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Paul Harvey Kobrin

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of California
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Abstract

Photoelectron spectroscopy combined with tunable synchrotron
radiation has been used to study the photoionization process in sev-
eral atomic systems. The time structure of the synchrotron radiation
source at the Stanford Synchrotron Radiation Laboratory (SSRL) was
used to record time~of-flight (TOF) photoelectron spectra of gaseous
Cd, Hg, Ne, Ar, Ba, and Mn. The use of two TOF analyzers made possi-
ble the measurement of photoelectron angular distributions as well as
branching ratios and partial cross sections.

Oramatically different energy dependences of the partial cross
sections for producing the Towest 205/2, 203/2, 251/2, and 2P3/2,1/2
ionic states of Cd+ were observed for photon energies in the neigh-
borhood of the [4d9(555p 3P)] 2P3/265 1P1 autoionization resonance
at 588R. Partial decay widths from the excited resonance state have

been determined by fitting the resonance lineshapes to a theoretical
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expression for the partial cross sections. Resonance profiles in the
photoelectron angular-distribution asymmetry parameter for the 205/2
and ZD3I2 channels were also measured.

In Hg, the relative cross sections, subshell branching ratios and
angular-distribution asymmetry parameters of the 4f, 5p, and 5d sub-
shells were measured between 50 and 270 eV. In addition, the 4f asym-
metry parameter was measured up to 600 eV. These guantities show dra-
matic effects accompanying Cooper minima in the 5d and 5p subshells
and a large centrifugal barrier in the 4f > eg chanmnel.

The feasibility of studying the energy dependence of core-level
photoemission satellites in gases at high photon energies (up to
3320 eV) was shown in a study of the K-shell photoelectron satellites
in Ne and Ar.

Photoelectron spectroscopy of Ba-5p hole states was studied in

6nl

the energy range 20 < hv < 29 eV. The variations of the Ba” 5p
(n1 = 6s, 5d, 6p, 7s, and 6d) photoelectron peak iﬁtensities were mea-
sured in the 20-21 eV autoionization regic:. In addition, angular-
distribution measurements were performed for the 6s, 5d, and 5p states.
Above 21 eV, 5p ionization begins to dominate, and the Auger spectra
were used to monitor the production of the various 5p-hole states.

The partial cross sections and photoelectron angular distribu-
tions for several lines in Mn have been measured near the 3p threshold
at photon energies between 50 and 72 eV. A configuration-interaction
analysis has been applied to help identify the origins of the observed

3d correlation satellites.



I. INTRGDUCTION

In this dissertation atomic photoionization is studied using pho-
toelectron spectroscopy combined with tunable synchrotron radiation.
Photoelectron cross section and angular distribution measurements are
reported from atomic Ne, Ar, Mn, Cd, Ba, and Hg. Interpretation of
the experimental abservat{ons involves the effects of autoionization,
electron correlation, and relativity.

The photoabsorption spectrum of an atomic system below its first
jonization potential is characterized by a discrete set of symmetric
absorption 1ines. The energies of each of these 1ines 1s equal to the
excitation energy, En'l’ of a particular excited state, n, of the

neutral atom:
hv = El'l'l = EH-E‘I (1) -

In the dipole approximation, the intensity of each of these photoab-
sorption 1ines is proportional to the square of a dipole matrix ele-

ment between the ground and excited states,

f

2
oyt I'Z’rul‘!'f,"))l, (2)
'}

where v is the excitation frequency and ‘!’i and ‘!’n are the N-electron

wavefunctions of the ground and excited states, respectively.



Photoabsorption well above the first {onization potential leads
predominantly to photoionization. The photoemission spectrum at a
given photon energy, hv, is known as the photoelectron spectrum, and
it 1s characterized by a discrete set of photoelectron 1ines. The
kinetic energy, €40 of each of these 1ines is related to the binding
energy, Ij, of a particular state, j, of the fon by the relation

6 = hv-lj . (3)

In the dipole approximation, the intensity of each of these photoelec-
tron Tines is proportional to the sum of the squares of dipole matrix
elements between the initial ground state of the neutral atom and the
final ion-electron continuum states. The cross section for producing

the fonfc state j 1s given by

2 2
41" ad N 2
oyle) = —3"-2(“IJ)Ekwg"-l’nk(c)lzruwg“’u , (4)
113

where ?3"’1) is the wavefunction of the N-1 electron {on, ﬁk(:)
is the wavefunction of the continuum electron, a 1s the fine structure
constant (1/137), and a; is the Bohr radius.

In addition to 1ts cross section, each photoelectron 1ine has a
spatial angular distribution that, for 1inearly polarized 1ight, is of

the form



;%i£:l = jiéfl[l + Bj(c)Pz(cos e)] , (5)
where oj(c) is the integrated cross section, @ is the angle between
the photoelectron direction and the polarized photon electric vector,
Pz(x) is the second Legendre polynomial, and aj(:) is the asym-
metry parameter. The angular distribution is completely characterized
by 8(e), which can vary between -1 and 2. The continuum channels, k,
contribute coherently to the asymmetry parameter as opposed to inco-
herently to the cross section in Eq. 4. The cross section ard asym-
metry parameter thus provide complementary information.

When the excitation energy of a discrete state of the neutral
atom lies above the first ionization potential (ie. in the continuum)
then the degenerate neutral and continuum states can mix. As a result
of this mixing, photoabsorption at the excitation energy can lead to
autoionization. Autoionization features appear as rapid variations in
the otherwise slowly varying oj(c) and aj(e) parameters. In addi-
tion, the mixing of the neutral and continuum states can lead to an
asymmetric absorption feature and similarily to an asymmetric feature
in the oj(c) and Bj(c) parameters.

Chapter VI is concerned with the autoionization structure found
in the 5p excitation region of Ba. Barium autoionization is peculiar
in that some of the absorption features lead to double ionization and
the emission of two electrons.

In Chapt. III an asymmetric autoioniiing feature in the Cd
absorption spectrum is shown to produce distinctive profiles in each

of the oj(t) and Bj(c) parameters. These profiles are shown to



contain unique information about the interaction of the quasi-bound
state of the neutral atom and the numerous ion-electron continuum
states.

Most portions of absorption spectra are devoid of narrow autoion-
izing resonances. The variations cf the aj(e) and Bj(e) in these re-
gions are due to the slow changes in the continuum wavefunctions, dk(e).
Accurate ab initio calculations of uj(e) and Bj(e) often requira in-
clusion of relativistic and correlation effects. Several theoretical
methods are currently being developed and tested by comparisons to
atomic systems for which ihére are experimental data. Chapter IV is
concerned with photoionization of Hg above hv = 50 eV, a region in
which there has been virtually no previous experimental work. As one
of the heavy stable elements (Z = 80), Hg is a particularly important
system in the study of relativistic effects.

The configurations of "main lines" in a photoelectron spectrum
are obtained by the removal of one electron from the ground state con-
figuration of the neutral atom. rhe configurations of smaller lines,
known as "satellite lines," are obtained by removing one electron and
promoting another. The creation of these satellite lines is said to
involve the breakdown of the one-electron or single-particle approxi-
mation. In reality, the mechanism for creating satellite lines, a
single photon excitation, is no different than the mechanism for cre-
ating the main lines. Equation 4 applies equally well to all photo-
eiectron lines. A theoretical treatment of satellite lines reguires
the inclusion of the effects of electron correlation. In Chapt. v,

the first energy-dependent studies of the K-shell satellites in Ne and



Ar are reported. Electron correlation also plays a prominent role in
the creation of satellite 1ines in Ba (Chapt. VI). In Chapt. VII, a
configuration interaction analysis is used to explain the sateiiite
structure in Mn.

The following chapter presents some experimental details that are
not presented elsewhere and that are common to the experiments that

follow.



I1. EXPERIMENTAL

The experimental aspects of this dissertation involve the coupiing
of a light source, a sample source, and an electron analysis technique.
The Tight source is monochromatized synchrotron radiation, the sample
source is an oven capable of producing metal vapors, and the electron
analysis technique is the double-angle time-of-flight (DATOF) method.
This chapter includes a description of the components as well as an
indication of the manner in which the experiments were performed.

The TOF apparatus was built and tested by Mike Hh}te. Richard
Rosenberg, and coworkers before I joined the research group. As an
historical matter, Table I Tists all of the experiments performed with
the TOF apparatus prior to September 1982. The first succaessful ex-
periments, in 1978 and 1979, involved the measurement of spectra at
autoionizing resonances in atomic barium and the measurement of the
g-parameter for the xenon 5s pnotoelectron near its Cooper minimum,
Over the following three years, the apparatus was refined, the effi-
ciency was improved, and experiments were completed on two dozen
atomic and molecular systems. My emphasis during this time was on
atomic metal vapors. One of my goals was to perform quantitative
experimerts on metal vapors, particularly angular-distribution meas-
urements.

. A11 of the experiments were performed at the Stanford Synchrotron
Radiation Laboratory {SSRL), which is located at the Stanford Linear

Accelerator Center (SLAC) 50 miles from Berkeley. The most valuable




coﬁnodity in this work is "beam time.” This is the time 2llotted to
our research group by the administration at SSRL. Beam time takes the
form of short “runs” two to four times pe~ year. Table I lists the

" runs that have involved the TOF apparatus. Each run lasts about two
weeks, 24 hours a day, with perhaps a couple of days off in the middle.
The efficient use of this valuable beam time was one of the criteria
used in designing the equipment, in developing a data processing
scheme, and in performing the experiments.

Four people were nominally required to execute the experiments.
Two would work at night and two would work during the day. Figurel
shows a photograph of thé individuals who were involved in most of
these experiments.

The virtues of synchrotron radiation from an electron storage ring
have been described by Hinick.1 Briefly, the storage ring provides
an intense radiation continuum that is highly polarized and time
structured.

Figure 2 depicts the overall experimental scheme. Photon pulses
having a ~0.3 nsec width and a 780 nsec repetition period are monc-
chromatized before entering the sample chamber. The photoelectrons
are then collected at two angles with respect to the photon polariza-
tion direction. The time-of-flight spectrum of these photoelectrons
is equivalent to their kinetic-energy spectrum. Figure 3 shows how
the electron signal is amplified by the dual microchannel-plate
asgembly and is then coincidenced with a signal from the electron

storage ring.



With routing electronics, the signals from both analyzers are di-
rected into the same time-to-amplitude converter and then into two
different quadrants of an multichannel analyzer (MCA). A more com-

plete description of the apparatus can be found in Ref. 2.

A. Monochromators and Windows

The radiation emitted from a storage ring bending magnet is dis-
persed by a monochromator that is suitable for a particular energy
range. The three different monochromators used in this work are de-
scribed in this section.

-10 torr monochromator and our 10'4 torr vacuum

Between the 10
chamber is a thin-film window. Both aluminum and vitreous carbon win-
dows were used in this work and their transmission characteristics are
described below. The 3/8 inch diameter windows are 1500A thick, mounted
on conflat mini-flanges, and are obtazined from Luxe'l.3 An interlock
system involving ion gauges, two pneumatic gate valves and a few other
valves and sensors is used to protect the UHV monochromator from a vac-
uum catastrophe. This interlock systerm has been described previously.4
The only modification has been the interlocking of the chamber gate
valve that protects the window from a vacuum failure in the main cham-
ber.

8° line: This beam line, officially designated branch line I-2,
has a l-meter Seya-Namioka monochomator that is described by Rehn
et a1.5 Without a window, this line is useful from 4 to ~34 eV and
has a flux of -1010 photons/sec under typical operating conditions.

The flux through the aluminum window is shown in Fig. 4. For the Ba



and Cd work done on this beam 1ine, a fixed monochromator bandpass of
2.58 FUHM was used.

4° line: Branch line III-1, known as the new 4°-1ine, has a graz-
ing-incidence grasshopper monochromator that was used up to 600 eV for
the Hg experiment. A detailed description of this monochromator can
be found in Ref. 6. The monochromator has adjustable entrance and ex-
it slits, an adjustable refocussing mirror, and two gratings inter-
changeable in vacuum. Both the Mn and Hg experiments were done with a
1200 1/mm holographically-ruled grating.

Both the aluminum and carbon windows were used on this beam line.
The flux through these windows are shown in Fig. 5, which shows that
the transmission of the carbon window is greater for energies between
the aluminum L2’3-edge at 72 eV and the carbon K-edge at 280 eV.

g:liﬂg: Branch line I1I-3 uses a double crystal monochromator,
known as "Jumbo,” that has been described by Hussain et a1.7 Jumbo
holds up to four interchangeable sets of crystals. Beryl crystals
that span the energy range between 800 and 1800 eV were used for the
Ne experiment, and germanium crystals that span the range between 2000
and 4500 eV were used for the Ar experiment. The carbon window was

used on this line because its transmission is >93% above 800 aVv.

B. Metal Vapor Oven
To vaporize Ba, Cd, Mn and Hg (as well as Eu, Sm, Tm and Li to

date), a resistively-heated inductively wound oven was used. The

basic eriteria for this oven are:
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i) To attain a temperature of 1000°C.
ii) To avoid creating any electric or magnetic fields in the in-
teraction region.
iii) To contain sufficient sample in order to operate for 24-72
hours without refilling.
iv) To be able to flow gas through the same orifice for calibra-
tion purposes.
v) To keep most of the metal vapor from reaching the channel
plate detectors and the thin film window.

