGURE CAPTIOUS 

F ig . 1 a) A schematic diagram of the th reshold e l e c t r o n analyzer drawn 

to s c a l e . Two e l ec t ron t r a j e c t o r i e s a re represented by long 

dashed l i n e s , b) The varying p o t e n t i a l (V) seen by the 

photoelect ron as I t leaves the Ion iza t ion reg ion and moves 

toward the microchannel p l a t e de tec to r ( sca le same as in a ) ) . 

The arrows point t o i n i t i a l pos i t ions for an e l ec t ron on e i t h e r 

s i d e of the i o n i z a t i o n -eg ion . 

F i g . 2 A time spectrum of He taken near the n»2 s a t e l l i t e th resho ld in 

500s ( l e f t a x i s ) . Also shown i s the c a l c u l a t e d t ransmiss ion 

funct ion expressed as the acceptance half angle S ( r i gh t a x i s ) . 

F ig . 3 Threshold photoelec t ron scan of the He s a t e l l i t e s , n i s the 

p r inc ipa l quantum number of the remaining e l ec t ron in He . The 

count r a t e at the maximum of the n-2 s a t e l l i t e peak i s 9700 o / s . 

The l i n e simply connects the data p o i n t s . 

F ig . 1 He s a t e l l i t e cross s ec t i ons at low k i n e t i c energies shown in a 

semi-log p l o t . The n-2 s a t e l l i t e o values are from Woodruff and 

Samson. 

F ig . 5 Asymmetry parameter (B) of the He s a t e l l i t e s displayed as a 
+ 

function of the p r inc ipa l quantum number n of the He exc i ted 

e l e c t r o n , The c i r c l e s r ep resen t two s e t s of measurements at 

0.6 eV ( f i l l e d c i r c l e s ) and a t 1.1 eV (open c i r c l e s ) k i n e t i c 
27 e n e r g i e s . The open squares show the c a l c u l a t i o n of Greene. 

They are connected by a l i n e only for c l a r i t y . 

Fig. 6 The r e l a t i v e nl d i s t r i b u t i o n of the exc i ted e l ec t ron in the 

thresnold s a t e l l i t e spectrum: a) He c a l c u l a t i o n , b) Nc 
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experiment (this work). For each n the 1 segments sum to a unit 

length. Included in the Ne Id and 5d fractions are unresolved 

higher 1 components. 

7 Threshold photoelectron scan of the Ne 2s main line and valence 

satellites. The numbers labelling the satellite peaks follow 
32 the notation of Wuilleumier and Krause. For clarity the 

additional peaks are not labelled, but appear in Table II. As 

in Fig. 3 the line connects the points. 

8 Ne valence satellite cross sections at low kinetic energies (0-1 

eV) from this work along with o values at higher kinetic 
12 energies from Heimann et al. (satellites 1 - 1 1 ) and from 

Becker et al. (satellite 12). For each satellite typical 

error bars are displayed. In the notation of Table II, 

satellite 7 Includes 6a, 6, 7 and 7a, satellite 3 contains 3a, 3 

and 3b, and satellite U includes 1 and 5. 
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V. SHAKE-OFF ON INNER-SHELL RESONANCES OF AR, KR, AND XE* 

ABSTRACT 

Synchrotron radiation was used to excite an innei—shell electron 

into a Rydberg orbi ta l : Ar 2p -» ns, nd, Kr 3d •» np, and Xe Id + np. 

The resonant decay into shake-off channels was studied by three 

different electron measurements. First , threshold electron scans were 

obtained over the resonances and thresholds. On the f i r s t resonance for 

each a-om, photoelectron spectra were collected. The intensity 

distribution of low kinetic energy electrons was also determined for a 

few resonances. Finally, a shake calculation was carried out to compare 

with the experimental shake-off probabil i t ies. Shake-off is observed to 

be a strong decay channel for these resonances. 
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A. INTRODUCTION 

A threshold marks the photon energy a t which e l ec t ron i on i za t i on in 

a p a r t i c u l a r subshel l becomes e n e r g e t i c a l l y allowed. For inner s h e l l s , 

the s t e p - l i k e onset of photoioniza t ion i s complicated by two phenomena: 

d i s c r e t e resonances and p o s t - c o l l i s i o n i n t e r a c t i o n (PCI) . We d iscuss 

both b r i e f l y as background for the present work on th reshold phenomena 

in r a r e gases . 

At c e r t a i n energies below th r e sho ld , an innei—shell e l ec t ron may be 

exci ted in to an unoccupied Rydberg o r b i t a l . In krypton, for example, 

two s t rong s e r i e s of resonances have been observed: 3d,. ._ * 5p, 6D, . . . 
b / c 

and 3 d , . - * 5p, 6p, . . . . T rans i t ions to nf o r b i t a l s a re qu i t e weak 

because of the la rge b a r r i e r in the e f f ec t ive p o t e n t i a l for f 

e l e c t r o n s . Resonances s i m i l a r l y occur in argon below the 2p th resholds 

and in xenon approaching the Ud t h r e s h o l d s . 
3-12 A number of recent experiments have s tud ied d i f f e r en t aspects 

of the e x c i t a t i o n and decay of a p a r t i c u l a r s e t of resonances - Ar 2p * 
3 ij n s , nd, Kr 3d -• np and Xe td •* np - which have been s tudied toge ther 

because of t h e i r s i m i l a r i t y as i n n e r - s h e l l resonances . Using e l ec t ron 

impact, King e t a l . measured energy- loss s p e c t r a , equivalent to 

photoabsorption scans . Their h igh- reso lu t ion experiment provides 

p rec i se energies for the resonances and t h r e s h o l d s . Rela t ive values of 

the o s c i l l a t o r s t r eng th f were determined and found to vary 

approximately with the sepa ra t ion of the resonance energy l e v e l s dE /dn . 

The decrease in I n t e n s i t y along a Rydberg s e r i e s r e s u l t s mainly from the 

ove ra l l expansion of the Rydberg o r b i t a l . For a given s p i n - o r b i t pair 

of resonances, e . g . Kr 3d_ . ? - np and 3 d , / ? -'np, the measured r a t i o s of 
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o s c i l l a t o r s t r e n g t h s were very close t o s t a t i s t i c a l , sugges t ing tha t 

r e l a t i v i s t i c e f f ec t s have l i t t l e influence on the t r a n s i t i o n s t r e n g t h s 

of these resonances . 

Combining synchrotron r a d i a t i o n and mass spect rometry , Hayaishi et 
U 

a l . examined the cross s e c t i o n s o for the formation of s i n g l y , doubly, 

and t r i p l y charged i o n s . For the argon 2p •* n s , nd e x c i t a t i o n s . Ar was 

found to be the most frequent product of r ssonant decay. By c o n t r a s t , 

in both krypton and xenon the doubly charged ion i s the dominant product 

at the d -> np resonances . The Kr and Xe r e s u l t s were unexpected because 

the s p e c t a t o r model, in which the Rydberg e l e c t r o n remains in an outer 

o r b i t a l while the core undergoes an Auger- l ike decay, y i e ld s a s i n g l y -

charged ion. Secondly, the l inewidths (and consequently the l i f e t i m e s ) 

of the Kr and Xe resonances were found t o be e s s e n t i a l l y independent of 

the p r inc ipa l quantum number n of the Rydberg e l e c t r o n , which sugges ts 

tha t au to ion iza t ion t o ns and np f i n a l s t a t e s r a r e l y occu r s . The 

Rydberg e l e c t r o n could p a r t i c i p a t e in the resonant decay in some o ther 

way, such as being exc i ted (shake-up) or ionized ( shake-of f ) . For the 

most important pathway to doubly-charged i o n s , Hayaishi e t a l . proposed 

a two-step p rocess , such as Kr 3dj- / 25p * Kr Us 4p 5p * Kr Up 

Electron spec t r a a t the Kr and Xe resonances have been i nves t i ga t ed 

e x t e n s i v e l y . For both Kr and Xe, ' the observed va r i a t i ons in 

o and a caused by au to ion i za t i on were sma l l , < 15 %. The e l e c t r o n ns np 

spec t r a agree with the expec ta t ions of the spec t a to r model with two 

important except ions . F i r s t , shake-up of the Rydberg e lec t ron during 

Auger-like decay con t r ibu tes add i t iona l peaks, e . g . Kr 3d 5p •• Kr* 

Up 6p. ' ' ' Secondly, on the Xe Id •* np resonances , Becker et a l . 
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q u a l i t a t i v e l y observed a l a rge continuous background caused by shake-off 

p rocesses , e . g . Xe Id 6p -» Xe 5p . 

We now address p o s t - c o l l i s i o n i n t e r a c t i o n (PCI) e f f e c t s . At photon 

energ ies j u s t above th re sho ld , photoeraission and "subsequent" Auger 
11 decay cannot be separa ted i n t o two independent s t e p s . Niehaus 

developed a se ra i -c lass ica l model to explain PCI. I n i t i a l l y , the slow 

photoelec t ron moves in the Coulomb f i e l d of the s i ng ly charged ion A . 

As Auger emission occurs , the photoelect ron f inds i t s e l f on the more 
+2 s t rong ly a t t r a c t i v e p o t e n t i a l curve of the doubly charged ion A 

Recently, the Niehaus theory has been extended by Russek and Mehlhorn 

to include the time for the Auger e l ec t ron t o "over take" the 

photoe lec t ron . P red ic t ions of the new model have been confirmed by a 

measurement of Xe N_0„-,0_, S . Auger e l e c t r o n s by Borst and Schmidt. 
+ 

PCI a l so causes the Ar y ie ld t o decrease slowly above the 2p 

threshold as the p r o b a b i l i t y for capture of the photoelect ron 

dec reases . At the Kr 3d and Xe td t h r e s h o l d s , however, Hayaishi et 
4 

a l . s u r p r i s i n g l y found no evidence for PCI in the Kr and Xe ion cross 

sections. 
12 Wight and Van der Wiel reported a low-reso lu t ion (1 eV) th reshold 

scan of Xe over the td r eg ion . In a th reshold spectrum the e jected 

e lec t rons with very low k i n e t i c energies are c o l l e c t e d while varying the 

photon energy (or equ iva len t ly the energy loss of the impact e l e c t r o n ) . 

The threshold e l ec t ron i n t e n s i t y from Xe was enhanced a t the below-

threshold resonances because of shake-off t r a n s i t i o n s , e . g . Xe td nl -» 
2+ -2 Xe 5p . Wight and Van der Wiel a l so observed t h a t the Xe td 
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threshold peaks were d i s t o r t ed by PCI, having a lowered maximum and a 

t a i l extending to higher energy. 

In t h i s work, we have used h igh - r e so lu t i on synchrotron r a d i a t i o n t o 

take threshold e l ec t ron scans over the Ar 2p, Kr 3d, and Xe Id threshold 

r e g i o n s . Our main purpose was t o s tudy q u a n t i t a t i v e l y t he shake-off 

t r a n s i t i o n s occuring on the below-threshold resonances . We a l so have 

determined the th resho ld l ineshapes for comparison with the PCI theo ry . 

To measure the t o t a l i n t e n s i t y of shake-off e l ec t rons on the resonances , 

photoelec t ron s p e c t r a and i n t e n s i t y d i s t r i b u t i o n s of low k i n e t i c energy 

e l ec t rons were ob ta ined . Las t ly , a 3hake c a l c u l a t i o n of the shake-off 

p r o b a b i l i t y was c a r r i e d out using HF wavefunctions. 

Some experimental methods a re descr ibed in Sec. B. Sec . C i s 

devoted t o the i n t e n s i t i e s of th reshold e l e c t r o n s on the below-threshold 

resonances and Sec. D to the threshold Uneshape . Sec. E conta ins the 

d iscuss ion of the photoelect ron s p e c t r a and the i n t e n s i t y d i s t r i b u t i o n s 

of low k i n e t i c e l e c t r o n s . The r e s u l t s of the shake c a l c u l a t i o n are 

descr ibed in Sec. F, F ina l ly , the conclusions a re presented in Sec. G. 

B. EXPERIMENTAL 

This experiment was performed at the Stanford Synchrotron Radiation 

Laboratory (SSRL) using a grazing incidence "grasshopper" monochromator. 

Some prel iminary work was ca r r i ed out at the 5.6 m t o r o i d a l g ra t ing 

monochromator (TGM) at the Hamburger Synchrotronstrahlungslabor 

(HASYLAB). In the SSRL s t u d i e s , two gra t ings were employed, with 600 

and 1200 lines/mm. An Al f i l t e r was inse r t ed to reduce the higher-order 

l i g h t of the 600 lines/mm g r a t i n g . For the threshold e l ec t ron scans , 
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the monochromator resolution (FWHM) is estimated to be 0.35 eV for Ar 

and 0.01 eV for Kr and Xe. For the low kinetic energy distributions and 

photoelectron spectra which require higher flux, the monochromator 

bandwidth was broader: 1 eV for Ar and 0.2 eV for Kr and Xe. 

The threshold scans and low kinetic energy distributions were 

obtained with a threshold electron analyzer similar to th.e one described 
17 in detail in an earl ier paper. Briefly, photoelectrons are extracted 

by a weak electr ic field from the interaction region, which resul ts in a 

very high transmission for zero and low kinetic energies. Following the 
18 principle of space focussing, the electrons are energy-analyzed by 

their flight times between the interaction region and the detector. 

There are a few differences between the threshold electron analyzer used 
17 in the present work and the one described ear l ie r . In this 

spectrometer the flight path is shorter (215 mm). The angle between the 

electr ic vector and the analyzer axis is fixed at 55°, the magic angle, 

which implies that the measured electron Intensit ies are independent of 

angular distribution effects. Lastly, during a photon-energy scan, an 

entire time spectrum is stored for each photon energy. Afterwards, in 

the data analysis of a single scan, different kinetic energies may be 

selected by choosing the appropriate energy (time) window. The 

threshold intensity represents the electron count rate inside a kinetic 

energy (time) window set to include energies from 0.0 to 0.05 eV. This 

electron signal is then divided by the photon flux monitored by a sodium 

salicylate sc in t i l la tor and photomultiplier tube. 

Low kinetic energy distributions of Kr were constructed by varying 

the kinetic energy window in 0.2 eV steps from 0 to 10 eV. For each of 
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these ene rg ie s , the i n t e n s i t y of the resonance was divided by t h a t of 

the 3d photoelectron peaks. These r a t i o s , whioh a r e independent of the 

analyzer t r ansmiss ion , a re then mu l t i p l i ed by o, to obta in the e l ec t ron 

i n t e n s i t y d i s t r i b u t i o n s . Unfor tunate ly , at these low k i n e t i c energ ies 

o_. i s not well known. We in fe r red a- , from the increased th resho ld 3d 3d 

e lec t ron s igna l above the 3d t h r e s h o l d s , caused by double-Auger 

t r a n s i t i o n s : Kr 3d + Kr tp i . The double-Auger i n t e n s i t y was 

est imated down to 1.6 eV" k i n e t i c energy and then ex t rapo la ted to the 

average 3d th r e sho ld . From t h i s a n a l y s i s , o.,ri i s observed t o inc rease 

near ly l i n e a r l y by 70 % from 0 to 10 eV k i n e t i c energy. This r e s u l t for 
19 a , , agrees b e t t e r with the HF c a l c u l a t i o n of Hanson and Kennedy than 

20 with the measurement of Carlson et a l . We es t imate the combined 

s t a t i s t i c a l and c a l i b r a t i o n unce r t a in ty t o be 25 %. 

In add i t ion to the threshold scans and low k i n e t i c energy 

d i s t r i b u t i o n s , photoe lec t ron spec t r a were taken with oaf o ther t ime-of-

f l i g h t e l ec t ron spec t rometers , where e l e c t r o n s f i r s t t r a v e l through a 

f i e l d f ree reg icn before being a c c e l e r a t e d , as in t h i s ca se , or 
21 d e c e l e r a t e d . These analyzers descr ibed by White et a l . have a slowly 

varying t ransmiss ion func t ion . The photoe lec t ron spec t r a have been 

obtained in 2000 s both a t 0° and 55° with respec t to the l i g h t 

po l a r i z a t i on vec to r . The spec t r a taken at the two angles gave the same 

r e s u l t s within e r r o r . Off-resonant s p e c t r a have been sub t rac t ed in 

order to account for the analyzer dark counts and the photoelect rons 

r e s u l t i n g from second-order l i g h t . Secondly, the spec t r a have been 

correc ted for the analyzer t ransmiss ion function as determined by 
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c a l i b r a t i o n with Ne 2s and 2p photoelec t ron peaks. The analyzer 

r e s o l u t i o n var ies with k i n e t i c energy as 0.05*E. 

C. THRESHOLD ELECTRON INTENSITIES, RESONANT SHAKE-OFF 

Figures 1, 2, and 3 display threshold scans over the Ar 2p, Kr 3d, 

and Xe Id t h r e s h o l d s . Table I shows the r e l a t i v e o s c i l l a t o r s t r eng ths f 
3 

from King et a l . and the r e l a t i v e th resho ld i n t e n s i t i e s obtained from 

f i t s of the scans shown in F igs . 1, 2, and 3- The values of f on the 

resonances were in fe r r ed from King e t a l . ' s Eq. (5) and the repor ted 

df/dE and n . 

The threshold scans contain the fol lowing f e a t u r e s : a constant 

l eve l a t lower energ ies from the analyzer background and valence shake-
2+ , U off, e . g . Kr + hv + Kr Up + 2e , and a constant s igna l above the 

t h r e s h o l d s , which i s higher as a r e s u l t of double Auger even t s , e . g . , 

Kr 3d Up * Kr Up + 2e . S t rong, near ly Lorentzian peaks a re 

observed at resonances below threshold from the shake-off decay of the 
-1 2+ 4 

exc i ted s t a t e , e . g . Kr 3d 5p •* Kr Up + 2e . These resonant shake-

off t r a n s i t i o n s resemble the double Auger events above th r e sho ld . 

F i n a l l y , a t the innei—shell t h re sho lds , t he re a re peaks due t o near 0 eV 
+ - 1 k i n e t i c energy photoe lec t rons , e . g . Kr + hv -• Kr 3d + e , which a r e 

broadened and sh i f t ed t o higher photon energy hv by the p o s t - c o l l i s i o n 

i n t e r a c t i o n (PCI) between the slow photoelect ron and the f a s t e r Auger 

e l e c t r o n . 

In considering the threshold i n t e n s i t y on the resonances , i t should 

be kept in mind tha t many of the poss ible decay channels produce e jected 

e l ec t rons wtta liigh k i n e t i c energy, such as the spec t a to r Auger-like 
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-1 + -2 

decay Kr 3d 5p + Kr 1p 5p + e . Even shake-off decay rarely produces 

an electron with low enough kinetic energy to be included in the 

threshold scan because, in general, tens of electron volts of energy are 

partitioned between two electrons. In contrast, at threshold, all of 

the inner-shell photoelectrons will have the correct low energy to 

contribute to the threshold intensity. The prominent appearance of the 

resonances is therefore quite remarkable. 