To be able to introduce the oven into the chamber easily and

~—

vi
quickly.

vii) To be able to change metal samples easily and quickly, with-

out changing the alignment of the oven.

The oven went through several design changes during my tenure.
The first design failed criterion (iv) during the TOF-8 run when con-
densed Ba clogged the gas passage. The second design is shown as
Fig. 1 of Chapter III, and Figs. 6-5 of this chapter are pictures of
the oven. The clogging problem was overcome by the use of an active
valve that is opened and closed from outside the chamber.

The outer-body piece was made from 304 stainless steel prior to
TOF-12, when it was replaced by a molybdenum piece. While molybdenum
can be used to higher temperatures, 304 stainless steel has the advan-
tage that it is impervious to nitric acid, thus simplifying cleaning.
Tﬁe use of a large diameter body allows for a large sample volume (3.5
cc), while the smaller diameter nozzle is necessary to get as close as

possible to the interaction region.
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Starting with TOF-12, the external heating wires were purchased
with an enclosed connection at one end and enclosed transitions to
thicker nickel wires at the other end. The wires were made of Ni-
chrome V with Mg0 insulation and an Inconel sheath. Other materials
that can safely operate at higher temperatures could be used in the
future. Three or four of these heating wires have provided up to
200-400 watts.

To help keep the metal vapor from reaching the critical elements
in the chamber, an unheated skimmer was used starting with TOF-12.
The skimmer has a 7 mm diame'.er opening and only intersects the metal
atoms having a trajectory greater than 60° from the normal. The large
size of this opening keeps it from clogging. For the Hg experiment,
where clogging from condensed 1iquid was not a problem, a smaller, 5
mn diameter skimmer that intersected trajectories greater than 45° was
used.

To protect the turbomolecular pump on the main chamber from being
coated with condensed metal, a 1000 liter/sec cryopump9 was pur-
chased. Using two 10 inch conflat gate va1ves,10 the turbomolecular
pump can be used to pump gases when the oven is cold, and then iso-
lated from the chamber when the oven is hot.

To reach temperatures above 800-900°C (i.e., to vaporize Mn),
additional heating power was required. To accomplish this, an inner
oven that has the same size as the normal sample cup (Fig. 1, Chapt.
IIi) was built. The inner oven (Fig. 10) has an A1203 core around
which tungsten heating wires are noninductively wound. An A1203

tube around the heating wires serves to shield the wires from metal
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vapor. The inner oven is supported by a stainless steel tube through
which travel two shielded power leads. These leads are connected to
the tungsten heating wires by a set of molybdenum pins. The metal
sample is put into a mullite sample cup which fits into the inner
oven. The inner oven provided ~100 watts during the Mn experiment.

Up to and including TOF-12, the oven was mounted on a homemade XYZ
stage mounted on a 2-3/4 inch diameter flange on the bottom of the
main chamber. The only problem with this configuration was that the
Z-motion of the XYZ stage was not truly decoupled from the XY-mo-
tions. When a 6 inch long stainless steel oven is heated to 1000°C,
it lengthens 3 mm (1 mm if it is made of molybdenum). Since it is
desirable to put the oven as close as possible to the photon beam
(i.e., 1-3 mm away), the cold oven must be positioned 3-5 mm out of
the beam. Had the oven expanded into the photon beam, it would have
been necessary to change the Z position while the oven was hot, which
would have disturbed the XY alignment. Although this never occurred,
the possibility of it occurring prompted us to commandeer an old UHV
Varian XYZ stage for the project. This stage allows the Z-motion to
be decoupled from the XY-motion.

It proved to be good practice to do experiments with room temper-
ature gases at the beginning of a run, with the gas inlet described by
Hhite,2 and to do experiments on metal vapors at the end. This al-
lowed the bugs to be worked out of the rest of the system while the
wé]l-behaved gases were being used, and allowed the room temperature
gas experiments to be completed before the window and detectors could

be coated with metal.
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C. TOF Analysis

Figure 11 shows one of the two TOF analyzers. Their design has
been described by White et a].z Each analyzer has several grids and
an electrostatic cage that allows a constant potential to be applied
for two-thirds of the flight path. Figure 12 is a schematic of the
potential system. In the absence of any applied potential, the flight
time, T, is given by

KLy

Ts-E-m (1)

wheve LT is the total path length (~28 cm), £ is the electron ki-
netic energy, and K is a constant. This equation can easily be in-
verted to solve for E(T).

When a potential, V, is applied to the electrostatic cage, the

time-of-flight is given by

i ;717 ’ (Ej?l/z * mz; = [+ nti2 - 2] (2)
where the first term is the flight time through the initial field-free
region, the second term is the flight time through the electrostatic
cage, and the third term is the sum of the flight times through the
accelerating and decelerating regions. Equation 2 cannot be inverted
to solve for E(t), so an iterative method is used.

To transform a time spectrum into an énergy spectrum requires
knowing the prompt channel (i.e., the zero time) and the distance L1.

Al1l other quantities are known. When the inside of the chamber becomes
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coated with a metal sample, a contact potential may develop between
the interaction region and the inside of the analyzer drift tube. To
account for this, a fitted contact potential parameter (of up to 2
volts) is added to E in Eq. 2.

The resolution of the TOF analyzer is limited by the time width
of the ~0.3 nsec lignt pulse and the al uncertainty in the initial
position of the electron, caused by the finite size of the interac-
tion region. The performance of the TOF amalyzer on the 8" line
with no retarding potential has been discussed by White et al.z
For kinetic energies, E, less than ~100 eV, the resolution AE/E is
essentially constant, and equal to ZAL/LT. On the 4° and 8° lines,
this fraction is usually 2.5%-3.5% for each analyzer, while it is
closer to 5% on the 2° line, where the horizontal focus is larger.

When a positive or negative potential, V, is applied to the
electrostatic cage, the total time-of-flight is changed but the
time uncertainty, due to the finite interaction volume, remains the
same. The theoretical resolution, with a potential applied to the
electrostatic cage, is shown in Fig. 13. Figure 13 is a plot of
[AE/(E-V)]I(ZALILT) versus V/E, which allows all values of € and V
to be represented by one curve. The quantity aE/{E-V) is found to be
relatively constant from -0.5 < V/E < 1.9. Thus, a 100 eV electron
that is retarded by 50 volts wiil have slightly better resolution (aE)
than a 50 eV electron for which no retarding is applied.

. For a given photoelectron line to maintain a constant res.lution,

AE, one would want to have nominally a constant E-V. This mode of
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operation, called "constant final kinetic energy,” was used for the Hg
experiment to resolve the 4f-doublet at most photon energies.

In the absence of retarding, the transmission c¢f our TOF analyzer
is essentially constant, except at low kinetic energies, where the
effects of stray fields become more important. The analyzers have
several apertures that define the 3° acceptance angle. When a retard-
ing potential is applied to the electrostatic cage, the transmission °
of the analyzer decreases because of lensing at the first pair of
grids. The curve in Fig. 14 shows the theoretical and experimental
transmission as a function of (E-V)/E, where the retarding potential,
V, is taken to be a positive quantity. Note that the decrease in
traasmission is predicted to be Tess than the fraction (E-V)/E. The
transmission was measured during the TOF-=9 run on the 2° line and dur-
ing the TOF-12 run on the 4° line. While agreement with theory is
poor, considering the transmission as a function of (E-V)/E has helped
to decrease the number of calibration points necessary.

The Double-Angle Method. The differential cross section for pho-

toionization from a randomly oriented sample with linearly polarized
light has been given in Chapt. I. With one detector at & = 0° and one

at e = 54.7°, the asymmetry parameiar is given by

(0°, E)/N(54.7", E)
T(E)

8(E) = -1+

where N(s,E) is the number of electrons detected and f{E) is the re-
jative collection efficiency of the two analyzers. Calibration of f(E)
is made by measuring photoelectron lines with known 8(c)'s. Correc-

tions to this scheme have been discussed by Southworth et al.lO
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These corrections account for the finite collection solid angle, fi-
nite source volume, and imperfect linear polarization of the light.
The corrections are generally less than 0.03 g-units.

On the 8° line, measurements of f(E) are made using He and a
1:1:1 mixture of Ar, Kr and Xe. This rare-gas mixture provides five
calibration Tines simuitaneously. (The Ar cdoublet is usually not re-
. solved.) On the 4° Tine, the Ne 2s and 2p lines are used for calibra-

tion.

D. Data System
During the last three years, the data acquisition and processing

system was upgraded immensely. Originally (before TOF-5), the data
was accumulated in a Hewlett Packard MCA, dumped to magnetic tape that
could be read by the large LBL mainframe computers, and transferred to
an Intel 8010 microprocessor that was operated by a 110 baud teletype.
The first addition was an HP-7220A digital plotter that could plot two
1024-channel spectra in under 3 minutes. The plotter, that has digi-
tizing capabilities, was also used to define the integration regions
of the spectra. Then a Digital Equipment Corp. LSI-11/23 computer was
obtained. The new computer enabled us to run a more sophisticated
operating program, increase our speed, 2nd store data on filoppy disks
for easy access back in Berkeley. A Canberra Series 40 MCA later re-
placed the HP MCA. The new MCA provided a. faster method for defining
thé integration regions and allowed for more automated data acquisi-
tion. The present state of the data processing system includes a so-

phisticated operating program, a high speed line printer, and two
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computer interfaced scalers that monitor the gas pressure and phcton
intensity. There is now less than 1 minute of down time between spec-
tra, and it is not difficult for one hurried person to keep things go-

ing, though not indefinitely.
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Table 1. Time-of-flight runs
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Date Run Samples Beam Line Participants?
F78 2 Ba 8° M4, RR, EP, GT, SS
Sp7¢ 3 Xe 8° M4, RR, EP, SS, PK, DL
Sp79 4 Xe, HI 8° MW, RR, EP, SS, P, DL
F79 5 Hy 8 §S, PX, CT, DL, WB
Sp80 6 Hys Dyy Hy0, CS, 8° ss, PK, CT, DL
€0,, N,0, NO, 0CS
Sp80 7 Xe 4° ss, Pk, CT, DL, SO
Sp& 8 Ba 8* sS, Pk, CT, DL
Sp8l 9 Ne, Ar 2° sS, Pk, CT, DL, UB
€2 81 10 Xe, CO 4° s, PK, CT, DL, UB
Sp 81 11 co, 0cs, cd, Ba, 8° ss, Pk, CT, DL, UB
CH,1, CHBr
F8l 12 €0, C0,, He, Ne, Mn, N, 4° PK, CT, DL, UB, HK
Sp 82 13 Kr, CHyI, CFy, 4" PK, CT, DL, UB, KK,
NO, CCS, Hg, Eu TF, PH

3 MW=Mike White, RR=Richard Rosenberg, EP=Erwin Poliakotf, GTaGeoff
Thornton, SS=Steve Southworth, PKePaul Kobrin, DLs=Dennis Lindle,
CT=Carliton Truesdale, WBaWilliam Brewer, S0a=Shige Owaki, UBsUwe
Becker, HKsHans Kerkhoff, TF«Trish Ferrett and PHsPhil Heimann.



FIGURE CAPTIONS
Fig. 1 Picture taken sprjng 1981 at SSRL. From left-to-right:

Fig.
Fig.

Fig.

Fig.

Carlton "Trues® Truesdale, Dennis Lindle, Uwe Becker, Steve
Southworth, and Paul Kobrin.

Schematic of the double-angle time—of-flight (DATOF) method.
Schematic of one of the TOF anal zers with associated
electronics. A =1Ma, B =422 ko, C = 1 M2, D = 619 k2,

E = 750 kii. MONO = monochromator. CS = ceramic spacer. MS =
mylar spacer. MCP = 40 mm diameter microchannel plate. DC =
decoupling capacitor. CA = coaxial anode. OT = decoupling
transformer. CFD = constant fraction discriminator. Attn =
attenuator. DD = differential discriminator. TAC = time-to-
amplitude converter. PHA/MCA = combination pulse hight ana-
lyzer and multichannel analyzer.

The photon flux as a function of waveiength on the 8° Jine
after passing through an aluminum_window. Méasured using a
sodium salycilate VUV-to-visible converter and an RCA 8850
photomultiplier tube calibrated with an NBS photodicde.

The photon flux as a function of energy on the 4° line after
passing through an aluminum (solid curve) or a carbon window
(dashed curve). The first order flux through the :arbon
window 1s shown as a dotted curve. The relative scaling of
the solid and dashed curves is estimated to be within 10%.
The intensities were measured using a sodium salycilate

scintillator and fixed monochromator slit settings which




Fig. 6

Fig. 7

Fig. 8

Fig. 9
Fig. 10

Fig. 11

Fig. 12
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corresponds to a fixed AEI(E)Z. The minimum in the Al

curve near 280 eV is due to the K-edge absorption of carbon
deposited on the optical surfaces of the beam line.

Parts of the metal vapor oven. On the Teft: two heating
cables wound into a double-helix. Center-bottom: the metal
outer structure, sample cup, and stainless-steel foil heat
shield. Center-top: the nozzle heating cable. Right: three
pieces of alumina heat shielding.

Parts of the metal vapor oven: the sample cup, outer struc-
ture, and heating cables.

Partially assembled oven, showing heating cables and outer
support stalk.

Fully assembled oven.