To interpret intensities of resonances in the threshold scans, i t 

is necessary to place the threshold intensities on some scale of 

oscillator strength. On a resonance, the threshold intensity I., will 

depend first on the shake-off oscillator strength f . A second factor 

is the functional form of the continuous distribution of shake-off 

electrons df /dKE, since the threshold analyzer detects only a small 

part of this distribution near 0 eV kinetic energy. Including the 
analyzer collection efficiency e(KE), 

df df 

*th - JO d K § e ( K E ) d K E - d K E | 0 » 3 v 
X - " I f die! e < K E > d K E - -vl ln «,„ AE. <D 

where e is an average analyzer efficiency for the accepted electrons 

with energies from 0 to AE. At a threshold the total oscillator 

strength is cc? lected: 

I-* " IA E §£ e(KE)dhv - | | „ e AE. (2) 
th JO dhv dhv BE av 

By dividing I at the threshold by the known df/dE, a constant N = 

e ,AE is obtained, which also includes the arbitrary scaling constant of 

the relative absorption and threshold measurements. Finally at each 

reronance, 
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which i s the f r a c t i on of the resonance r e s u l t i n g in shake-off with an 

e l ec t ron a t low k i n e t i c energy. The r e s u l t i n g values a re displayed in 

the l a s t column of Table I . 

In the preceding d e r i v a t i o n , i t was assumed t h a t two e l ec t rons from 

the same ion iza t ion event do not f a l l within the analyzer k ine t i c -energy 

window and tha t the shake-off d i s t r i b u t i o n i s slowly varying over t h i s 

window. The narrow analyzer r e so lu t i on (0.1 eV) implies tha t both these 

approximations a r e r easonab le . In analyzing the th reshold e l ec t ron 
22 spectrum of N.O, Baer et a l . c a r r i e d out a s imi l a r ana ly s i s comparing 

( threshold e l e c t r o n ) / ( ion) r a t i o s a t au to ion iz ing resonances and a t 

t h r e sho ld . 

For a l l the Kr and Xe resonances in Table I , we note f i r s t t ha t the 

threshold shake-off f r a c t i ons a re s u r p r i s i n g l y l a r g e , which implies tha t 

shake-off i s an important decay p a t h . Secondly, for a l l t h r ee atoms the 

f r a c t i o n a l y ie ld of a resonance l ead ing t o low-energy e l ec t rons 

increases with n . This n dependence suggests tha t in the shake-off 

decay the Rydberg e l e c t r o n i s usual ly e jec ted along with a valence 

e l e c t r o n . For the highei—n resonances the Rydberg e l ec t ron becomes l e s s 

s t rong ly bound, and the e jec t ion of t h i s e l ec t ron should become more 
4 23 f a c i l e . In comparison, Kr and Xe ion -y ie ld measurements ' showed the 

f r ac t ions of s i n g l e and double ions varying slowly over the resonances , 

while the t r i p l e ion Increases with n. In the case of Xe, Eland et 
23 2+ 

a l . nave proposed tha t Xe r e s u l t s mainly from two s t ep processes 
3* 

while Xe i s produced by d i r e c t shake-off . The ion -y i e ld measurements 

imply tha t the cross sec t ion for shake-off decay Increases with n. The 

va r ia t ion of the threshold i n t e n s i t i e s with n can only suggest an n 
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dependence for the t o t a l shake-off s t r e n g t h . The k ine t ic -energy 

d i s t r i b u t i o n i s another f a c t o r , which w i l l be seen below to vary from 

one resonance t o another . 

' r shows d i f f e r en t behavior , having very low threshold i n t e n s i t i e s 

on the f i r s t two resonances and i n t e n s i t i e s s imi l a r t o Kr and Xe on the 

unresolved higher resonances . The ion y ie lds on the Ar resonances a..so 
I -1 

d i f fe r from Kr and Xe. The Ar 2p nl conf igura t ions decny mainly t o 

s ing ly charged i o n s . The f r ac t i on of double and t r i p l e ions tha t do 

r e s u l t increases s t rong ly with n . Apparently, 3hake-off i s unusually 

weak for the lower resonances of Ar. 

For a mechanism t o c o n t r i b u t e t o t he th resho ld e l e c t r o n i n t e n s i t y 

on resonance, a t l e a s t two e l e c t r o n s must be e jec ted at once. The 

excess energy i s shared , with a f i n i t e p r o b a b i l i t y of e i t h e r e l ec t ron 

having very l i t t l e k i n e t i c energy. Consequently, the predominant 

pathways for c r e a t i n g th resho ld e l e c t r o n s should be s i n g l e s t ep decays 

from the neu t r a l exc i ted s t a t e to doubly- and t r i p ly - cha rged ion f ina l 

s t a t e s . Figure 1 shows th ree poss ib le shake-off decay paths from the 

3d 5p resonant s t a t e of Kr in which: (1) two valence e l e c t r o n s a re 

e j ec t ed , (2) the Rydberg e l ec t ron i s e jec ted along with a valence 

e l e c t r o n , and (3) the Rydberg e l ec t ron and two valence e l e c t r o n s are 

e jec ted . For path ( 1 ) , the same o r b i t a l s nl a r e involved as in double 

Auger above t h r e sho ld , e . g . Kr 3d -» Kr tp . The double Auger 

s igna l I n t e n s i t y , divided by the i n t e n s i t y of the th reshold peaks, Kr + 

Kr 3d , y ie lds an Auge," y ie ld r a t i o R. The values of R determined 

from the data shown in F igs . 1-3 are 0.010C2) ev" 1 (Ar) , 0.028(9) eV _ 1 

(Kr) , and 0.15(2) eV (Xe). These R values may provide an es t imate for 
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the contribution of the ejection of two valence electrons to the 

1 s I resonant threshold in tensi t ies , when compared with the values of -s -TJT: n 

given in column 6 of Table I . For Xe, where a,,, r ises steeply from 

threshold, this double Auger intensity must be considered as an upper 

bound. Since the Rydberg electron does not change i t s orbi ta l , the 

probability of ejecting two valence electrons should be nearly 

independent of n. In most of the cases in Table I, this type of 

resonant shake-off seems to contribute a significant minority share of 

the threshold electron intensity. 

The relat ive importance of the other kinds of shake-off are more 

difficult to evaluate. Shake-off to the triply-charged Ion i3 expected 

to be important at threshold because i t ejects three electrons sharing 

relatively l i t t l e energy, e.g. Kr 3d.,- 5p * 'tp + 3e , where the 
5/2 

214 total available kinetic energy is 15.7 eV. 
The spin-orbit branching rat ios for ionization at zero kinetic 

energy are determined from the Intensities of the two threshold peaks: 

2 p 3 / 2 / 2 p 1 / 2 - 1.63(5) (ftr), 3 d 5 / 2 / 3 d 3 / 2 » 1.6(1) (Kr), and U d 5 / 2 M d 3 / 2 -

1.8(1) (Xe). In kr and Xe, deviations are observed in opposite 

directions from the s t a t i s t i ca l ratios of 2 and 1.5, respectively. In 

general, I t is expected that the branching ra t io near threshold should 

be greater than s t a t i s t i ca l because the j=l + 1/2 orbital will be s l ight ly 

more diffuse and will have better overlap with the low-energy continuum 
25 orb i ta l . Because of the delayed onset in the d •»• cf channel, the p 

2 wave should dominate at threshold for Kr and Xe. The branching rat ios 

of King et a l . agree with our results for kr and Kr, but disagree for 
7 

Xe, where their result is 1.3(2). Both Auger electron and 
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photoelec t ron experiments have shown grea te r than s t a t i s t i c a l values 

for Xe. Unfor tunate ly , quantat ive comparison cannot be made with those 

branching r a t i o s , because they were determined with both s p i n - o r b i t 

components a t the same photon energy. Another Auger-electron 
27 measurement has shown the Kr 3d,. , . , :3d, .„ r a t i o t o be very c lose t o the 

s t a t i s t i c a l value from 97 to 200 eV photon energy. For Kr a t 10 eV 
28 k i n e t i c energy, Huang e t a l . ca lcu la ted the 3d, , . : 3d, , , . r a t i o to be 

1.51, slowly decreas ing from higher energy. For Xe the ca lcu la ted 

branching r a t i o has l a r g e r changes with energy. At 9 eV k i n e t i c energy, 
28 Huang e t a l . p red ic t Id,. . , : 4d, . , to be 1.5, i nc reas ing from higher 

energy. For a l l t h r ee atoms, the th resho ld shake-off f r a c t i o n s in Ar 

and Kr are the same for pa i r s of s p i n - o r b i t s p l i t resonances , e . g . Kr 

3 d 5 / 2 * 5 p a n d 3 d 3 / 2 " 5 p ' 

The resonant th reshold i n t e n s i t i e s increase from Ar to Kr t o Xe. 

In p a r t , t h i s t rend r e s u l t s from the narrowing of the shake-off k i n e t i c -

energy d i s t r i b u t i o n in going from Ar t o Xe. Considering the f i r s t 

resonances of the th ree atoms, the maximum k i n e t i c energy for two 

emitted e l ec t rons decreases from 201.0 eV (Ar) t o 52.6 eV (Kr) and t o 
24 29 32.0 eV (Xe). ' In the case of double Auger above t h r e s h o l d , the 

Increas ing t rend of threshold i n t e n s i t i e s may be compared with the 

r e s u l t s of ion measurements. Above the innei—shell th reshold but below 

the threshold for double ion iza t ion of an inner and outer e l e c t r o n , the 

double Auger p robab i l i t y can be infer red from the t r i p l e ion / double 

i on r a t i o R: R [ A r ( L , ,-MMM)] = 0 . 1 1 , R[Kr(M„ ,-NNN)] = 0 .17 , and 
H 

R[Xe(N^ , - 000 ) ] = 0 .19. The increas ing double Auger p r o b a b i l i t y with 
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Z c o r r e l a t e s with the decreasing binding energy and increas ing <r> of a 

valence e l e c t r o n . 

D. THRESHOLD ELECTRON LINESHAPES, POST-COLLISION INTERACTION (PCI) 
11 Using a se ra i - c l a s s i ca l model, Niehaus ca lcu la ted an Auger 

l ineshape which depends on the l i f e t ime of the hole s t a t e T and the 

excess photon energy above threshold A = hv - IP . Since the Auger 

energy gain equals the photoelecton energy l o s s , h is expression may be 

converted in to a l ineshape for the threshold pho toe lec t ron . S t a r t i n g 

from h is Eqs. ( 6 ) , ( 7 ) , and (14) , and s e t t i n g the Auger energy s h i f t 

equal to A because 0 eV k i n e t i c energy e l e c t r o n s a re de t ec t ed , we have: 

P(A) » 1 . f c . - expC-t„ / T ) (4) 
2x A 5 ' ' 1 

where t , =• — - [ ~ - /UA - - ^ (1.763 + l n C ^ A ~ / ^ - ] ) } . (5) 
/z A / a 2/Z /1+A + /A 

The peaks at the i n n e r - s h e l l thresholds were f i t to the Niehaus funct ion 

convoluted with a gaussian rep resen t ing the monochrcmator bandwidth. 

These f i t s are depicted in F ig . 1 (Ar 2 p , / 2 > 2p. . _ ) , F ig . 2 (Kr 3<Jr / 2 ' 

3d, _ ) , and Fig . 3 (Xe Id , Id ) . For a l l t h r ee threshold scans the 

agreement between the f i t and the data i s e x c e l l e n t , confirming the 

v a l i d i t y of the Niehaus model, even when the Auger decay occurs while 

the photoelect ron i s s t i l l near the nuc leus . In p r i n c i p l e , i n t e r f e rence 

could be present in the second threshold peak s ince paths through the 

two j= l±1/2 hole s t a t e s can reach the same mul t ip l e - ion f ina l s t a t e s . 

This in t e r f e rence la not observed, perhaps because the threshold 

i n t e n s i t y sums over a number of Auger t r a n s i t i o n s , or perhaps because of 

i n su f f i c i en t r e s o l u t i o n . 
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Table I I d i sp lays the n a t u r a l l inewidths of the resonances Ar 2p 

+ Is from King e t a l . and Kr 3d_ ,„ •* 5p and Xe 1d t ._ -> 6p from f i t s of 
0/d 5/2 

our resonant th reshold i n t e n s i t i e s using a Voigt func t ion . These values 

for the Kr and Xe resonant l inewidth agree reasonably well with those of 

King e t a l . and Hayaishi et a l . The observat ion of Hayaishi et a l . 

tha t the l inewidths for Kr and Xe are the same for a l l np resonances i s 

cons i s t en t with the present r e s u l t s . Along with the resonance 
11 l i n e w i d t h s . Table I I a l so shows the widths 1/t of the Neihaus funct ion 

whi^h best f i t the threshold photoelectron peak shapes , from the PCI 

theory f i t s . For Ar and Kr, the l inewidths (and l i f e t i m e s ) of the 

resonance and threshold peaks agree within e r r o r , which i s expected 

s ince the primary Auger process wi l l be l i t t l e per turbed by the presence 

of a bound Rydberg e l ec t ron or slow pho toe lec t ron . For Xe, however, the 

threshold l inewidth i s s i g n i f i c a n t l y smal ler than the resonant 

l i newid th . The apparent longer l i f e t i m e of the Xe Id hole at th reshold 
14 may r e s u l t from Neihaus 's neglect of the time i n t e r v a l taken for the 

Auger e l ec t ron to overtake the photoe lec t ron . In Xe t h i s t r a n s i t time 

wi l l be longer than in Ar and Kr, 3ince the average Auger energy i s 

sma l l e r . No comparison has been made t o the ca lcu la ted PCI l ineshape of 

Russek and Mehlhorn, whose expression contains terms which diverge for 

0 eV photoelectron energy. From the comparison of the k i n e t i c energy of 

the Xe ICO 0 S Q with the p red ic t ions of Rus3ek and Mehlhorn, Borst 

and Schmidt infer red a na tu ra l l inewldth of 0.11 eV. An a l t e r n a t i v e 

explanat ion of the Xe threshold width i s t ha t the i n t e r a c t i o n between a 

slow photoelectron and a slow Auger e l ec t ron cannot be approximated 

simply by a change in the photoelectron po ten t i a l from 1/r to 2 / r . 
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E. RESONANT KINETIC ENERGY SPECTRA 

To view the t o t a l p i c t u r e of a resonance decaying i n t o shake-off , 

Auger-l ike and main- l ine channels , e l e c t r o n s p e c t r a conta in ing e l ec t rons 

of a l l k i n e t i c energies must be measured. Figures 5-7 show s p e c t r a 

taken at the 2p_ .„ •» Ua resonance of Ar, the 3d,-,,. * 5p resonance of Kr 

and th>= Id * 6p resonance of Xe. The appearance of the Xe spectrum 

in F ig . 7 i s a f fec ted by the presence of e l ec t rons in an adjacent 

"bucket" in the s to rage r i n g , which r e s u l t e d in add i t i ona l counts on the 

low k i n e t i c energy s ide of each peak. By the s u b t r a c t i o n of a near -

l y i n g off-resonance spectrum, the ns and np main l i n e s have been 

e l iminated in each c a s e . However, as has been discussed above, 
14 7 1 0 11 au to ion i za t i on in to main- l ine channels i s weak. * ' ' 

These spec t r a have t h r e e types of f e a t u r e s . Discre te peaks 

observed a t higher k i n e t i c energ ies r e s u l t from Auger- l ike t r a n s i t i o n s 

in which the exc i ted e l e c t r o n plays a spec t a to r r o l e or i s shaken up 

in to a higher nl o r b i t a l . The f i n a l s t a t e s corresponding to some of the 

peaks at higher energy can decay f u r t h e r . At lower k i n e t i c e n e r g i e s , 

d i s c r e t e peaks are caused by second s tep Auger t r a n s i t i o n s from these 

exci ted s t a t e s of the s i ng ly charged ion . Table I I I shows the energies 

and assignments of some of the second-s tep decays. This l i s t of second-

s tep Auger peaks i s incomplete, and does not r e f l e c t completely the 

la rge poss ib le number of these t r a n s i t i o n s . Las t ly , a continuous 

background i s observed r e s u l t i n g from shake-off t r a n s i t i o n s . In 

agreement with the r e s u l t s of the threshold scans , the continuous 

e lec t ron s igna l i s s t rong In the photoelectron s p e c t r a . I t should a l so 

be noted for Kr and Xe tha t the continuous background at high k i n e t i c 
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-2 energy i s low, even though the shake-off d i s t r i b u t i o n r e s u l t i n g in np 
24 29 f ina l s t a t e s should extend to 52.5 eV for Kr and 32.0 eV for Xe. ' 

-2 This observat ion suggests t ha t np i s not an important f i n a l 

conf igura t ion for shake-off . 

The resonant ^hake-off i n t e n s i t i e s given in Table I I I were 

evaluated by drawing a l i n e a r background funct ion underneath the peaks 

in F i g s . 5-7. A number of unresolved peaks, taken t o g e t h e r , could 

resemble background. T.iis i s a concern which i s r e f l e c t e d in the l a r g e 

er ror b a r s . In the ana lys i s of the Kr and Xe s p e c t r a , we used the 

h i g h e r - r e s o l u t i o n s p e c t r a of Aksela e t a l . ' as a guide for the number 

and l o c a t i o n of the peaks. To ob ta in the shake-off p r o b a b i l i t y , the 

t o t a l number of background e l e c t r o n s must then be divided by the average 

number of e l ec t rons e jec ted in a s i n g l e shake-off t r a n s i t i o n , 

approximately (2a +3a, + ) / (a + a ^ + ) . The ion r a t i o s measured on 

these resonances give 2.1 shake-off e l ec t rons per event for Ar, 2.1 for 

Kr, and 2.0 for Xe. The f r ac t ions of these resonances r e s u l t i n g in 

shake-off and second-step Auger t r a n s i t i o n s a r e displayed in Table I I I . 

The repor ted s t cond-s t ep f r a c t i o n s must be viewed as lower bounds, 

p a r t l y because they only include peaks at energies above 5 eV and p a r t l y 

because of the unce r t a in ty in tie shake-off background s u b t r a c t i o n . In 
-1 -1 -2 

Kr, for example, by assuming tha t 4s 4p nl and 4s nl s t a t e s lead to 
-2 

fu r the r Auger e l e c t r o n s , while 4p nl s t a t e s do not , an a l t e r n a t i v e 

es t imate of the second-step Auger con t r ibu t ion can be ob ta ined . In the 

ca3e of Kr, t h i s method gave a much higher value for the 2nd s t ep Auger, 

45 % of the resonant s t r e n g t h . The r e s u l t i n g shake-off f r ac t ion i s 

s t i l l within the e r r o r l i m i t s of 3718) %. 
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The shake-off con t r ibu t ions increase from Ar t o Kr t o Xe. For a l l 

th ree atoms, the resonant shake-off i n t e n s i t y i s of comparable or 

g-eater s t r e n g t h than the two-step Auger-like t r a n s i t i o n s . This r e s u l t 
l) 23 

c o n f l i c t s with the d iscuss ions of Hayaishi e t a l . and Eland e t a l . , 
2+ 2+ 2+ 

who t e n t a t i v e l y concluded t h a t Ar , Kr , and Xe dominantly r e s u l t 

from sequen t ia l decays. With regard t o the formation of t r i p l y charged 

i o n s , t h r ee d i s c r e t e s t eps a re excluded by energy c o n s i d e r a t i o n s . 