The inner oven. The inner-oven shield, ceramic body and con-
ductor set pin are made of A1203; the intermediate conduc-
tor and filament screws are made of molybdenum; and the heat-
ing supply screws and support stalk are made of 304 stainless-
steel.

The disassembled TOF analyzer, showing (from left-to-right)
ane of two u-metal shields, detector/electron multiplier and
gold-plated aluminum drift tube with defining aperture. The
retarding cage is the top-third of the center structure.
Schematic of the TOF analyzer showing dimensions relavent for

time-to-energy conversion.



Fig. 13

Fig. 14
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The theoretical resolution of the TOF analyzer. E fs the
electron kinetic energy and V is the potential of the elec-
trostatic cage. The positive values of the ordinate corre-
spond to accelerated electrons.

The theoretical and experimental transmission of the TOF an-
alyzers. The retarding potential V is a positive quantity.
The open circles were obtained during TOF-9 and the X's were

obtained during TOF-12.
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Fig. 11
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I11. AUTOIONIZING RESONANCE PROFILES IN THE PHOTOELECTRON
SPECTRA OF ATOMIC CADMI1iM*

ABSTRACT

Photoelectron spectra have been taken of atomic Cd with synchro-
tron radiation between 19 and 27 eV using the Double-Angle Time-of-
Flight method. Dramatically different energy dependences of the
partial cross-sections for producing the Towest 205/2’ 20312, 251/2’ and
2P3I2,1/2 ionic states of Cd+ were observed for photon energies in the
neighborhood of the [4d9(555p 3P)] 2P31265 1P1 autoionizing resonance
at 588A. Partial decay widths from the excited resonance state have
been determined by fitting the resonance lineshapes to theoretical
expressions for the partial cross-sections. Resonance profiles in the
photoelectron angular-distribution asymmetry parameter for the 205/2
and 2D3I2 channels are also reported. The 2P3I2,112 satellite is found
to decrease slightly relative to the ZSIIZ main line in the 19-25 eV

range., Three new satellite peaks have been detected with intensities

enhanced by autoionization.
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A. INTRODUCTION

In recent years considerable effort has been spent elucidating
several aspects of Cd I pnotoionization. Much interest has been fo-
cused on the excitation of 4d electrons, which are affected by both
intrashell and intershell correlations, and on the intermediate-Z na-
ture of Cd, which cannot be treated satisfactorily in either a pure LS
or jj coupling scheme.

Many-body-perturbation theory (MBPT)1 has been used to calculate
the absolute photoionization cross-section meaSurements,z’3 which
could not be described correctly by single-electron calculations.
Harrison's4 early angular distribution measurements of the 4d photo-
electrons using a He I source (584A) prompted theoretical investiga-
tions based on MBPT,1 the Dirac-Slater (DS) approximation,5 the Di11-
Fano angular momentum transfer approach,G and Dirac~Fock (DF) theory.7

8

Recently new experimental measurements with resonance lamps® have shown

better agreement with the calculations.
The role of relativistic effects was investigated by Walker and

3 who examined the Cd 4d branching ratio by making Dirac-Slater

Waber,
calculations. Their work suggested that most of the variation from the
statistical value is due to the difference in kinetic energies of the
two spin-orbit split components at a fixed photon energy. Measurements
with synchrotron radiation9 and recent Dirac-Fock ca]cu]ations10 have
also addressed this problem.

2y 2

Alignment in the cd and 05/2 states produced through

11,12

3/2

photoionization with He I radiation has been detected by measuring
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the degree of linear polarization of the flourescence to the Cd+ ground

13 and relativistic oF’

state. Comparisons with MBPT,1 Hermann-Skillman
calculations have left some discrepancies.

The nature of the satellite peaks in the photoelectron spectra of
Cd+ and other group IJA and IIB elements has been of interest because
of the possibility of using them to study electron correlations.14’15
Agreement of satellite intensities with the initial-state configuration
interaction (ISCI) model, using multi-configuration Hartree-Fock (MCHF)
calculations, has not been good.16

An investigation with synchrotron radiation revealed resonances
in the Cd I absorption spectrum, corresponding to double electron ex-
citations in a single-particie picture.17 These excitations have been
attributed to excited-state configuration mixing.

The effects of autoionizing resonances on absorption spectra were
treated in the pioneering work of Fano.la’lg Their effects on the
more sensitive photoelectron spectrum have also been explored theoret-

2

ically. 0-22 Most experiments to date on atomic systems have been

concerned with the Rydberg states of rare gases between the first and
second ionization thresholds, where only one final state is produced.23
More tantalizing data have been obtained beyond the second ionization

24 and in molecules where the problem is theoreti-
25,26

threshold in atoms
cally intractable,

The fortuitous overlap of the He I line with an autoionizing level
of Ba I was found to enhance many of the otherwise weak satellite

lines.27"29 Synchroiron radiation was subsequently used to excite
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resonances in atomic barium30 and more recently in atomic copper,31

in order to study the structure of the autoionizing levels and their
interaction with the continua.

This experiment on Cd was prompted by a desire to study several
final ionic states in the neighborhood of a broad autoionizing reso-
nance. Metal vapors provide some of the best resonances for such a
study, and the 588A feature in the Cd I absorption spectrum was chosen
as an especially promising case. We report here the largest set of
partial cross-section and angular distribution profiles yet obtained
for an atomic autoionizing resonance. In particular, the partial cross-
section profiles for the (4d'%s) %, ), (ad%ss%) 2o, (4d%s?) %oy,
(4d105p) 2P3/2, and (4d105p) ZPI/2 ionic states, as well as the angular
distribution asymmetry profiles of the (4d9552) 205/2 and (4d9552)
2D3/2‘photoe1ectrons, have been measured in the region of the 588R reso-
nance. Three heretofore unobserved satellite peaks were also detected
at several photon energies between 22 and 24 eV.

Our experimental procedures are described in Section B. The
nonresonant measurements of the 4d and 5s photoelectrons are presented
in Section C. Section D addresses the effects of the 588R resonance,
the correlation satellite intensities are presented in Section E, and

our conclusions are summarized in Section F.

B. EXPERIMENTAL
The partial cross-sections and angular distributions of the Cd pho-
toelectrons were measured by the double-angle time-of-flight (DATOF)

methaod, using the pulsed synchrotron radiation from SPEAR at the Stanford
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Synchrotron Radiation Laboratory.32 The vacuum of the SPEAR ring

was isolated from our sample chamber by a 1500R thick aluminum win-
dow. The light was monochromatized (2.5 FWHM) by the Seya-Namioka
monochromator on the 8% beam 1ine. The two time-of-flight (TOF) de-
tectors were placed at 0° and 54.7° (the “magic angle") with respect
to the polarization direction of the >97% polarized synchrotron radia-
tion, allowing us to make partial cros§-section and angular distribu-
tion measurements simultaneously.

Our TOF photoelectron spectrometer has been described previ-
ousl_y.32’33 It is ideally suited for studying the low-intensity
photoelectrons from metal vapors because of its high efficiency and
excellent signal-to-noise ratio. Without retarding, the analyzers
have a resolution equal to ~3% of the kinetic energy. The standard
gas inlet was replaced by a new stainless-steel effusive oven with a
1-mm diameter orifice, noninductively wound heater cables, and alumina
insulation. To do quantitative experiments with the TOF spectrometer
it is necessary to admit calibration gases through the oven's orifice.
A potential problem with having a passage for the calibration gas is
that the metal vapor may condense in and eventually clog the passage.
This problem is most acute for those metals which form low-density
solids upon condensation (such as barium). To circumvent the problem
an active valve was designed to close the gas passage when it was not

in use.
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The oven (Fig. 1) consists of an outer stainless steel cylindrical
piece which includes the orifice and onto which are fixed the Semco
heating cab1es34 and alumina heat shields. Except for the orifice,
the outer structure is gas-tight. The inner stainless-steel structure
consists of the sample cup, which is screwed to a long rod that extends
outside the chamber. The valve seal is made between the top of the
sample cup and the outer oven wall, thus confining the metal vapor to
the sample cup and oven orifice. This design also allows the sample
cup to be removed for refilling without changing the alignment of the
oven with respect to the analyzers and photon beam. It was not neces-
sary to refill the Cd oven during the werk reported here, as the 3.5 cc
capacity of the sample cup was adequate for 24 hrs »f operation. An
oven temperature of approximately 300°C (corresponding to a Cd vapor
pressure of ~0.1 torr) was monitored by two thermocouples, one mourted
on the exterior of the outer structure, the other near the base of the
sample cup. It was necessary to use the thermocouple readings to make
small pressure corrections to the partial cross-sections. The angular
distribution and branching ratio measurements do not regquire correc-
tions for pressure or photon flux when the DATOF method is used.33

The synchrotron Tight intensity was monitored by a sodium sali-
cylate scintillator and an optical phototube separated by a 300-500 nm
bandpass filter. With the sodium salicylate fluorescence maximum at
420 nm we were able to filter out enough of the oven's black-body ra-
diation to continue monitoring the synchrotron radiation while the

oven was hot.



43

The main chamber was pumped by a 1600 %/sec cryopump and a
500 &/sec turbomolecular pump, which was valved off while the oven was
in use to avoid metal vapor contamination. The chamber pressure was
1lx 10'5 torr when no calibration gas was flowiag and below 1 x 10'4
torr whenever gas was flowing. For internal calibration many of the
Cd+ spectra were taken with a small amcunt of argon present. The
Ar+ 2P3I2,1/2 peaks do not overlap any of the Cd+ peaks, as shown in
Fig. 2.

The error bars on our results represent counting statistics only.
Uncertainties arising from background subtraction are negligible for
the 5s, 4d5,2 and 4d3,2 main lines but could be significant for the
weaker satellite lines. Systematic errors in both the “magic angle®
analyzer transmission function used to derive branching ratios and
partial cross-sections, and in the relative analyzer transmission
function used to derive the angular-distribution asymmetry parameter,

B, should be small and should vary slowly with photoelectron energy.

C. ASYMMETRY PARAMETERS AND BRANCHING RATIO OF THE 4d PEAKS

From the work of Mansfield17 we know that the 20.5 - 24.5 eV region
of the absorption spectrum of Cd I is densely populated by autoionizing
features. At these resonances large variations can be expected in the
4d branching ratio and the angular-distribution asymmetry parameters,
which would otherwise be slowly varying functions of energy. The val-
ues observed experimentally for these parameters are thus dependent on
the excitation bandwidth, which will determine the extent of the aver-

aging over direct and resonant processes. Calculations which do not
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include any resonant effects should be more directly comparable with
measurements outside of the 20.5 - 24.5 eV region.

The angular distributions of the 4d5l2 and lld:,l2 photoelectrons
have been calculated and measurements have been made previously at sev-
eral rare—gas labaratory-source energies between 21.22 and 40.81 eV.

We report here the first measurements of these angular distributions
using continuously tunable synchrotron radiation. Our results are
shown in Fig. 3.

Figure 3 is divided into three panels for c¢larity. The parameters
B(4d5l2) and a(4d3/2) are presented in panels (a) and (b), respectively,
with a common photon-energy axis as abscissa. Identical curves have
been drawn in Figs. 3(a) and 3(b). These curves have no theoretical
significance but are given to guide the eye. The data-fall into two
sets: those outside the 588R resonance region which follow the curve
to a fair degree of accuracy, and those near resonance, which depart
sharply from this curve. To compare the two asymmetry Parameters fur-
ther, we have deleted the "resonance” points and replotted the rest in
Fig. 3(c) with a kinetic-energy abscissa. The 588A resonance region
is discussed in Section D of this paper.

Before proceeding, it is useful to state a caveat regarding this
type of separation of photoemission data into resonant and nonresonant
energy regions. The separation is, of course, arbitrary, but this is
only a numerical problem. For example, a resonance energy "region”
can be defined as extending some number of resonance bandwidths. Of

more practical concern, the observation or nonobservation of a reso-
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nance depends on the bandwidth of the excitation radiation. Care is
thus needed in comparing data from different laboratories. More vex-
ing is the residual doubt about whether a data point “off the curve"
represents a resonance or Jjust a bad measurement. The data sets pre-
sented in this paper often show scatter which appears to exceed the
statistical errors. While we always tend to suspect unknown errors,
which are difficult to rule out in synchrotron radiation studies be-
cause of possible fluctuations in the beam position, there is also the
possibility that some of the deviant points arise from weak resonances.

From Fig. 3(c) we note that our data show good agreement with the
six points given by Schinhense, which are, on the average, slightly
lower than ours. From Figs. 3(a) and 3(b), comparison at equal photon
energies gives, on the average, s(4d3lz) > s(4d5l2). However, this
is a small effect, which disappears when the comparison is made at
equal k'lnet'lé: energies, as shown in Fig. 3(c). The theoretical curves
predict the s values qualitatively, but deviate systematically in a
quantitative comparison. The increase in the experimental 8 values at
low energies is stronger than predicted by any of the theories. The
data do not confirm the difference between B(4d5,2) and a(4d3,2) pre-
dicted by the Dirac-Fock theory in Fig. 3(c). Finally we note, but do
not show, that Schonhense's data at kinetic energies above 10 eV rise
well above the Dirac-Fock curves.