Therefore, t r i p l y charged ions should always r e s u l t from shake-off 

e i t he r d i r e c t l y from the neu t r a l exci ted s t a t e or poss ib ly in two s t e p s , 

such as Kr 3 d - 1 n p + Kr + 1s" 2 np + K r 3 + V ~ 2 . In *<-. the M / 2 •* 6p 
3+ 29 

resonance i s only 0.7 eV above the Xe th r e sho ld , and can only access 

Xe when t h r e e e l ec t rons leave s imultaneously with very low k i n e t i c 

energy. Q u a l i t a t i v e ion r a t i o s can be derived from the ana lys i s of 

these photoelect ron s p e c t r a . The derived ion r a t i o s agree with the mass 
l) 23 

spectrometry r e s u l t s for Ar and Xe, but not for Kr, for which a very 
+ 1 

small cross s ec t i on to Kr was r e p o r t e d . Compared with a t o t a l o of 
it + -1 

7.5 Mb a t the Kr 3d = .„ •* 5p resonance , Kr w i l l be formed from the Is 
-1 11 -2 

and 4p main l i n e s , 0.50 Mb, and from near ly a l l the 4p nl spec t a to r 
+ i -2 

l i n e s , 1.5 Mb. (The Kr ( S)1p 6p s t a t e can fu r the r Auger decay) . I t 
4 

i s i n t e r e s t i n g tha t Hayaishi et a l . observed no PCI effect in the Kr 

and Xe ion y i e l d s . Related to the high shake-off p r o b a b i l i t y , the slow 

photoelectron cannot be captured in a high Rydberg s t a t e . 

Figure 8 shows the low-kinet ic-energy d i s t r i b u t i o n of emitted 

e lec t rons on two resonances of Kr. The i n t e n s i t y decreases s t eep ly from 

0 eV k i n e t i c energy for both resonances . For the 3d_._ + 5p resonance, 

as seen in F ig . 6, a number of d i s c r e t e t r a n s i t i o n s f a l l between 5 and 
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10 eV. The k ine t i c -energy d i s t r i b u t i o n of resonant shake-off e l ec t rons 

should resemble tha t of the nonresonant double photo ion iza t lon of 
2 + 4 valence s h e l l s , e . g . Ne + hv -• Ne 2p + 2e , which has been s tudied 

exper imental ly by Carlson and t h e o r e t i c a l l y by Chang and Poe. For 

Ne with the e jec ted e l ec t rons shar ing a t o t a l k i n e t i c energy (TKE) of 

-200 eV, Carlson observed an order-of-magnitude decrease from TKE to 

TKE/2. An i d e n t i c a l decrease must occur between 0 and TKE/2. Using 

many-body pe r tu rba t ion theory , Chang and Poe ca lcu la ted k ine t i c -energy 

d i s t r i b u t i o n s , a l so for Ne, which become l e s s peaked as the photon 

energy decreases toward the doub le - lon iza t ion th re sho ld . Resonant 

shake-off t r a n s i t i o n s to double ions reach the same f i n a l s t a t e s as 

valence double pho to ion iza t ion , and the two processes may be considered 

to be the same. 

For the Kr 3d,. ._ •* 7p resonance the i n t e n s i t y decreases from 0 eV 

more quickly than for the 5p resonance . A s imi l a r change in s lope was 

observed for the Xe Id , . , •* 6p and 7p low-kine t ic -energy d i s t r i b u t i o n s . 

In genera l , the shake-off d i s t r i b u t i o n s of higher nl resonances seem to 

be more sharply peaked a t 0 eV. Theore t ica l e f for t aimed at exp la in ing 

t h i s unexpected behavior of the resonant shake-off i n t e n s i t y would be 

va luab le . As a consequence of the changing k ine t i c -energy 

d i s t r i b u t i o n s , the threshold i n t e n s i t i e s of the resonances cannot be 

i n t e rp re t ed as propor t ional t o the t o t a l shake-off p r o b a b i l i t y . In 

p a r t , the higher f r a c t i o n a l th reshold i n t e n s i t y of the Kr 3d;-._ •» 7p 

resonance must r e s u l t from the sharper peaking of the shake-off 

d i s t r i b u t i o n at 0 eV. Although photoelectron spec t r a were taken on some 

of the higher nl resonances , t he i r qua l i t y was i n su f f i c i en t to confirm 



117 

t h a t the t o t a l shake-off con t r ibu t ion increases with n as implied by the 

ion y i e l d s . 

From the photoelect ron spec t r a and low-klne t ic -energy 

d i s t r i b u t i o n s , a number of observat ions can be made about the shake-off 

decay of these r e sonan t ly exc i ted s t a t e s . F i r s t , shake-off i s a s t rong 

decay channel which i s i ncons i s t en t with the spec t a to r model. I t s 

importance i s l e s s s u r p r i s i n g when compared with the i n t e n s i t y of 

double-Auger t r a n s i t i o n s above th re sho ld . Shake-off makes a major 

con t r ibu t ion to the double-ion y ie ld and i s s o l e l y r e spons ib l e for the 

t r i p ly -cha rged i o n s . For the f i r s t resonances the importance of shake-

off increases from Ar t o Kr and reaches a p r o b a b i l i t y of about 50 $ for 

Xe. The main f i n a l s t a t e s of shake-off are conf igura t ions other than 
-2 np , suggest ing the inf luence of conf igura t ion i n t e r a c t i o n in the decay 

f i n a l s t a t e s . The resonant shake-off d i s t r i b u t i o n has a maximum at zero 

k i n e t i c energy. From 0 eV, the s lope of the decreasing i n t e n s i t y 

becomes s t eeper for the higher n resonances . 

F. SHAKE CALCULATION 
32 33 Carlson and coworkers used shake theory and s i n g l e -

conf igura t ion wavefunctions to c a l cu l a t e shake-off p r o b a b i l i t i e s 

accompanying photoioi i izat ion or Auger decay. The mechanism considered 

by t h i s model i s the sudden change of the p o t e n t i a l . The shake 

p r o b a b i l i t y P , which includes shake-up to d i s c r e t e l e v e l s as well as 

shake-off to the continuum, i s given by: 

Pr.l " ' " [ N l C V W d r - ] 2 N - V ( 1 ) 
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Here, f represent the neu t r a l (A.) and ion ic (A.) r a d i a l wavefunctions 

(mul t ip l ied by r ) , and N i s the number of e l ec t rons occupying the nl 

s u b s h e l l . P_ c o r r e c t s for the f i n i t e ca lcu la ted p r o b a b i l i t i e s for 
r 

t r a n s i t i o n s to f i l l e d s u b s h e l l s . In the cases discussed below, P i s 
r 

not important . The agreement with experiment i s q u a l i t a t i v e l y good, 

within a fac tor of two, except when photo ion lza t ion (or Auger decay) and 

shake-off involve two e l ec t rons from the same s h e l l . In t h i s ca se , 

many-body e f fec t s cannot be neglected . As a r e s u l t , the shake-theory 

es t imates for double Auger, for example Ar L_ --HMM, a re much too low. 

Table IV shows the r e s u l t s of a c a l c u l a t i o n using Eq. (1) for the 

shake p r o b a b i l i t y on t he Ar 2p -» n s , nd, Kr 3d -> np and Xe Id •» np 

resonances . The c a l c u l a t i o n s were performed with the Robert Cowan RCN 
34 program. We consider for each atom the t r a n s i t i o n in which a valence 

p e l ec t ron f i l l s the hole and another valence p e l ec t ron i s e j e c t e d . 

Figure 9 shows the r a d i a l wavef unctions of Ar before and a f t e r the 

Auger-l ike decay: Ar 2p 3d •» Ar 3p 3d. The e l e c t r o n k i n e t i c energy 

wi l l be somewhat higher than the Ar LMM Auger energy above th re sho ld , 

about 200 eV, and as a r e s u l t the sudden approximation should be v a l i d . 

For Kr and Xe the Auger k i n e t i c energies a re l e s s , from below 10 eV to 
8 9 60 eV, and the sudden approximation may not be v a l i d . 

The ca lcu la ted snake p robab i l i t y of the valence e l ec t rons is qui te 

smal l , i . e . < 1 $. This r e s u l t does not have p red ic t ive value s ince a l l 

the e l ec t rons involved a re from the M s h e l l and c o r r e l a t i o n cannot be 

neglec ted . I t i s i n t e r e s t i n g , however, t ha t for valence o r b i t a l s the 

po ten t i a l change r e s u l t i n g from the Auger-l ike t r a n s i t i o n i s small : an 

ex t ra core e lec t ron i s gained which screens the outer e l ec t rons wel l , 
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while two valence electrons, which screen imperfectly, are los t . These 
+ effects largely cancel. The 3s and 3p radial wavefunctions of Ar are 

in fact nearly indistinguishable from those of Ar 3hown in Fig. 9. 

The calculated shake probability of the RydDerg electron i s large, 

and i t increases with n until i t reaches nearly unity at the third or 

fourth resonanace. The behavior of al l three atoms is rather s i r . ' l a r . 

Qualitatively these resul ts may be explained by considering the slowly-

varying, nearly-Coulombic potential at large r , approximately given by -
2 1 2 

or - , which when changed from - to - may cause the Rydberg orbital to 

move dramatically toward the nucleus, as seen for Ar 3d in Fig. 1. At 

smaller r there exists a potential barrier from the centrifugal and 

Coulomb repulsion terras. For higher n the Rydberg o rb i t a l , being 

further from the repulsive barrier, can contract more upon ionization. 

The potential at large r should be similar for a l l three atoms, in 

agreement with the similar shake probabil i t ies . In addition, there is a 

dependence on 1, with the shake probability following the sequence P > 

P > P . 
p s 

Further caution must be exercised with regard to the results of the 

shake calculation. If overlap integrals are calculated between the 

Rydberg orbital before Auger-like decay and higher Rydberg orbitals 

afterwards, the excitation to discrete levels can be estimated. 

However, the resulting excitation probability accounts for nearly the 

total shake probability, which does not agree with the experimental 

observation of the importance of shake-off. It is therefore concluded 

that the accuracy of this calculation is not sufficient to partition the 

total shake contribution into shake-up and shake-off components. The 
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shake ca l cu l a t i on does give the co r rec t q u a l i t a t i v e r e s u l t s t ha t the 

Rydberg e l ec t ron has a high shake-off p r o b a b i l i t y , and tha t i t increases 

with n . 

G. CONCLUSION 

From the measurement of e l ec t ron s p e c t r a at zero and higher k i n e t i c 

e n e r g i e s , a d e t a i l e d , though q u a l i t a t i v e p i c t u r e of shake-off has 

emerged for the resonances below the Ar 2p, Kr 3d, and Xe Id t h r e s h o l d s . 

F i r s t of a l l , shake-off together with shake-up i s a very important 

channel in the decay of the ho le . This tends to i n v a l i d a t e the spec t a to r 

model. For the f i r s t resonances , Ar 2p_, ,_ •» 4s , Kr 3d_ ,„ •* 5p, and Xe 
5/d o/d 

td •* 6p , the shake-off p robab i l i t y increases from Ar t o Kr and becomes 

about 50 % for Xe. The shake-off I n t e n s i t y a l s o inc reases with the 

quantum number n of the Rydberg e l e c t r o n ; i . e . , with the Rydberg 

o r b i t a l becoming more d i f f u s e . In resonant shake-off , a valence 

e l ec t ron and the Rydberg e lec t ron a re usua l ly e j ec t ed . For the Kr 3d_ 
-2 

-<• 5p and Xe Id ._ •* 6p resonances , i t was found t h a t np f i n a l s t a t e s 

are unimportant . This observat ion suggests the inf luence of f i n a l -

i o n i c - s t a t e conf igura t ion i n t e r a c t i o n . The k i n e t i c energy d i s t r i b u t i o n 

of shake-off e l ec t rons decreases from 0 eV, with a s t eeper s lope for 

higher-n resonances . The high p robab i l i t y for e j ec t ion of the Rydberg 

e l e c t r o n i s explained by the independent -e lec t ron shake c a l c u l a t i o n . 

Wh--n the core rear ranges t o f i l l the ho l e , the po ten t i a l for the nl 

Rydberg o r b i t a l becomes more a t t r a c t i v e , which causes tha t o r b i t a l to 

cont rac t and makes i t l i k e l y that the Rydberg e l ec t ron wi l l go in to 

another o r b i t a l . Further study of shake-off on these and other 
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resonances Is needed. A more sophisticated calculation of the resonant 

shake-off probability, including electron correlation effects, would be 

valuable. Higher resolution photoelectron spectra could more 

quantitatively determine the relat ive contributions of shake-off and two 

step t ransi t ions . 
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Table I . Threshold intensi t ies from this work, and energies and 

osoillator strengths from King et a l . 

Atom Transition Energy (eV) Oscillator Threshold 
Strength Intensity -r - ^ | 

±th 
Ar 2 p 3 / 2 - to 

3d 

4d 

214.39(1) 0 .51(5) 

246.93(1) 1 

247.67(1) 0.63(4) 

5d 248.03(2) 0 .39(4) 

es ,d 248.63(1) 1.38(8) 

0 .22(5) 

1 .00(15) 

6.5(6) 

40.3(10) 

, ( e V _ 1 ) 

0.015(4) 

0.034(6) 

0 .22(3) 

2 p 1 / 2 - 4s 246.51(1) 0 .28(5) 

3d 249.07(1) 0 .50(3) 

4d 249.82(1) 0 .30(3) 

5d 250.17(2) 0 .14(3) 

es .d 250.78(1) 0 .82(6) 

0 .19(10) 0.023(13) 

2 .7 (7 ) 0 .20(5) 

24.7(4) 
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Table I continued. 

Atom Transition Energy (eV) Oscillator Threshold df 

1 3 
Strength Intensity •= -^r= I f d K E 

i i t h 
Kr 3d 5/2 5p 

6p 

7p 

8p 

ep 

91 .20(1) 

92.56(1) 

93.06(1) 

93.30(3) 

93.79(2) 

1.0 

0.37(1) 

0.12(1) 

0.08(1) 

0.36(8) 

1.00(1) 

0 .57(3) 

0.29(1) 

0.21(1) 

2.57(12) 

, ( e V _ 1 ) 

0 .11(2) 

0 .21(3) 

0 .33(6) 

0.11 (22) 

3d 
3/2 5p 

6p 

7p 

8p 

ep 

92.13(1) 

93.81(1) 

91 .32(2) 

91.57(3) 

95.01(3) 

0.63(1) 

0.23(1) 

0.087(10) 

0.034(11) 

0 .22(1) 

0.66(3) 

0 .11(3) 

0 .18(2) 

0.14(2) 

1.62(8) 

0 .15(2) 

0 .25(4) 

0 .29(7) 

0.57(30) 

Xe 4d 
5/2 

6p 

7p 

8p 

£P 

65.11(1) 

66.38(1) 

66.85(1) 

67.55(1) 

1.0 

0 . 3 3 K 6 ) 

0.112(7) 

0.37(6) 

1 .00(4) 

0 .55(3) 

0 .21(1) 

1.60(8) 

0 .29(5) 

0 .17(9) 

0 .53(10) 

4d 
3/2 

6p 

7P 

8p 

EP 

67.01(1) 

68.35(1) 

68 .34(2) 

69.54(1) 

0.74(2) 

0.226(7) 

0.092(1 2) 

0.29(2) 

0.69(5) 

0.34(2) 

0.11( 1) 

0.87(4) 

0 .27(4) 

0 .43(6) 

0.12(9) 
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Table I I Natural l inewidth of the innei—shell resonance of lowest photon 

energy for Ar, Kr, and Xe, and the width ( 1 / T ) of the Niehaus 

function (Eqns CO and (5)) which best f i t s the threshold peaks. 

Threshold Width Resonance Natural Linewidth (eV) 

Atom Nlehau3 Function (eV) t h i s work Ref. 3 Ref. H 

Ar 0.12(1) 0.116(3) 

Kr 0.08(1) 0.088(6) 0.083(4) 0.108 

Xe 0.07(1) 0.102(5) 0 .111(4) 0.105 
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Table I I I . The con t r ibu t ion of shake-off and second-s tep Auger t r a n s i t i o n s 

in the t o t a l decay of the f i r s t resonances in Ar, Kr, and Xe. 

Resonance Shake-off 2nd Step Auger I d e n t i f i c a t i o n 
Fract ion Frac t ion Energy (eV) 

Ar 2 p 3 / 2 * 4 s 16(8) % 18 $ 7 .0(7) 

15.1(1) 

Kr 3 d 5 / 2 + 5 p 37(8) % 16 % 3-3(3) 

6.1(3) t s " 1 i » p " V p ) 5 p - t p " 2 1 S , 

4s"25p - H S ~ 1 V ' V P ) 

7.9(3) 4s~ 1 4p~ 1 ( 1 P^5p * Up" 2 1D 

9.6(3) 4s ' " 1 4p" 1 ( 1 P}5p * t p " 2 3 P , 

Us"2bp * i te fNp 'Vp) 

13.8(3) 4p3Hd5p * 4p~ 2 1D 

Xe 4 d c / * 6 p 51(10) % 18 % 6.1(3) 5s~ 1 5p~ 1 6p •> 5p~ 2 3 P , V J5/2 
-2 -1 -1 ? 

5s 6p * 5s 5p J P 
10.0(3) 5p~35d6p + 5p~ 2 1D 

All fractions represent a percentage of the total a on the resonance 

excluding the nonresonant valence a and a 
ns np 
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Table IV The ca lcu la ted shake p r o b a b i l i t i e s P . accompanying Auger- l ike 
a -1 + - 2 

decay, for example Ar 2p ts * Ar 3p E S . 

Atom o r b i t a l P , Atom o r b i t a l P , Atom o r b i t a l P , nl nl nl 

Ar 4s 0.13 Kr 5p 0.22 Xe 6p 0.21 

5s 0.«9 6p 0.65 7p 0.63 

3d 0.78 7p 0.96 8p 0.95 

Id 0.99 8p 0.98 9p 0.98 

5d 0.89 

For each resonance the p r o b a b i l i t y of e j ec t ion (or e x c i t a t i o n ) of the 

Rydberg e l ec t ron i s shown. 
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FIGURE CAPTIONS 

Fig . 1 A threshold scan over the Ar 2p n s , nd resonances and 2p 

th re sho lds . The curve reproduces a f i t . 

F ig . 2 A threshold scan over the Kr 3d np resonances and 3d t h r e s h o l d s . 

The curve reproduces a f i t . 

Fig . 3 A threshold scan over the Xe Id np resonances and 4d t h r e s h o l d s . 

The curve reproduces a f i t . 

F ig . 4 An energy l e v e l diagram for the f i r s t Kr resonance . The arrows 

show the e x c i t a t i o n and three types of s i n g l e s t e p decay which 

r e s u l t in the e j e c t i o n of two or more e l e c t r o n s . 

F ig . 5 An e lec t ron d i f fe rence spectrum of Ar taken a t 241.1 eV photon 

energy on the 2p 4s resonance. Monresonant con t r i bu t ions have 

been removed by s u b t r a c t i n g a spectrum taken a t 242.2 eV photon 

energy. The l a b e l s give only the most important f i n a l s t a t e s . 