The Cd 4d branching ratio o(4d5,2)lo(4d3,2) has been calculated by

5 and lJir'ac-vFock10 methods and has been measured previ-

14,37 .04

the Dirac-Slater
ously at 21.22, 40.81, and 48.37 eV with resonance lamps
between 19 and 30 eV with 6R bandpass synchrotron r'ad‘lation.9 Our
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measurements with a 2.5& bandpass are shown, along with the previous
results, in Fig. -:\. Our results show the effect of the 588% resonance
for the first time in some detaii. Outside the resonance region our
data tend to confirm the earlier synchrotron radiation work. The scat-
ter in our result: in the hv = 22-24 eV region may arise in part from
additional resonances, as discussed above.

Both calculz:ions fail to predict the continued rise in the
branching ratio below 20.5 eV, while above 24.5 eV the DS curve is
a little too high and the DF curve is a littie too low. The poor
agreement of the DF calculations at the low kinetic energies has
been attributed t» the use of jj coupling for this intermediate-Z

10 Inclusion

atom. The DF calculations for Hg show better agreement.
of continuum-state configuration interaction (CSCI) between the various
jJ channels shoul.. also improve the agreement in Cd.

Johnson et a1.38 have calculated the Cd 5s partial cross-section
using the relativistic random-phase approximation (RRPA). In order to
put our relative Lross-sections on an absolute scale we have scaled our

2 over the

total cross-section to the measurements of Cairns et al.
20-26 eV range. 7The RRPA calculation is then a factor of two larger

than our measurements between 19.5 and 27 eV. We can account for two
of the major deficiencies in the calculation. One is that Johnson et
al. overestimate the total Cd cross-section due to the absence of core
relaxation in their calculations. To account for this we can compare
branching ratios instead of absolute cross-sections. The other prob-

lem is that the RRPA calculation neglected the effects of two-electron

excitations which are responsible for the appearance of the 5p satel-



47

1ite. To account for this we can compare the RRPA 5s cross-section to
the sum of the 5s and 5p cross-sections. In Fig. 5 we compare our ra-
tio of the 5s plus 5p cross-sections to the total cross-section to-
gether with the 5s to the total ratio from the RRPA calculations.
While the RRPA calculation is still ~10% lower than our points it

appears as if we have accounted for most of the major discrepancy.

D. THE 588K RESONANCE REGION

1. Excitation properties.

The most prominent feature in the absorption spectrum of Cd I
between 19 and 30 eV is a very broad asymmetric resonance centered at
sask. Hansf1e1d17 has assigned this resonance as:

(4d'%s?) 15, e v~ [ad’(5s8p P12 6s o), (1

the first (n=6) member of the [4d9(555p 3P)]2P3/2ns series, which has

a series 1imit at 522K. This series of absorptions, which would involve
the simultaneous excitation of one valence (5s) and one subvalence {4d)
electron, cannot be explained in a single-particle theory without cor-
relation. Mansfield has attributed these double excitations to excited-
state configuration mixing (ESCI) because of the weak or nonappearance
of the 4d95565np series which would have indicated ISCI. ESCI refers

to the mixing of various bound-state configurations. This predominance
of ESCI is probably caused by larger 5s-6s mixing in the effective po-



tential of the 4d"15p configuration of the excited state than in the
effective potential of the closed 4410 core of the ground state.

iIn the ESCI model the states of the Rydberg series
4d9(555p 3,,2,3 /2 ns,nd {J=1) contain adeixtures of other states with
the same parity and angular momentum. Let us write for the state ex-
cited at 588k

865 = 2] [46°(5s5p Fp11Py 65 Tp )

+a, [(ad5s%p) B oe L L., (2)
where

Zazsl .
11

The amplitude coefficient 2, of the basis function nominally charac-
terizing the state is taken to be positive, and a, may be one of the_
smaller mixing coefficients. The "double excitations" from the ground
state are primarily due to small admixtures of configurations which are
connected to the ground state by strong one-electron dipole transitions.

Because of the strong transitions
(4d%s%) 15, > (ad’ss%sp) 1%, (3)
at 12.13 and 12.82 eV, the 4d°5s5p configuration is the most 1ikely to

appear admixed in Eq. (2). The oscil’ator strengths for these transi-
tions are £(1P;) = 0.07 and £(%)) - 0.53.39 Hartree-Fock (WF) calcu-
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Tatfons®® suggest that the state uswally called 3, at 12.82 of 1s
actually 85% 1p, and the state called Ip) at 12.13 of 15 only 142 .

While the 588R feature 1s by no means an fsolated resonance, it
appears to have an order of magnitude more oscillator strenqth than
nearby resonances, so that it may be considered alone for most of the
present anmalysis, .

Yery little work has been done on the decay of an autoionizing
state into several final {onic states. If the outgoing channels
reached through the autoionizing decay can also be reached by direct
photoemission, then the two processes can interfere. Fanom’19 showed
that the interference in absorption caused by a discrete state, 9, em-
bedded in many continua, denoted by u, causes an absorption 1ineshape
that has the form:

: 2 .
ofle) = % pzii;i-)- "l-pz {4)
tc
E - EO
R v £

2

where g and o“ are constant over the resonance, Eo is the resonance

energy and T 1s the resonance width.

The q parameter, known as the Fano parameter, is given by

telrlg (5)

T Z(M”u)(ulﬂg )
"
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and p, which gives the strength of the interference, is given by

AN R

p -(X (””I:Z)UZ (I‘”;lg’z )1/2 .
" u

(6)

where g represents the ground state, ¢ {s the discrete state that has
been modified by the continuum and ¥ is the coulomb interaction.

The oscillator strength of the 588K resonance can be obtained by
fitting the lineshape in Eq. {4) to the total photoelectron yield from
our measurements. The oscillator strength, f, is related to the params-

eters in Eq. (4) by

gf = (o.7a)quzatr (7

where g is the statistical weight 2J + 1, ay is expressed in M, T'is

2

measured in Rydbergs and f, q and p“ are dimensionless. With q = -0.62,

oz = 0.27 and, ' = 5.1 x 1()'3 Ry from the fit to our total photoelec-
tron yield, o = 7.3 Mb and J = 0, we obtain f = 7.8 x 10'4. Using
this f-value together with those for Eq. (3) yields a (4d95$25p) 1P1
component azz =1x 10'3. This small degree of configuration mixing
shows that the strong appearance of these “double excitation" series is
due primarily to the strength of the transitions in Eq. (3) and not to

the magnitude of the mixing coefficient.
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2. Partial cross-sections.

suracezo has addressed the problem of the form of the expres-
sion for each of several different outgoing channels in the neighbor-
hood of a resonance. ODavis and Fc’lo:llt-;:o21 have derived equivalent
expressions using a different approach. We shall use the notation of
Starace. His expression for the cross section of the .th observable
photoemission channel at energy E 1s:

Uo(ll) 2
c(u,:) = Tz c * 2¢[d!e(au) - Il(a“)] +1- Zqu(a-)
z

-2Refs,) + (€ + 1) o 2 , (8)

where o (u) 1s the off-resonance partial cross-section for the uth
asymptotically observable final state of the ion-electron system, ¢ and
q are the parameters that are used to characterize the total absorption
in Eq. (4), and the complex parameter s is taken as constant over

the resonance. The a, parameters are given byu

a = :;‘:—;-I'J:: %'-E<g;F|..><..|v|¢>] . (9)
The summation extends over all observable photoelectron channels y, so
that the term in square brackets 1s common to all channels.

Figures 6 and 7 show the partial cross-sections obtained in the
resonance regfon for each of the observed photoelectron peaks. The
solid curves in Figs. 6 and 7 represent least-squares fits to the

function
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Cl + CZ e+t tz
oe) = ao(t) — (10)
l1+e¢

convoluted with a function describing the monochromator bandpass
(a truncated triangular function with 2.5A FWHM). Here °0(‘) is a
slowly varying nonresonant partial cross-section (we used a power
series in ¢ to order cz) and ¢ is the reduced energy variable of Eq.
(4). The resonance width T = 0.07 eV and positien E0 = 21.10 eV were
held fixed to be consistent for the entire set of profiles. The reso-
nance position is in good agreement with the 21.09 eV (5888) value ob-
tained in absorpt'ion.17 The 2.5 (= 0.09 eV at 21.1 eV) monochromator
bandpass is slightly larger than the linewidth (I = FWHWM = 0.07 eV),
making an accurate determination of I difficult.

The energy dependence of o(e) in Eq. (10} is identical to that in
Eqgs. (4) and (8). However, Eaq. (4) represents the total absorption
profile and does not apply to a partial cross-section.®” This similarity
has led some experimenters to fit partial cross-section data to Eq. (4)
and thus extract an effective q and p2. It should be noted that the
treatments of Refs. 19-21 do not provide a simple theoretical expres-

2

sion for a g or p~ for each photoionization channel. The fitting

parameters are given in Table II. The Cl and Cz parameters for the

total absorption cross-section correspond to g = -0.62 and 92 =0.27 as

given above.42
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The 4d5,2 and 4d3’2 partial cross-sections have similar profiles,
with the 4d312 showing more interference. The total cross-section,
which receives over 90% of its intensity from the 4d channels, has a
shape similar to the 4d partial cross-sections. The resonance profile
of the 5s channel is opposite that of the absorption: i.e., the 5s
minimom is on the low energy side of the maximum while the absorption
minimum is on the high energy side of the maximum. The 5s intensity
shows a larger fractional rise (= 1.2) than do the 4d's. The un-
resolved 5p’s have a nearly Lorentzian profile, with a fractional
increase of 1.9. The S5p profile is slightiy higher on the low energy
side but a symmetric Lorentzian will fit it within experimental error.

What does it mean physically for the 5s and 4d resonances to have
opposite phases? From Egs. (8) and (9) we see that the reconance line-
shape for each channel is determined by the a parameter for that
channel, The @, parameter is in turn a function of the amplitude
matrix elements describing the resonant (autoionization) and non-
resonant (photoemission) paths from the ground state to the particular
fonic state in question. These matrix elements can, of course, have a
wide range of values, depending on the electronic structure of the
particular states under study. Of the four parameters EO' T, p2 and g
that describe the absorption process, only E0 and T' carry over to each

photoemission resonance. The pz

and q parameters, if they are regarded
as channel-sersitive quantities, are replaced for each photoemission
resonance by a set of a parameters in addition to the absorption-g;
i.e., two numbers for each channel u in addition to the integral q value

derived from the absorption profile.
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Now it is clear why Egs. (8) and (10) cannot be combined to solve
for Re(uu) and Im(a“). The problem is that several outgoing chamels u
(where u specifies the fine-structure level of the core, the orbital
and total angular momenta of the continuum electron and the coupling
of the core and continuum electron) are present and unresolved in a
photoemission intensity measurement, which only selects the final
kinetic energy of the outgoing electron. For example the 4d5’2

photoelectron peak contains three outgoing channels:
(ad'%s%) Is) + e+ (aa%5s%) P, + ey,
o 9:.2y 2
(8d755%) g, *+ efg )y (11)
- 9.2y 2
(4d”5s%) 05/2 + =f7/2.

Each observable cross section o{j,e) for a particular photoelectron
peak j will then be the sum of several o{u,e) in Eq. (8). The result
is a form similar to Eq. (8), in which the ao(u) has been replaced by
ao(j). the total off-resonance partial cross-section of the unresolved
channels, and Re(uu), Im(uu), and ]cujz have been replaced by Re<u>j,
Im<a>j, and <|a|2>j, which are averaged quantities that have been

weighted by the o,(u). Using the Schwartz inequality we know that
0

(RE<a>j)2 + (Im<a>j)2 < <|a]2>j (12)

so that the modified Eq. (8) is therefore dependent upon three unknown
quantities Re<a>j, Im<a>j, and <|ulz>j. Because the fitting of experi-
mental data to Eq. (10) yields only two parameters, it is impossible

to solve for these three unknown quantities.
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while 1t 1s not feasible in general to draw specific qualitative
conclusions from the photoemission intensity resonance profiles above,
there are exceptions. For example, the 5p partial cross-section is
nearly Lorentzian which would imply Jittle interference between the
resonant and nonresonant processes that contribute to its intensity.
This point will be discussed further in Section V. In the case of a

Lorentzian lineshape the height is gﬁven by

o(5p,e20) = ploy =2 (a¥ * 1) (13)
which is obtained from Eq. (8) in the limit of uo(Sp) +0. The same
result has been obtained independently by Hendin43 for a two-channel
case. This yields the partial decay width Isp in the case of no in-
teraction between the autoionizing and direct photoemission processes
of the 5p channels (see Table III).