F ig . 6 Electron d i f ference spectrum, l i k e F i g . 5, for Kr a t 91.2 eV on the 

3d _5p resonance . Non-resonant spectrum at 90.2 eV has been 

s u b t r a c t e d . 

F ig . 7 Electon d i f ference spectrum, l i k e F ig . 5, for Xe at 65.1 eV on the 

Id 6p resonance. Non-resonant spectrum at 64.1 eV has been 

s u b t r a c t e d . 

F ig . 8 The low k i n e t i c energy d i s t r i b u t i o n of e l ec t rons e jec ted on two Kr 

resonances: Kr 3d" ,5p and 3d" 7p. 

F ig . 9 The outer r a d i a l wavefunctions <!/ , of Ar ca l cu la t ed for the 

conf igura t ion 2p 3d and 1)1 of Ar+ 3p 3d. 
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VI. ARGON PHOTOELECTRON SATELLITES AT THRESHOLD* 

ABSTRACT 

Photoioniza t ion of argon to exc i ted s a t e l l i t e s t a t e s , Ar 

1s 2s 2p 3s 3p n l , was s tud ied with synchrotron r a d i a t i o n in the energy 

range hv =• 30 - 44 eV and th reshold e l ec t ron a n a l y s i s . At t h r e sho ld , 
2S+1 e s s e n t i a l l y a l l s a t e l l i t e f i n a l s t a t e s , L, a re observed. 
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A. INTRODUCTION 

In photoelect ron s p e c t r a there are both main- l ine peaks, e . g . Ar 

3s3p , as well as s a t e l l i t e peaks, e . g . Ar 3s 3p n l , which e x i s t only 

because of e l e c t r o n c o r r e l a t i o n . The argon valence s a t e l l i t e s have been 

much s tud ied exper imental ly and t h e o r e t i c a l l y ' because of the 

s t rong conf igura t ion i n t e r a c t i o n in the ion which mixes 3s3p S and 
2 1 2 3s 3p nl S s t a t e s . In a d d i t i o n , s a t e l l i t e energies and i n t e n s i t i e s may 

be ca l cu la t ed for Ar without inc luding r e l a t i v i s t i c e f f e c t s . The 

t h e o r e t i c a l p red ic t ions a re appropr ia te for the sudden l i m i t , a t high 

photon energy hv, because they neglect both the energy v a r i a t i o n of the 

d ipo le matr ix element and in te rchanne l coupl ing. In high hv l i m i t , the 
2 dominant con t r i bu t ion to the s a t e l l i t e spectrum i s from S s t a t e s 

crea ted by F i n a l - I o n i c - S t a t e Configuration I n t e r a c t i o n (FISCI). The 
1 2 

s i n g l e l a r g e s t s a t e l l i t e i s ( D)3d S. 

The argon s a t e l l i t e spectrum changes d ramat ica l ly between hv » 1487 

eV and hv - to eV. The lower hv range has been i nves t i ga t ed by Adam et 

a l . , who measured both s a t e l l i t e cross sec t ions and angular 

d i s t r i b u t i o n s . These authors d iv ide the s a t e l l i t e spectrum in two pa r t s 

based on the behavior through the 3s Cooper minimum. The f i r s t group of 
it 2 s a t e l l i t e s , assigned to 3p nd S f ina l s t a g e s , show a constant i n t e n s i t y 

r a t i o t o tha t of the 3s l i n e , as well as a 8 value of 2. The e the r 

s a t e l l i t e s , assoc ia ted with the 3p main l i n e , have i n t e n s i t y r a t i o s to 

the 3p l i n e tha t decrease slowly with increas ing hv. The B values for 

these s a t e l l i t e s d i f f e r tram both 8, and 8, . The most in tense of these 
3s 3p 

2 1| 1 ? 
s a t e l l i t e s has been assigned to the sca te 3s 2y ( D)3d D. FISCI can 
only open channels to S and P f ina l s t a t e s . Other terms may be 
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2 6 1 a c c e s s i b l e from i n i t i a l s t a t e CI, which mixes 3s 3p S with 
2 I 1 

3s 3p n l n ' l ' S conf igu ra t ions , or from i n e l a s t i c s c a t t e r i n g of the 

photoe lec t ron . 

A separa te i ssue i s the disagreement between the hign hv 

photoe lec t ron spectrum of these Ar s a t e l l i t e s with the r e s u l t s of 

e l ec t ron momentum spectroscopy (EMS). Smid and Hansen, whose 

c a l c u l a t i o n suppor ts the photoe lec t ron i n t e n s i t i e s , have suggested t h a t 

the binding energy s p e c t r a from EMS cannot be simply i n t e r p r e t e d in 

terms of pole s t r e n g t h s . This ques t ion , however, i s ou t s ide the scope 

of the present d i scuss ion . 

In t h i s chapter i s presented a th resho ld e leccron scan of the Ar 

s a t e l l i t e s based on the use of synchrotron r a d i a t i o n . Threshold 

e l ec t ron ana lys i s with i t s high r e s o l u t i o n i s i d e a l l y s u i t e d to the 

study of a complex spectrum such as the Ar valence s a t e l l i t e s . 

Furthermore, the behavior of s a t e l l i t e s at zero k i n e t i c energy i s of 

spec i a l i n t e r e s t . I t i s here t h a t the sudden l i m i t breaks down most 

completely and tha t mechanisms other than FISCI wi l l be most impor tant . 

The experimental methods a re descr ibed in Sec. B. In Sec. C we r epo r t 

and discuss the s a t e l l i t e cross s e c t i o n s at t h r e s h o l d . F i n a l l y , Sec. D 

contains the conclus ions . 

B. EXPERIMENTAL 

This experiment was performed using a grazing incidence 

"Grasshopper" monochromator at the Stanford Synchrotron Radiation 

Laboratory (SSRL). The monochromator r e so lu t i on with the 600 lines/mm 

gra t ing i s est imated to vary from 0.05 to 0.09 eV in going from 30 to to 
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eV photon energy hv . I n t h i s low photon energy range , the photon 

i n t e n s i t y from the monochromator i s q u i t e low, and the f r a c t i o n a l 

c o n t r i b u t i o n o f h igher or ters i s h i g h . The scans were c a r r i e d out w i t h 

and w i thou t an Al f i l t e r , which improved the f i r s t order p u r i t y 

e s p e c i a l l y above 36 eV, but a l so lowered the i n t e n s i t y . Wi th the A l 

f i l t e r i n s e r t e d , the f r a c t i o n o f f i r s t - o r d e r l i g h t increased from 39 % 

at 29 eV to 93 % a t 44 eV. Wi th the A l f i l t e r w i t h d r a w n , the 

c o n t r i b u t i o n of f i r s t - o r d e r l i g h t went frcm 19 t o 43 % over the same 

range . The h igher orders were es t imated from p h o t o e l e c t r o n s p e c t r a o f 

Ne. 

A s i m i l a r t h r e s h o l d e l e c t r o n ana lyzer was desc r i bed i n some d e t a i l 

7 in a earl ier paper, while an account of the chamber and timing 
o 

e l e c t r o n i c s can be found i n Whi te e t a l . B r i e f l y , pho toe lec t rons are 

e x t r a c t e d by a weak e l e c t r i c f i e l d f rom the I n t e r a c t i o n r e g i o n , which 

r e s u l t s i n a very h i gh t r a n s m i s s i o n f o r C and low k i n e t i c e n e r g i e s . The 

e l e c t r o n s are energy analyzed by t h e i r f l i g h t t imes between the 

i n t e r a c t i o n r e g i o n and the d e t e c t o r . The analyzer i s f i x e d a t 5 ^ J 

r e l a t i v e t o the photon p o l a r i z a t i o n v e c t o r . Dur ing a photon energy 

scan , a whole t ime spectrum i s s t o r e d on d i s k f o r each energy . The 

I n t e n s i t y p l o t t e d i n F i g . 1 rep resen ts the e l e c t r o n count r a t e i n s i d e a 

k i n e t i c energy ( t ime ) window, AE =• 0 - 0.05 eV, d i v i d e d by the photon 

f l u x , which has been c o r r e c t e d f o r h i g h e r - o r d e r c o n t r i b u t i o n s . 

C. RESULTS AND DISCUSSION 

F igure 1 shows the t h r e s h o l d scan of the Ar (3s) and Ar 

2 2 1 1s 2s 2p n l s a t e l l i t e s . Table I conta ins assignments of the observed 
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9 peaks using energy level tables of Moore. The identification of the 
1 2 

( D)3d F final s t a t e , not found in Ref. 9, is based on the 
1 2 12 

extrapolation of the series of doubly-excited s t a t e s , ( D)3d( F_ / ?)nf. 
While two sa t e l l i t e peaks at 37.12 and 38.03 eV are assigned to a final 

1 2 

3tate ( D)3d P following Moore's tables, th is identification should be 

correct for only one of these peaks. 

The number of s a t e l l i t e lines in th i s Ar threshold scan is 

s t r iking. Below 35.7 eV binding energy, a l l the LS terms l i s ted in 
9 Moore's tables are present in Table I . At higher binding energy, there 

are indications in the threshold scan of additional peaks not in Table 

I . At threshold i t seems that a l l possible LS s a t e l l i t e states have 

significant cross sections. Similarly, the Ne s a t e l l i t e spectrum at 
7 threshold has a complex appearance with, however, fewer peaks. The 

differences between the Ne and Ar spectra at threshold resul t in part 

from the greater density of low lying excited s tates in Ar . The larger 

size of the Ar 3p orbital re la t ive to Ne 2p resul ts in a reduction of 

the P- D- S sp l i t t ings . Among the Ar s a t e l l i t e final states at 

threshold, the excited electron most often goes into the 3d subshell, 

for which there is no Ne counterpart. The next most probable 

configurations at threshold are Ar 3p Is and 3p tp with nearly equal 

likelihood. Finally, for both Ar and Ne, the distribution of s a t e l l i t e 

intensit ies among the core term symbols at threshold is close to 
•j i i 

s t a t i s t i c a l . For the case of Ar, P: D: S = 9:6.7:0.7. 