For the §s final ionic state there are only two outgoing channels:
the °p1/2 and ‘p3/2 waves. The dipole and Coulombd mat;?x elements for

these two channels determine two of the a, parameters: d

a an
SScpllz

a . When the spin-orbit interaction in the ¢p continuum is
Ss:p3/2

small, which is likely because of the diffuse nature of the continuum
17

waves, and the 1P resonance state shows no singlet-triplet mixing,
then the partial decay widths of the two channels become cqual and the
phase difference between the two dipole matrix elements becomes negli-
gible. Under these assumptions Eq. (12) becomes

(Recargy)? + (Imcag)? = v7lefa P (14)

S
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where y depends only on the real ratio of the two dipole matrix elements.
To determine y we use the off-resonance value of the angular-distribution

5 which we have mea-

asymmetry parameter, 8, for the 5s photoelectrons
sured to be 1.85 # 0.1. It should be mentioned that because the two di-
pole matrix elements are not equal off resonance, we would expect L

to change over the resonance even though the resonance state is LS
coupled. Our measurements of Bgg Near the resonance show a scatter

down to 8 = 1.4 that cannot be interpreted in terms of a single reso-

38 that

nance. A value of 8 egual to ~1.85 agrees with calculations
show a Cooper minimum below threshold and leads to a value of y equal
to ~1.06. Equations (8), (10) and (14) and the fitting parameters in
Table II may then be used to obtain Re<u>5s, Im<a>SS and <|a|2>55. To
do so, it is necessary to solve a rather complicated quadratic equation
for Re<a>55 and pick one of the two solutions. We reject the solution
corresponding to <|a|2>55 > 1 as implausible, because it would imply
that the 5s channels receive a 13 times larger fraction of the resonance
decay than of the direct photoionization. The parameters for the plaus-
ible solution are given in Table III,

This analysis of the s channel is considerably more complicated
when the resonance state has intermediate coupling and lies near a
Cooper minimum as does the strong (4d95525p) 1P1 resonance at 12,13 eV.
In this case a strong variation of Bgg Over the resonance is to be ex-
pected and additional measurements of the spin polarization are neces-
sary to obtain the internal distribution of the :p1/2 and cp3/2 con-
tinuum waves. The spin polarization which was recently measured by

Schifers et a1.44 shows that the spin-orbit interaction near this reso-
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nance 1s strongly infiuenced and enhanced by the coupling between the
discrete resonance and the continuum states.

Information about the a parameters for the 4d channels can also be
obtained. Using the definitions of o in Eq. (9) and p 1n Eq. (6) we
find

ay(J) T
‘l"|2>:l gt - o2 (15)

where 1"’ is the partial width and uo(J ) is the partial cross-section
for any set of channels. Using a sum rule for the Fj
JZFJ =T (16)

we can also obtain

%

1 4<lulz>j - 2 . (17)
i ’
Since we have already found I‘sp and < |u|z>5$ we can solve Eqs. (15)
and (17) for <|a|z>4d. which is a weighted average of the 4'd5/z and
4d3 /2 groups of channels. This done, we can use the 11ne profile fit-
ting parameters cl and (:z for the 4d channels to solve for Re“”4d and
Il<u>4d. These results are also listed in Table III. A check of the

results in Table III can be made using the following relations:

an(:l) Re<¢>d = pzct

and (Eq. 18}
Eco(.ﬂ Iy = 0
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which can be derived in an analogous manner to Eqs. (41) and (42) in
Ref. 20. The results in Tables II and 11l are in good agreement with
Eq. (18).

A description of the partial cross-section results in terms of
the derived o parameters proceeds as follows. The values of <[a '2>j
for the 4d, 5s and S5p electrons show that the partial decay widths are
divided among the three channels in accordance with their partial
cross-sections, with the 5p channel having twice its share. The real
and imaginary parts of g and <@gy show the distinct phase shift
between the Coulomb interaction integrals of the 4d and 5s channels,

which is also apparent in the profiles of the partial cross-sections.

3. Fano g parameter.

AT1 of the asymmetric absorptions detected in the 20-24 eV en-
ergy region displayed negative q values. Mansfield showed that the _
4d1°5p ns,nd series as well as the [4d9(555p 3P).'l 2P3/2 ns series
probably derive their oscillator strength from interactions with the
(4d95s25p) 1'3"1 states. By elucidating the factors that cause the 5888
resonance to have a negative q, we may learn something about the other
resonances as well.

The sign of the q parameter depends on the signs of the matrix
elements in Eq. (5). First we consider the transition matrix element
(OIF |g> of the direct absorption which for tiie 588k transition 1s

given by Eq. (2) as
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gy (71(4d1055%) 1500 «
a)t (4a%ss%5p) T, [Fi(4a0ss?) 150 . (19

The HF radial integral f “4d“5p rdr together with the corresponding
angular part shows that the ¢(adss%5p) Tp, [Fl(ad%s?) 1) matrix
element is positive.

To calculate the matrix elements in the denominator of Eq. (5) we
make use of Eq. (6) and published calculations of the 4d + ¢p,ef cross
sections and radial integrals. The denominator of Eq. (5) represents
the indirect photoabsorption amplitude in which an 2lectron is photo-
excited to the continuum and then scattered into the resonance state.
The calculations for Cd,l Sn,45 and )(e46 show roughly equal cross
sections for the 4d + ep and 4d > ef channel in the low energy region.
Because only the calculations on Sn gave radial integrals rather than
Just cross sections, we have adjusted the Sn results to our experi-
mental 4d cross section. These scaled integrals and the values in
Tables II and 111 were then used to solve Eq. (6) in a nonrelativistic
framework for the partial decay widths into the 4d9552cp and 4d95$2cf
channels. Because of the quadratic character of Eq. (6), there are two
solutions, one with the p-wave as the dominant decay channel and one
with the f-wave dominant. Without configuration mixing in the excited
state there would be a vanishing Tet due to angular momentum conserva-
tion. We have thus chosen the solution with the p-wave fraction greater
than the f-wa.e which gives rtp/r‘f > 9 regardless of the sign of the
4d1°55cp channel contribution. Thus the denominator of Eq. (5) is pos-
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itive, which leads to the final conclusion that the negative sign of the
g-parameter is due to the negative sign of the mixing coefficient a5,
The sign of a, is relative to certain wave function sign conventions.
Since the considerations leading to the positive denominator above would
be generally applicable to all of the Cd I resonances in this region, we
may expect that the corresponding mixing coefficients of the

(4d95525p) 1P1 state for all of these resonances are negative. We

note that, given certain assumptions, an analysis of tﬁis kind can yield
the sign of the amplitude coefficient when interference with the con-

tinuum is present. Without interference the sign would be inaccessible.

4. Resonance effects on the angular distribution and branching ratio.
Other parameters sensitive to the effects of the 588% resonance are
the Cd 4¢ branching ratio (Fig. 8) and the angular distributions of the
4d electrons, expressed as the asymmetry parameters (Fig. 9). Starace20
has discussed the problem of the branching ratio of a spin-orbit split
pair in the neighborhood of a resonance for the case in which no addi-
tional final ionic states are accessible. His specialized branching
ratio formulae are therefore not applicable to the problem at hand.
The shape of the 4d branching ratio is caused by the 4d3/2 having larger
percentage variations due to interference than the 4d5/2. This is sup-
ported by our expectation that the p-wave is the dominant decay channel
from the autoionizing state and that the 4d3/2 has more p-wave contri-

butions than the 4d5/2 from direct ionization.
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22 pave derived a general expression for

Kabachnik and Sazhina
angular distribution profiles near autoionizing resonances. Angular
distributions have different dependences than partial cross-sections
on the matrix elements that characterize the excitation and decay of
the autoionizing state. Kabachnik ard Sazhina's expression can be

cast in the form

AL(I) *+ Ayld)e + &
oz(qz-l) +1+2°qce

B(js‘) = Bo(j) 7 (20)

where e, q and 02 are the same as in Eq. (4}, eo(j) is the off-resonant
asymmetry parameter and Al(j) and Az(j) are constants.

Our angular distribution data for the 4d electrons (Fig. 9) are
not adequate to provide very accurate lineshape parameters. In Fig. 9
we have plotted curves of the form of Eg. (20) convoluted »ith the
monochromator bandpass and with ED’ ry g and 92 taken from the total
cross~-section fit. The resonances in Fig. 9 appear asymmetric with
increases in 8 of over 0.5 unit, which would become 1.0 unit in the
absence of monochromatcr broadening. It can be seen that measurements
made at the 21.21 eV He I resonance energy are affected by the

resgnance.

E, CORRELATION SATELLITES

Thre igh detailed studies of the energy dependences of correlation
satellictes it is possible to distinguish between the largely energy-
independent interactions (i.e., ISCI and final-ionic-state configura-

tion interaction, FISCI) and the energy-dependent configuration mixings
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in the final state which include the outgoing photoelectron. Such in-
vestigations have been performed only for the rara gases.47 Correla-
tion satellites from the photoionization of Cd have been observed prei-
ously.m'16 This earlier work was restricted to the (4d105p) ZPBIZ,IIZ
satellites, which were the only ones detected at He I (21.21 eV) and
He II (40.8 eV) resonance-lamp energies. The total 5p intensity, re-

lative to the 5s main line, was found to be 15% by Siizer et al.l4

and 10% by Hush et a1.15

at 21.21 eV. At 40.8 ev'5 the 5p, /2 Peak

was obscured by an inelastic loss line, but the 5p3l2 to 5s ratio ap-
peared to be the same as at 21.21 eV. By comparisons with Zn and Hg, it
was concluded that most of the 5p satellits intensity arose from ISCI.14
FISCI is not expected to contribute to the p satellite intensities of
group IIA and 1IB elements, for which the final ionic state is a single
electron outside a closed shell.

16 calculated MCHF expansion coefficients for Zn, Cd and Hg

Hansen
which give 5p satellite intensities that are too small by factors of
2.5 to 5.0, Suzer et al. pointed out that the MCHF expansion coeffi-
cient ratios would have to be multipliied by the cross-section ratios
for the different configurations, to yield relative intensities. This
correction has never been made.

Our measurements of the 5p:5s ratio, shown in Fig. 10, has a
slightly downward-slaoping "baseline" value which is ~0.22 at 21 eV.
The 5884 resonance and two resonances at 22.83 and 22.91 eV perturb
this smooth background. (This figure also illustrates the difficulty

of obtaining a baseline when autoionization is present!)
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Let us address the question of how large the effect of the 588K
resonance will be on measurements made with a He I resonance lamp.
Using the fits in Figs. 5 and 6 and Table II we calculate that the
term in parentheses in Eq. (10) modifies the direct photosmission
intensity (ay(c) in Eq. 10) by factors of: 1.42 (5<), 1.02 (Sp), 0.88
(4d5,2), and 0.83 (4d3,2). This would cause the 5p:3s ratio measured
with He I resonance light to be 28 percent lower than the desired “off-
resonance” value. The 5p:5s ratio of 0.15 of Sizer et al. is then in
good agreement with the 0.22 value obtained in this work.38

The 5p:5s ratio shows a peaked resonance profile, with an enhance-
ment factor of 2, about the 5884 resonance, as discussed in the previous
section. ODecay of the [4d9(555p 3P)]2P3IZGS lPl main component into

105p:1 continuum via autoionization leads only to an outgoing ed

the 4d
wave, by angular momentum conservation. The nearly Lorentzian profile

of the 5p partial cross-section signifies only weak interference between
the resonant and nonresonant processes that produce the,5p satellite.
This implies resonance enhancement by autoionization superimposed on a
mostly ISCI-generated background. The absorption spectrum shows that the
Rydberg series converging on the 4d105p Timit probably derive their
strength from interactions with the (4d'%s%) 15~ (ad%ss%sp) 1+%,
resonance.17 Because this bound-state mixing (ESCI) should persist
beyond the 5p threshold it is 1ikely that part of the Sp satellite
intensity originates from this interaction. To gauge the magnitude of
this interchannel coupling we have plotted three curves in Fig. 10,

each representing a different fraction of ISCI. The ISC! fraction is

taken as being an energy-independent contribution to the 5p:5s
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branching ratio. Interchannel coupling with the bound
(4a%s%5p) 1%, states at 12.8 e¥ is assumed to fal1 off as 1/€°.
The data suggest that the ISCI contribution to the branching ratio is
around 0.15, which would correspond to a (44%5s%p) 1%, admixture
coefficient at 21 eV of less than 10’3. Lower-energy measurements will
be required to ascertain better the magnitude of the interchannel cou-
pling contribution.

Two points were taken at 22.83 and 22.91 eV, to coincide almost
precisely with two of the strongest resonances seen by Mansfield at

22.83 and 22.92 eV, Mansfield tentatively assigned these features as:
22.83 ev [44%(5s5p 3p)1%P, 560

and
22.92 ev [4d?(5s5p 3P)]401/26d.

The 5p:5s ratio is found to increase at these resonant energies.

The branching ratio of the 5p spin-orbit split satellite lines is
shown in Fig. 11. The solid curve was obtained by self-consistently
fitting the 5p3l2 (a) and 5p1/2 (b} cross-sections to Eq. {10) con-
voluted with the monochromator bandpass, the total 5p cross-section to
a symmetric Lorentzian egual to a+b, and the 5p branching ratio to a/b.

The resulting curve is given by:



65

2
R(Sp) = 1.45 3.24 + 0.33¢ + ¢ .
2.78 - 0.48¢ *+ ¢

The point at 20.81 eV is probably low due to a sharp resonance at
20.83 e¥. If the {unresolved) 5p partial cross-section is a symmetric
Lorentzian, then the 5p312 partial cross-section has a larger high-
energy tail and the 5p112 partial cross-section has a larger lTow-
energy tail. Previous measurements of p branching ratios at the He I
energy14’15 showed a nonmonotonic decrease from in to Cd to Hg due to
the close proximity of the 588& resonance in Cd. Our off-rescnance
value of 1.45 # .10 and the ~2.0 and 0.3 values obtained for Zn and Hg,
respectively, clearly show the trend of increasing (puz)2 mixing with
the (ns)2 primary configuration as spin-orbit coupling increases.49

Three other satellite lines were seen for the first time in our
spectra. They correzpond to the 6s, 5d, and 6p ionic states listed in
Table I. By comparison with the higher binding-energy satellites
found in the group IIA elements, we would expect ISCI to produce these
satellites with no more than 2% of the intensity of the 5s main line.
As can be seen in Table IV, the intensities detected in our experiment
were far greater than this.

The highest binding-energy (6p) satellite was detected only at
the 22.83 and 22.92 eV resonances, while the 6s satellite was seen at
two additional wavelengths., At the 22.92 eV resonance the 6s satel-
lite had an intensity equal to 90% of the 5s main line, as shown in
Fig. 2. Since the 22.92 eV resonance width (<1&) is considerably less

than our monochromator bandpass, the 6s satellite is probably many



66

times larger than the 5s main 1ine at 22.92 eV. The 5d satellite did
not show enhancement due to autoionization at only a few selected res-
onances; rather it was enhanced in every spectrum that was recorded
between 22 and 24 eV. Since the 5d satellite has a binding energy of
20.1 eV, its absence below 22 eV photon energy may be only a result of
our lower sensitivity to low kinetic-energy electrons. The same may
be true of the 6s satellite below 22 eV.

Production of the 6s and 5d satellites by the autoionizing states
between 22 and 24 eV can probably be explained by ESCI and Auger decay.
The resonant states contain admixtures of several configurations having

the form

(4d9555p65) 1P1
and

(ad%5s5p50) 1p,

with various forms of internal coupling.17 These admixtures can Auger

decay to the 5d and 6s satellites.

F. CONCLUSIONS
The following conclusions were drawn from this investigation of

photoemission from cadmium vapor in the hv = 19 - 27 eV range:
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i. The 4d peaks show resonant behavior in both s(c) and the
branching ratio near 588k. ODeviations of the off resonance branching
ratio from Dirac-fFock calculations were ocbserved, indicating the need
for a more exact treatment of this intermediate-Z atom.

2. The 5s cross-section is lower by about a factor of two than
predictions based on RRPA theory. It was shown how most of this dif-
ference could be attributed to approximations made in the RRPA calcu-
lation.

3. Photoelectron cross-sections showed pronounced, and very dif-
ferent, resonance profiles at the 588A resonance for the 4d, 5s, and
Sp lines. Thus photoemission resonances contain more information, and
require a more detailed theory, than absorption resonances.

4. Parameters were derived from the cross-section data for the
4d, 5s, and Sp lines at the 588A resonance, using a theoretical form-
alism given by Starace and by Davis and Feldkamp, together with a
plausible set of assumptions.

5. The resonance behavior of g(c) for the 4d peaks could be
fitted by an expression of the form given by Kabachnik and Sazhina,
using parameters derived from the cross-section data and additional
amplitude parameters.

6. The energy dependence of the 5p correlation satellite was
studied. Analysis showed that this satellite arises mostly from ini-
tial-state configuration interaction (ISCI).

7. The 5p peak intensity was greatly enhanced at the 22.83 eV

and 22,92 eV resonances.
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8. The 5’3/2 and 5’1]2 satellites were analyzed separately,
and an earlier discrepancy in the systematics of np satellites in
group IIB elements was resolved.

9. Three new satellites - 6s, 5d, and 6p ~ were observed for the
first time, with high intensities probably caused by autoionization.

In summary, this study has further demonstrated the feasibility
and value of variable-energy photoemission measurements on metal vapors.
By observing several new phenomena in photoemission from Cd, we have
shown that correlation effects can be elucidated in several ways in this

type of experiment.
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Table I. Cd* Photoelectron Peaks

Icnic State Abbreviation Binding energy
(ev)2
adl%ss %, 5 8.99
4d%p 291/2 5912 14.46
4dlsp %, 5035 14.77
4d%s? o, 4dg, 17.59
4d%s? 20y, 4y, 18.28
adt%s %, 6s 19.28
4d%0sq 205/2'312 5d 20.12
4d'%%p 293,2’1,2 6p 20.77

3 rom Ref. 35.
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See Eq. (4) for the defining equation.

Fitting parameters for the partial and total cross-sections.

Ionic State ] ) ople = 0) (Mb)asb

0., 2
adllss %, 1.81 (.10) 1.31 (.10) 0.378

10, 2
4% %oy, 100 2.89 (.30)  -0.45 (.26) 0.084
ad%s? 205,2 0.76 (.03)  -0.35 (.04) 4.36
4d%5s2 2u3/2 0.76 (.08)  -0.56 (.05) 2.51
Total 0.83 (.04)  -0.34 (.05) 7.38

aUncertainty <1 in Tast significant figure.

bSlope and curvature of co(e) not given.
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Table III. Partial decay widths and a parameters.

Ionic State (r3/71)x100 <}ald> Reca> Imca>
10, 2

447750 P35.172 5.8 1.38

441%s 251/2 3 6.6 0.35 -0.41 -0.40
9. 22 ”

46’5 %515 31 87 0.25 0.31 0.02

3The y in Eq. 14 was inverted and the 5s parameters in Table I.I

were slightly different in the published version of this chapter.
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Table IV. Satellite intensities relative to the Ss main Tine (= 150)3

Photon energy {ev) 6s 5d 6p
21.91 0 (10) 27 (4) 0 {10)
22.41 30 (5) 19 (4} 0 (8}
22.83 40 (3) 7 (2) 6 (2)
22.91 88 (5) 20 (3) 19 (3)
23.00 20 (2) 7 (2) 0 (8)
23.41 0 (10) 31 (3) 0 (7)
23.91 0 (10) 12 (2) 0 (6)

d4here intensity equals O the value in parenthesis represents an
upper limit.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Metal vapor oven. 1. Stainless-steel sample cup. 2. Rigid
stainless-steel outer structure. 3. Heating cables.

4, Alumina heat shields. 5. Stainless-steel foil heat
shields. Thre inner diameter of the sample cup is 10 mm.

TOF photoelectron spectrum of Cd* taken with the “magic-
angle” detector. The accumulation time was 1000 sec. The
photoelectron peaks are listed in Table I.

The Cd 4d photoelectrcn asymmetries. The present 4d5l2 and
4d3/2 measurements are shown in panels (a) and (b) respec—
tively. The identical solid curves in (a) and (b) are for
visual comparison only. In (c) the filled and open circles
represent our 4d5/2 and 4d3/2 measurements. The filled

and open triangles represent the 4d5/2 and 4d3/2 meas-
urements of Schinhense, Ref. 8. The theoretical calculations
are from: MBPT, Ref. 1; DS, Ref. 5; DF, Re.f. 7; and x's,
GIPM, Ref. 36.

The 4d branching ratio. The filled circles represent our
results; the open triangles, the measurements of Shannon and
Codling Ref. 9; the open square, tke measurement of Siizer et
al, Ref. 14; the measurement of Dehmer and Berkowitz Ref. 37
of 1.75 at 21.11 eV is not shown. The DS and DF curves
represent the Dirac-Slater and Dirac-Fock calculations of

Taimbe et al. Ref. 10,
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Sigure 5. The fraction of the total cross-saction in tic comoimed 5s
and 5p peaks. The curve from Johnson et al. Ref. 38 shows
the RRPA calculation of the fraction of the total cross-
section in the Ss state.

Figure 6. Partial cross-section measurements of the 4d5/2 (filled
circles), and 4d3/2 {open circles) photoelectrons. The
s0lid curves are least squares fits tp Eq. (10) convoluted
with the monochromator bandpass. Fitting parameters are
given in Table II. Dashed curves show fits with mono-
chromator broadening deleted.

ngure 7. Same as Fig. 6, for 5s and (unresolved) 5p photoelectrons.

Figure 8. The 4d branching ratio measurements near the 588k resonance.
The solid and dashed curves are ratios of the solid and
dashed curves in Fig. 6.

Figure 9. Asymmetry parameter measurements of the (a) 4d5/2 and -
(b) 4d3/2 photoelectrons near the 588% resonance. The
solid curves are visual fits to Eq. (20) convoluted with
the monochromator bandpass.

Figure 10. The 5p:5s branching ratio. The curves near the resonance
region are represented .y the parameters in Table II. The
contribution from ISCI in the dotted curve is 0.22, the
solid curve 0.15 and the dashed curve 0,06. The remaining
contribution is from interchannel coupling as discussed in

the text.
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Figure 11. The 5p branching ratio measurements near the 5884
resonance. The open square represents the measurements of
Suzer et al. Ref. 14 and Hush et al. Ref. 15. The solid
curve, R(5p), is discussed in the text and includes
monochromator broadening. The dashed curve does not

include broadening.
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IV. PHOTOELECTRON MEASUREMENTS OF THE MERCURY
4f, 5p, AND 5d SUBSHELLS*

ABSTRACT

Photoelectron spectra of atomic mercury have been taken using
photon energies between 50 and 270 eV. The relative cross sectic s,
subshell branching ratios and angular distribution asymmetry parame-
ters of the 4f, 5p, and 5d subshells are reported. In addition, the
4f asymmetry parameter was measured up to 600 eV. These guantities
show dramatic effects accompanying Cooper minima in the 5d and 5p susi-
shells and a large centrifugal barrier in the 4f -+ ¢g channel. Com-
parisons are made with relativistic random-phase approximation {RRPA)
and Dirac-Slater {DS) calculations. Intershell correlations appear
responsible for features in the measured 4f asymmetry parameter at the
4d threshold and in the calculated 5d branching ratio at the 5p thresh-
old.
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A. INTRODUCT ION

Mercury is the heaviest stable element with closed electronic
subshells and an appreciable vapor pressure at low temperatures. Rel-
ativistic effects in photoionization are thus readily studied in mer-
cury. An absorption spectrum has been reported over a wide energy
range,1 but photoemission studies have been limited to photon ener-

3 and

gies below 50 ev,2 and to the discrete energies 132.3 eV
1486.6 ev.4 In this paper, we report the first photoemission stud-
ies of atomic mercury throughout the photon energy range 50-270 eV,
with some additional data, based on second-order light, up to

hv = 600 eV. The 4f, 5p, and 5d subshells were studied.

Several theoretical approaches, which treat exchange, correla-
tion, and relativistic effects in varying degrees of approximation,
have been developed and applied to mercury. The 4f partial cross sec-
tion and photoelectron angular distribution have been calculated by

5 6 with both

both Shyu and Manson™ and by Keller and Combet Farnoux
the Hartree-Slater (HS) and Hartree-Fock (HF) models. Keller and Com-
bet Farnoux have also calculated the 5d and 5p partial cross sections.
These studies highlight the influence of intrachannel interactions
that are included in HF but not in HS. Walker and Haber7 have done
Dirac--Slater (DS) calculations on the 5d subshell. With this relativ-
istic theory, they are able to predict the branching ratio and the
spin-orbit resolved angular distributions. More recent DS calcula-
tions have been performed by Tambe and Manson8 and by Keller and

8

Combet Farnoux.9 Tambe and Manson™ have done calculations on the
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4f, 5p and 5d subshells. Keller and Combet Farnoux have done calcula-
tions on the 4f, 5d and 4d subshells. Radojevié and Johnson10 have
used the relativistic random-phase approximation (RRPA) to model the
photoionization of mercury over the energy range covered by our exper—
iment. Their method includes both relativistic effects and electron
correlations (intershell as well as intrashell). They have coupled
all 17 relativistic outgoing channels originating from the 4f, 5p and
5d subshells and have calculated cross'sections. branching ratios, and
photoelectron angular distributions for each subshell.

Keller and Combet Farnoux6 have pointed out that the choice of
threshold energies in ab initio calculations affects not only the po-
sitions of features but also the shapes of the curves. In their HS
and HF calculations, they used HS ionization thresholds in ordér to be
self-consistent. On the other hand, Radojevi¢ and Johnson employed
experimental binding energies in an attempt to account for some of the
many-body effects not included in RRPA calculations. Tambe and Manson
have used DS values. These various models differ greatly. For the 4f
subshell, the DS binding energy lies 30 eV from the HS value, and nei-
ther is within 10 eV of experiment. The effects of changing thresh-
olds on the shapes of the curves have not yet been fully explored.

The experiment is described in Sec. B. Results are presented and

discussed in Sec, C, and conclusions are summarized in Sec. 0.
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B. EXPERIMENTAL

The experiment was performed at the Stanford Synchrotron Radia-
tion Laboratory on a grazing incidence "grasshopper® monochromator
with a 1200 £/mm holographically-ruled grating. The ultra-high vacuum
monochromator was vacuum isolated from our sample chamber by a 1500A
thick window. We used an aluminum window for energies below the alum-
inum L2,3 edge at 72 eV, and we used a vitreous carbon window for
energies above 75 eV. For the spectra taken with second-order 1ight
above 280 eV, we again used the aluminum window.