The labels 1 to 5 in Fig. 1 are the notation used by Adam et a l . 

to Identify the s a t e l l i t e peaks in their Ar photoelectron spectra at 

intermediate kinetic energies, 3 to 35 eV. The number of observed 
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sa t e l l i t e lines is quite different for the threshold and higher kinetic 

energy spectra. One contributing factor is our higher resolution of 0.1 
3 eV compared with 0.8 eV used by Adam et a l . From a lineshape analysis, 

Adam et a l . infer additional, unresolved peaks on the low binding-energy 

side of sa te l l i t es 1, 2 and 3- However, the improved resolution is not 

a sufficient explanation because Adam et a l . ' s spectrum at hv = 13 eV 

has a f lat background from the 3s line until 33.5 eV binding energy. 

Therefore, the cross section o for these three s a t e l l i t e transit ions 

must have decreased to essentially zero in going from threshold to hv = 

13 eV. Because whole time spectra were stored during the scan, plots 

can be made like Fig. 1 but at higher kinetic energies and with much 
3 2 

worse signal-to-noise. The ( Pjte P s a t e l l i t e , for example, i s clearly 

observable for kinetic energies ranging from 0 to 0.9 eV. Another 

recent photoelectron experiment has studied the s a t e l l i t e Intensity 
1 3 variations from about 1 - 1 0 eV kinetic energy. 

At and near threshold, the mechanism for producing sa t e l l i t e s is 
7 al tered. Earlier, an analogy has been discussed between double 

ionization and sa te l l i t e s at threshold. In both oases two electrons 

move slowly from the ion core; here i t is the photoelectron and excited 

electron. At low photoelectron kinetic energies, the interaction 

between these two electrons is more important, which results in a 

changed intensity distribution over the possible s a t e l l i t e final s t a t e s . 

At threshold as at any kinetic energy, the s a t e l l i t e cross sections 

are influenced by the changing main-line cross sections, which reflect 

the variation of the dipole matrix elements, e.g. <3s|r|ep>. The 

3p ^D) 3d and Id S s a t e l l i t e s , caused by FISCI with the 3s3p 
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configuration, contribute only a small fraction of tne threshold 

s a t e l l i t e intensi ty. However, compared with i t s intensity in the range 

of the 3s Cooper minimum, the threshold intensity of the 3p ( D)3d S 

s a t e l l i t e is an order of magnitude higher. In the case of this FISCI 

s a t e l l i t e , the s a t e l l i t e and i t s main l ine go through a Cooper minimum 
2 

in a similar way. The sa te l l i t e s besides those assigned to S final 

states should be associated with correlation processes occuring in the 

3p subshell. This tentative conclusion is supported by the intensity 

variations observed at intermediate photon energy and by the simple 

fact that a, is many times larger than o~ in th i s photon energy range. 
2 

The overall Intensity of the non- S sa te l l i t es increases from 
3 

Intermediate kinetic energy to threshold, as does the 3p main l i ne . 

The variation of the dipole matrix element, as measured by aCmain l i n e ) , 

is only one contributing factor to the s a t e l l i t e cross section at low 
1 2 

kinetic energy. As an example, the branching ra t io of the ( D)3d S 

s a t e l l i t e to the 3s l ine , at both e - 0 eV and hv - 38.6 eV, differs 

from the high photon-energy value. 

Autoioni zatlon from doubly-excited states can cause dramatic 

variation in s a t e l l i t e cross sections. Since these resonances are 

located below successive s a t e l l i t e thresholds, their autoionization is 

most important for low s a t e l l i t e kinetic energies and for sa t e l l i t e s of 

lower binding energy. Autoionlzatlon into j a t e l l i t e channels has been 
'\H 15 

previously s tudied by Woodruff and Samson in He and by Becker e t a l . 

in Ne. For five Ar s a t e l l i t e s , the cross sections decrease strongly 

from threshold to e » 0.2 or 0.3 eV. In each case a doubly-excited 

s ta te may b4 found near the s a t e l l i t e threshold, which may resonantly 
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enhance the s a t e l l i t e cross section. Table II contains a l i s t of the 

sa te l l i t e s and the resonances which affect them at threshold. 

The oscil lator strength is a continuous function from a doubly-

excited Rydberg series across a sa te l l i t e threshold. Therefore, the 

threshold s a t e l l i t e scan should resemble the absorption spectrum of 

doubly-excited s t a t e s . There is a correspondence between most of the 

s a t e l l i t e final states which are strong at threshold and the prominent 
1 2 Rydberg series where Madden et a l . were able to identify more than two 

1 2 members. In addition, the qualitative observations of Madden et a l . 

about the doubly-excited s tates could also apply to the sa t e l l i t e s at 

threshold. 3p 3dnl (3p 3d) states are most important followed by 
li 4 l) ii 

3p tenl (3p te). 3p tpnl (3p tp) configurations and quartet s tates 

appear to be more prominent In the threshold s a t e l l i t e spectrum than in 

the doubly-excited resonances. However, the3e states may occur among 

the unassigned resonances. 

D. CONCLUSIONS 

A discussion has been given above which should apply in i t s general 

outline to the valence sa te l l i t e s of any atom or molecule at threshold. 

All possible LS final states are reached. The threshold s a t e l l i t e 

spectrum differs from that at intermediate kinetic energies by the 

presence of additional peaks, some of which persist at least until e = 1 

e'/. Very roughly, the broader f inal-state distribution is caused by the 

increased interaction of the slowly leaving photoelectron with the ion. 

Most of the sa te l l i t es should be associated with correlation processes 

in the outer p subshell. The FISCI mechanism can only account for a 
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fraction of the s a t e l l i t e peaks, with S and P term symbols. 

Autoionization from doubly-excited states is inf luential , strongly 

enhancing certain s a t e l l i t e s . Finally, there exists a correspondence 

between the prominent series of doubly-excited states and the more 

intense sa te l l i t e s at threshold. A theoretical calculation of the Ar 

s a t e l l i t e spectrum at zero kinetic energy would be very valuable. 
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Table I . Argon valance s a t e l l i t e binding energies, whose uncertainty is 
9 0.02 eV, together with the optical energies of Moore. All the assigned 

s a t e l l i t e final states include a 1s 2s 2p 3s 3p core. The las t column 

contains the s a t e l l i t e cross sections at threshold. 

Peak 
Assignment 

B ind ing 
Energy (eV) 

Op t i ca l 
Energy (eV) o (Mb) 

3p 15.8 2 9 . 2 ( 9 ) 3 

3s 29.24 0 . 8 b 

( 3 P ) 3 d "D 32.17 32.18 0.033(4) 

( 3 P ) 4 3 "p 32.47 32.46 0.027(4) 

2 P 32.88 32.94 0.076(7) 

( 3P)3d "F 33-54 33-45 0 .071(6) 

2 P 33.78 33.78 0.300(12) 

«P 34.04 34.06 0 .044(7) 

Cl»Ha 2D 34.20 34.20 0.196(11) 

( 3 P ) 3 d 2 F 34.39 34.30 0.088(5) 

2 D 34.49 

( 1 D)3d 2 G 34.91 34.88 0.039(4) 

( 3P)4p V 35.01 

V 
2D° 

35.28 

35.51 

35.30 

35.44 
0.160(13) 

>° 35.60 

( 1 D)3d 2 F 36.00 36.03 0.094(7) 

C s ) ^ 2 s 36.51 36.50 0.040(6) 

i.\)kp 2F° 36.90 36.89 0 .O5K7) 

( 1 D)4p 2 P ° 37.11 37.11 0.061(4) 
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( 1 D)3d 2 D 37.23 37.18 0.066(7) 

c'oup V 37.25 

( 1 D)3d 2 P 37.42 37.40 0.045(3) 

( 1 D)3d 2 P 38.03 38.04 0.044(2) 

3 U 
(iP)5a P 38.33 38.32 0.007(1) 

( 1 D)3d 2S 38.59 38.58 0.029(2) 

(1S)3d h 38.90 38.91 0 .011(1) 

( 3 P)5p 2 P ° 39-35 39.33 0.038(2) 

2D° 39-38 

( 3 P)4d 2 P 39.39 

Os)Hp V 39.61 39.57 0.028(2) 

( 3 P)4- i 2 D 39.64 

( 1 D)5s 2 D 40.03 40.04 0.025(3) 

( 3 P ) 4 f 40.07 

( 1 D)Ud 2 S 41 .16 41 .20 0.023(4) 

S a t . t o t a l 1.68 

a R e f . 10 

b R e f . 11 
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Table I I . The doubly-excited states (Ref. 12) which autoionize into 

sa t e l l i t e channels at threshold. 

Resonance h\j (eV) S a t e l l i t e 

{ 1 D ) 3 d ( 2 F 5 / 2 ) 4 p 32.853 ( 3 P)4s 2 P 

( 3 P ) H p ( 2 D 3 / 2 ) 5 s 33.582 ( J P)3d F 

( 1 D ) 3 d ( 2 G 7 / 2 ) 6 f 31.194 ( 3 P)3d 2 F , 2 D 

( 1 S ) " » s { 2 S 1 / 2 ) 7 p 36.020 ( 1 D)3d 2 F 

( 1 D ) 3 d ( 2 P 3 / 2 ) 9 p 37.127 0D)»P

 2 P ° 
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FIGURE CAPTION 

Fig . 1 Threshold photoelect ron scan of the Ar valence s a t e l l i t e s . The 

count r a t e a t the 3s peak i s 53 o / s . 
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