The magnitude of the second-order 1light was determined by compar-
ing the first-order and second-order intensities of the neon 2p photo-
line. It was only appreciable (>2%) at photon energies less than 150
eV with the carbon window. A correction for second-order 1light is
necessary in the relative cross-section measurements, where the total
light intensity, as monitored by a sodium salicyiate scintillator and
phototiube, is used to normalize the data at diffeﬁent photon energies.
Because accurate measurements of the energy dependence of the sodium
salicylate efficiency are not available, it was assumed to be coﬁ-
stant.11

Photoelectron spectra were measured with the double-angle time-of-
flight (DATOF) system, in which the pulsed time structure of the syn-
chrotron radiation is used to measure the flight times of electrons
ejected at two angles. This method has been described in detail else-

where.lz’13
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The angular distribution of photoelectrons emitted by linearly
polarized 1ight in the nonrelativistic dipole approximation has the

form

doles0) _ oledry + g(e)py(cos o)] (1)

where o is the angle between the polarization vector of the radiation
and the momentum vector of the photoelectron. By measuring electron
spectra at two angles, it is possible to determine both the cross sec-
tion, o(e), and the angular distribution asymmetry parameter, 8(e), as
functions of electron energy, e¢. In this work, one analyzer was placed
at e = 54.7°, the "magic" angle where Pz(cos 8) = 0, and another at

e = 0°. Cross-section measurements require knowing the relative trans-
mission of the 54.7" analyzer as a function of kinetic energy and re-
tarding voltage. The asymmetry-parameter measurements, however, only
require knowing the ratio of the transmissions of the two analyzers.
Calibration of the spectrometer is accomplished by measuring count rates

14 We

for the neon 2s and 2p lines, for which o(e) and 8(e) are known.
have corrected for the collection solid angle and an estimated linear
asolarization of 98%. However, because of the calibration procedures,12
our derived s(e) values are quite insensitive to the actual value of
the polarization.

Representing the angular distribution by Eq. 1 assumes the valid-
ity of the dipole approximation, and it is important to know for what
values of the photon energy, atomic number, and quantum numbers n and
¢ this is approximation true. The measurement of cross sections at

54.7° (the "mayic® angle) are also dependent upon Eq. 1. Kim et a].ls
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found that, for the inner shells of heavier elements, multipole effects
are important even at threshold. For outer subshells, they found that
the non-dipole effects are small for photoelectron energies below 1 KeV.
Recent work by Wang et al.l6 has shown that while the quadrupole matrix
element may be small, its contribution to low-energy angular distribu-
tions can be appreciable when the dipole intensity is at a minimum
(e.g. a Cooper minimum), This whould be particularly pronounced in
s-subshell ionization where only s - ¢p matrix elements occur. For
subshells with 2 > 0, the & +¢{2-1) dipole channel should still domi-
nate over non-dipole channels in regions where the g -»¢(2+1) dipole
matrix element is small. We therefore expect the dipole approximation,
and therefore Eq. 1, to be valid for all of the subshells addressed in
this study.

The oven used to produce the mercury vapor was described earli-
er.12 A vapor pressure of ~0.3 torr (100°C) was attained behind a
1.6 mm diameter nozzle. The temperature was monitored by a thermocou-
ple, but the vapor-pressure correcticns needed for cross-section meas-
urements were determined by frequently repeating spectra.

Systematic errors introduced into the asymmetry parameter are
probably less than 5% of the quantity g+l. For branching ratios, the
probable magnitude of the errors will depend upon the difference be-
tween the kinetic energies of the two peaks. If the energy separation
is large, the errors may be ~5%; if small, the systematié error will
be less. Additional random scatter in the absolute cross-section mea-

surements, on the order of 10%, is due to uncertainty in the sample
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pressure correction. This scatter appears as correlated fluctuations
in the cross sections of the differen* subshells and is not present in
the branching ratios.

A representative spectrum is shown in Fig. 1. The observed pho-
toelectron lines are listed in Table I, along with their binding ener-
gies. In addition to the lines in Table I, a set of N6,704,504,5 Au-
ger lines with constant kinetic energies between 59 and 72 eV were ob-
served.17

A retarding cage inside each analyzer allows us to slow the elec-
trons for the final 17 cm of the 28 cm path length. The analyzer res-
olution, which results primarily from the finite interaction volume,
was ~3% of the kinetic energy after retarding. Retarding potentials
up to 115 volts were used to resolve the 4f and 5d spin-orbit doublets.
Generally, the analyzer and monochromator resolutions were adjusted to
provide a total resolution (FWHM) of <2 eV for the 4f doublet and, for
some spectra, <1 eV for the 5d doublet. HWe deconvoluted some of these
doublets by a least-squares fitting method that used Gaussian functions
with low-energy exponential tails. The weak 5p”2 and 5p312 peaks
have large natural linewidths (6.2 and 5.6 eV, respective1y).3 The
5p peaks were fitted by Lorentzians with fixed widths and, where pos-
sible, fixed doublet spacings.

The error bars for the fitted data represent standard deviations
from the computer fits. For the raw data the error bars represent

counting statistics only.
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C. RESULTS AND DISCUSSION

The format of this section will be to describe in each subsection
a derived parameter (e.g. cross section) for all three subshells, with
a discussion given in the text for each subshell. A summary paragraph

appears at the end of each subsection.

1. Cross Sections
To put our cross-section data on an absolute scale it is neces-
sary to have an experimental measurement of the total cross section at

18

one energy. Using the absorption data of Cairns et al.,”™ with the

19 we have normalized cur data so

adjustment of Dehmer and Berkowitz,
that the 5d partial cross section is 8 Mb at 70 eV. We note that the
adjustment in Ref. 19 is only approximate, but should te good to with-
in 30%. We have plotted all of the theoretical curves, which were
given in terms of kinetic energy, from the experimental thresholds,
thus eliminating energy shifts due to the different choices of thresh-
olds in the calculations.

In Fig. 2 are plotted our 5d cross-section measurements, together
with earlier absorption measurements and the RRPA and DS curves. Two
RRPA curves are represented in Fig. 2. The calculated curve20 below
65 eV included interchannel coupling with the 6s channels, while for

10 included coupling with the 4f and

higher energies, the calculation
5p channels. These different sets of coupled channels are probably
responsible for the discontinuity between the two curves at 65 eV.

Both data and theories show the 100-fold decrease from 50 eV to the
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Cooper minimum, which can be seen near 190 eV in the data. The mini-
mum is not apparent in the theoretical curves. Above 190 eV, the DS
curve lies significantly below the data. Above 70 eV, the RRPA curve
has about the same shape as the DS curve, but its magnitude is larger
by a factor of 2. Neither of the calculations include core relaxation
or double ionization. A Dirac-Fock calculation that includes core re-
laxation has been performed21 below 55 eV, and it gives better agree-
ment than either the DS or RRPA calculations.

Although the 6s photoelectron peak (B.E. = 10.4 eV) is unresolved
from the 5d peak in almost all of our spectra, we expect its effect to
be insignificant, because the cross section for the 6s subshell is
much smaller than that for the 5d subshell above 70 eV photon energy.

The 4f cross section is plotted in Fig. 3. The Targe centrifugal
barrier acting on the eg continuum electrons causes a "delayed onset"
of the 4f cross section, clearly exhibited in the data. In fact, the
decrease in the 4f -+ ed partial cross section can be seen below 150 eV,
before the eg contribution to the 4f cross section becomes dominant.
Both the RRPA and the DS curves show larger fractional increases than
the data between 150 and 270 eV, but the RRPA curve agrees better with
the data both in this respect and in the position of the minimum. The
RRPA 47:5d branching ratio (not shown) is in good agreement with our
measurements below 170 eV, while it deviates by a factor of 2 near
270 eV. The agreement of this ratio with the DS theory is signifi-

cantly worse.
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The 5p3/2 and 5p1/2 cross sections are plotted in Fig. 4. In
both subshells, the experimental cross section below 180 eV drops more
quickly than the theoretical curves. The changes in curvature in
u(Spalz) near 180 eV and in u(Spllz) near 190 eV are assigned to
Cooper minima in these subshells.

In summary, the experimental cross sections generally show the
expected energy variations, with minima being readily observed in
every case. Tha 4f "delayed onset" character due to the angular
momentum barrier for the g-wave is clear'y present. The RRPA cross
sections are a factor of 2 too large. However, the RRPA calculated
4f:5p:5d branching ratios generally agree to within 10%, with the
notable exceptions being those involving o(4f) above 200 eV and o{5p)
below 160 eV. The DS calculated 5p and 5d cross sections are in bet-

ter agreement with experiment.

2. Spin-0rbit Branching Ratios
Deviations .f spin-orbit branching ratios from their statistical

22 caused by

(2+1)/% value arise from the "kinetic-energy" effect,
the photoelectrons from the two spin-orbit members having different

kinetic energies at a given photon energy. Additicnal deviations are
due to differences in the radial wavefunctions of the initial and fin-
al states. Ron, Kim, and Pratt23 have recently surveyed some of the

non-kinetic-energy effects that cause deviavions in subshell branching
ratios. They found that, for higher Z eiements, deviations are ampli-

fied by the presence (and by the energy separation) of Cooper minima

in dominant channels. They also concluded that these effects should
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be larger for np subshells than for nd or nf subshells.

The 058 and Rrpal0>20

calculations of the 5d5/2:5d3l2 branching
ratio are shown in Fig. 5, along with experimental points from this
work and from experiments with line sources. The 5d cross section
(Fig. 2) has a large shape res~nance peaking near 40 eV photon energy
and a Cooper minimum near 190 eV. The experimental branching ratio
starts well above the statistical value near threshold2 and then
drops monotonically to a minimum value of ~1.1 near 90 eV. The DS
theory predicts this trend qualitatively, while the RRPA result shows
an ;aditiona1 feature at 85 eV that may be due to intershell correla-
tions with the 5p subshell. The RRPA curves above and below 65 eV du
not join smoothly, presumably due to the different sets of coupled
channels used in the two calculations, as mentigned earlies in connec~
tion with the 5d cross section. This point needs further study.

The 4f subshell cross section has no Cooper minimum because the
4f radial wavefunction has no nodes, but there is a shape resonance
due to the cg centrifugal barrier, and a cross-section minimum near
150 eV. Our 4f branching-ratio data are shown in Fig. 6 with a curve
predicted by both the RRPA and DS theories. The curve shows a maximum
in the branching ratio between 150 and 200 eV. Qur branching-ratio
measurements confirm the existence of a maximum rising above 1.5, but
the detailed shape is unclear from the data because of non-statistical
scatter arising from uncertainties in background corrections. The
slower increase in the measured cross section than in the calculated

cross sections above 160 eV (Fig. 3) should appear as a smaller brarch-
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ing ratio, due to the kinetic-energy effect. This is apparent near
200 eV in Fig. 6.

The large spin-orbit splitting in the 5p subshell (18.6 eV) jeads
to large deviations in the branching ratio from its statistical value
of 2.0. Calculation of the 5p + =5 and 5p + ed cross sections by Kel-
ler and Combet Farnoux6 show that the ¢s channel is dominant for the
first 200 eV above threshold and that the ed channel goes through a

10 of the branching ratio shown

Cooper minimum. The RRPA calculation
in Fig. 7 shows an increase from ~1.1 at 110 eV to ~2.8 at 220 eV.

Our data show the ratio starting near 0.85 at 25 eV above the 5p112
threshold and increasing to ~2.2 at hv = 200 eV, The DS curve is in
much better agreement with the data. The gap in the data arises from
the Auger group moving through the 5p lines. A much more careful study
would be required to fill in the gap.

In summary, deviations from statistical ratios, and variations
with energy, were observed for all thres subshells. Both RRPA and DS
theory predicted the experimental ratios gquite well, although the RRPA
is in better agreement for the 5d subshell, and the DS is in better
agreement fur the 5p subshell. Evidence was found for a large kinetic-
energy effect in the 5p subshell and for a small shape resonance effect
in the 4f subshell. The RRPA theory alone predicted details in the 5d
curve that may arise from interchannel c¢oupling, More experimental

work is clearly needed on these branching ratios.



103

3. Asymmetry Parameters

The energy variation of the calculated angular distribution asym-
metry parameter, s(c), often compliements the variations in the cross
section and branching ratio. In the case of Cooper minima, the pre-
dicted effects on the 8(c) parameter are typically more pronounced
than the effects on the other parameters. Few data are available to
test these predictions. For example, we report below the first s8(¢)
measurements on any 4f and 5d subshells over a substantial energy
range. -

The Sd-subshell 8(e) parameter shows large oscillations. These

4,1

are due to a Coulomb phase-shift change just above threshol then

a shape resonance, and then a Cooper minimum. Using the centrai-field
approximation, the 8{e) parameter is given in LS coupling by the Coop-

er-Zare formu1a26

(z-l)Rf_1 * (1+1)(1+2)RE+1 -62(z+1)R£_1R£+1cos(Al+1’z_l) (2)

ale) = z Z
(2e+1)[RY_; + (2+1)R0,,]

where R, and R, , are radial dipole matrix elements and 8041, 2-1
is their phase difference. At a Cocper minimum, where R2+1 =0 Eq. 2

simplifies to

= (3)

Ry =0
BRpry = 0 2(24+1)

Equations 2 and 3 were derived neglecting configuration interaction,

fine-structure splitting, and the spin-orbit interaction between the
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outgoing electron and the ion. If we ignor2 these complications, we
find that the Cooper minimum for the 5d subshell should be located
where g(c) reaches 0.1, which is at 190 eV in Fig. 8. The data in
Fig. 2 confirm this value, whereas the theoretical curves do not show
a minimum.

The DS and RRPA curves for g{e) are generally in good agreement
with our data, but they differ by 10-20 eV in the energy of greatest
negative slope and in the value of 8(e) Tor energies above the Cooper
minimum. It may be that the position of the Cooper minimum, which is
due to a cancellation in the Rf radial intagral, is extremely sensi-
tive to both the accurac ~¢ the integrating code and the nature of
the theory. A similar sensitivity was observed in the pesition and
depth of the minimum in 8(e¢) for the Xe 5s Cooper minimum.29

The theoretical curves of s{e) for the unresolved 4f subshell,
togather with our results, are displayed in Fig. 9. A1l of these
theories show the same general features, but none reproduce the data
quantitatively. The most sophisticated of the theories (RRPA) has the
energy of the maximum in 8(c) 10 eV too high and the 8(e) curve above
200 eV 0.2 B-units too large.

The two 4f spin-orbit members have different a(e) values at the
given photon energy. Most of this difference results from a kinetic-
energy effect. In Fig. 10, we have plotted 8{(7/2)-8(5/2) against pho~
ton energy along with the RRPA calculated curve. The differences cal-
culated from DS theory are almost identical. The data and the theory

are in qualitative agreement.
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Figure 11 shows a(e) for ihe 4f subshell from threshold to a pho-
ton energy of 600 eV. All but three of the points above 280 eV were
taken using second-order light and an aluminum window. The calibra-
tion of the relative efficiencies of the analyzers was done with sec-
ond-grder Ne 2s and 2p photoelectrons. The uncertainty in the cali-
bration for kinetic energies above 300 eV introduces an uncertainty in
the slope of the data in Fig. 11 (~0.2 8 units at hv = 600 eV). The
calibration is, however, a smooth function. The sudden increase in
g(e) at 380 eV is probably the result of interchannel coupling with
the 4d ionization channels. Using first order perturbation theory,
each 4f transition amplitude is the sum of a direct and a correlation
amplitude, the latter resulting from a virtual excitation of the 4d
subsheH.30 This correlation amplitude can affect both the 4f cross
section and the 4f angular distribution.

The 4d5/2 and 4d3/2 thresholds are at 366.0 and 385.4 eV, re-
spective]y,3 where the monochromator bandpass was approximately 7 eV.
DS calculations of the 4d subshel]9 show its cross section to be a
factor of 10 less than the 4f cross section at 400 eV. The calculated

31 and the g(e) parameter9'31 are

4d spin-orbit branching ratio
calculated to have large fluctuations near threshold which may be man-
ifesting themselves in the 4f 8(c). We were unable to measure the 4d
photoelectron peaks directly because of their small cross sections and
large natural linewidths (4 eV).

Large changes in 8(c) due to coupling with newly opened channels

32

have been observed in ssp(c) at the 4d threshold in Xe. However,
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in the Xe case the 4d cross section near threshold is much larger than
the cross section of the 5p subshell.

Figure 12 shows the 5pll2 and 5p3,2 asymmetry parameter meas-
urements. Again, the gaps in these data are caused by the presence of
Auger electrons. The two states show substantial differences beyond
that due to the kinetic-energy effect. Our data show B(SPIIZ) drop-
ping to zero, while s(5p3,2) drops to a valﬁe'of -0.3. The minimum
in each parameter is due to a Cooper minimum in the ed channels. If
we apply Eq. 3, we would expect the unresolved ssp(c) to drop to
zero. Because we have measured the resolved g(e)'s, it may be more
appropriate to know what value of 8(e) we would expect at the minimum

17 have shown that for

in the limit of jj coupling. Walker and Waber
s-subshell jonization {j=1/2), in which only two relativistic continu-
um channels are accessible, the expression for g(e) takes on a simple

form in jj coupling:

RZ,+ 4R, RS,
32 372%12
+ R

8(e,j=1/2) (4)

Y 2
1/2 3/2
For ionization from a P1/2 subshell {again j=1/2), the expression

for 8(c) is identical. For the P1/2 subshell, Rl/Z and R3,2 are
radial matrix elements with the €51/2 and ed3/2 continuum orbitals.

When the R3/2 matrix element equals zero we obtain e(5p1/2) =0,

in agreement with experiment, It is not as easy to apply Walker and

Waber's formalism to s(5p3/2), because there are three continuum or-

bitals (‘5112’ cd3/2 and cd5/2) and the R3/2 and RS/Z matrix elements
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{for the ¢d channels) need not go through zero at the same energy. If
they did, we would again obtain 8 = 0. 0Of course, in the general many-
electron case the radial matrix elements are compTex and need not go
identically to zero.

The RRPA calculation of a(5p1,2) shows 8(e) falling only to 0.5.
This is a result of mixing with the 4f-subshell ionization channels,
because an ll-channel calculation, which inclnd2: -1y the 5p and 5d
subshells, shows B(Spllz) dropping to 0.0 at 280 ev.31 The DS calcu-
lation is significantly closer to experiment for the 5p3,2 subshell, but
not for the 5p1,2 subshell.

In summary, the asymmetry parameter of the mercury 4f, 5p, and 5d
subshells behave approximately as predicted by the DS and RRPA models,
but there are important differences between experiment and theory.

Both theories predict the centrifugal-barrier induced maxima in the 4f
subsheli to be too wide, with the conseguent overestimation of the
photon anergies where g(e) decreases most vapidly. In'addition, a
feature was observed in g(4f) at 380 eV which we attribute to inter-

action with the 4d-ionization channels.

D. CONCLUSIONS

Several noteworthy features have been exhibited in the photoioni-
zation of Hg above 50 eV.

The Cooper minimum in the 5d-subshell photoionization is observed

in both the cross section and the asymmetry parameter. The 5d branch~
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ing ratio was found to drop as low as 1.1, although we were unable to
test the RRPA prediction that shows oscillating features due to inter-
action with Sp-subshell ionization.

In the 4f subshell, the centrifugal barrier in the eg channel was
observed as a shape resonance in the asymmetry parameter and as a de-
layed onset in the cross section. An additional oscillation in 8{c)
has been attributed to interaction with 4d-subshell ionization.

The 5p subshell, which has the largest spin-orbit splitting, was
found to have a branching ratio of 0.85 at low kinetic energies. The
two spin-orbit members were found to have different values of B at
their respective Cooper minima.

The DS and RRPA theories correctly predict the shapes of all of
the parameters, although there are several quantitative differences.
Among these, the delayed onset of the 4f cross section shows the worst
agreement. There is good agreement with the 4f:5p:5d branching ratios
calculated by RRPA, but there is a factor of 2 difference between the
calculated absolute cross sections and the present results. The DS
cross sections are in better agreement with experiment. Experimen-
tally, there is a need for a reliable absolute absorption measurement,

as well as measurements of the Hg++/Hg+ ratio.
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Table 1. Binding Energies in eV for Observed Mercury Subshells

Subshell B.E. (From Ref. 4)
5(!5/2 14.9
5d3/2 16.7
5p3/2 71.5
5p.”2 90.3
4‘["”2 107.1
4f 111.1

5/2
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Table II. The 5d cross section, asymmetry parameter, and subshell
branching ratio.

hv (e¥) o (Mb) ) Y
50 e 0.39(8)
60 ... 0.58(8)  1.21(2)
65 e cee 1.16(2)
70 8.00(7) 0.87(9)  1.23(1)
75 eee . 0.99(6) 1.22(3)
80 5.86(3)  1.07(1)
85 .. 1.17(9)  1.09(3)
9 4.15(2) ..
95 ve- cen 1.08{3)
100 2.76(1) 1.44(1)
105 2.03(1) 1.50(2)
114 1.580(6)  1.60(1)
115 1.298(5) 1.64(1)
120 0.932(5) 1.88(2)
125 0.795(6)  1.75(2)
130 0.595(4) e
135 0.502(4) 1.98(3)
140 0.442(3) 1.90(2)
1485 0.352(3) 1.97(3)
150 0.225(2) ..
155 . 0.214(3) 1.83(4)
160 0.183(4) 1.55(6)
165 0.189(5) 1.12(6)
170 0.142(2) 1.09(4)
178 0.137(2)  0.67(3)
180 0.120(3)  0.47(5)
185 0.110(3)  0.24(5)
1% 0.111(3)  0.19(4)
195 0.143(5)  -0.26(4)
200 0.136(7)  -0.15(6)
205 0.111(7)  -0.16(7)
210 0.129(4)  -0.39(6)
220 0.143(7)  -0.35(5)
230 0.162(13)  -0.42(7)
240 0.129(8)  -0.27(7)
250 0.153(12)  -0.30(8)
260 0.144(8)  -0.20(6)
270 0.096(2)

275 0.151(19)  -0.31(12)
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Table I1I. The 4f cross section, asymmetry parameter, subshell
asymmetry parameter difference, and subshell branching ratio.

hv (eV) o (Mb) [ 8712_8512 Y
120 0.555(7) 0.71(3) 0.17(6) 1.54(4)
125 0.519(7) 0.734(3) 0.17(6) 1.40(4)
130 0.400(5) .ee 0.14(7) 1.34(3)
135 0.495(5) 1.04(3) 0.13(5) 1.37(3)
140 0.379(3) 1.35(2) 0.27(5) 1,18(2)
145 0.344(4) 1.62(3) -0.22(7) 1.64(4)
150 0.360(3) . -0.36(8) 1.82(4)
155 0.421(6) 1.31(8) -0.11(7) 1.56(4)
160 0.378(7) 1.30(5) -0.19(10) 1.59(6)
165 0.52(1) 0.83(4) -0,29(10) 1.73(8)
185 0.64(2) 0.45(4) -0.33(10) 1.70(10)
190 0.74(2) 0.42(3) -0.14(7) 1.45(7)
195 0.85(3) 0.17(4) 0.00(8) 1.36(9)
200 0.91(2) 0.10(3) -0.04(7) 1.“1(8)
205 0.84(3) 0.15(4) -0.04(8) 1.32(8)
210 0.91{1) -0.01(3) -0.09(7) 1.37(8)
220 1.07(3) 0.04(3}) -0.07(7) 1.40(8)
230 1.272(7) -0.12(5) 0.16(11) 1.20(14)
240 1.13(6) -0.03(5) -0.04(11) 1.23(12)
250 1.31(6) -0.01(5) -0.22(11) 1.46(15)
260 1.30(7) 0.01(6) -0.15(12) 1.55(17)
270 1.19(1) .ee . ven

275 1.40(11) 0.02(9) ves .
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Table IV. The 5p1/2 and 5p3/2 cross section and asymmetry
parameter and the 5p subshell branching ratio.

3/2)

o(1/2)

hv (aV) 8(3/2) 8(1/2) af Y
100 1.52(2) 0.90(3) vee ces
115 0.682(8) 0.850(12) 0.96(3) 1.31(3) 0.80(1)
120 0.520(8) 0.613(11}) 0.92(4) 1.14(4) 0.85(2)
135 0.343(7) 1.14(5) ees
140 “ee 0.235(5) 1.21(5) oee
150 0.237(5) ons
155 0.229(4) -0.30(2)
160 0.182(8) aos -0.24(5) cos ves
165 0.162(6) 0.099(6) -0.28(4) 0.61(11) 1.64(11)
170 0.155(3) 0.101(2) -0.27(2) 0.27(5) 1.51(4)
175 0.137(3) 0.075(3) -0.36(2) 0.32(6) 1.75(7)
180 0.134(5) 0.078(5) -0.34(4) 0.06(8) 1.73(12)
185 0.118(5) 0.062(5) -0.32(4) 0.01(9) 1.89(15)
150 0.120(4) 0.054(4) -0.14(4) 0.50(12) 2.22(17)
195 0.128(6) 0.057(6) -0.22(5) 0.22(15)  2.3(3)
200 0.132(10) 0.60(10) -0.11(8) 0.05(20) 2.2(4)
205 0.126(9) 0.058(8) -0.01(8) 0.10(19) 2.2(3)
210 0.134(5) 0.048(4) -0.27(8) 0.2(3) 2.8(2)
220 0.102(8) cae 0.15(11) oue cee
230 0.123(12) 0.063(10) -0.13(12) -0.2(2) 1.9(42)
240 0.101(10) vee 0.23(14) vee ver
250 0.121(14) 0.058(14) 0.03(15) 0.1(3) 2.1(6)
260 0.100(8) 0.047(7) 0.26(12) 0.3(2) 2.1(4)
2/ 0.078(2) 0.043(2) 1.82(10)
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Table V. The 4f asymmetry parameter.
hv (eV) 8 hv {eV) 8
120 0.71(3) 260 0.01(2)
125 0.73(3) 270 -0.07(1)
135 1.04(3) 280 -0.15(2)
140 Looi(g) 300 Ouveyo)
145 1.62(3) 310 -0.14(2)
155 1.31(4) 320 -0.09(4)
160 1.30(5) 340 0.07(2)
165 0.83(4) 360 0.09(3)
185 0.45{4) 380 0.43(3)
190 0.42(4) 4n0 0.46(1)
195 0.17(4) 420 0.26(2)
200 0.07(2) 440 0.29(3)
205 0.15(4) 450 0.12(1)
210 -0.01(3) 460 0.23(3)
220 0.05{3) 480 0.29(3)
230 -0.06(4) 500 0.40(4)
240 -0.05(2) 540 0.46(4)
250 -0.02(3) 60C 0.74(8)
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

1 TOF photoelectron spectrum of Hg taken at e = 54.7°. There

are 5.08 channels per nanosecond, and the accumulation time
was 500 sec. The 4f peak at 131 eV is due to second-order
Tight with hv = 240 eV. The 5d peak reaches a maximum of
5200 counts/channel.

The 5d cross section. The solid curves represent the RRPA
calculations, Refs. 10 and 20. There is a discontinuity be-
tween the two calculations near 65 eV. The dashed curve rep-
resents the DS calculation, Ref. 8. The dashed-dot curve is
from absorption measurements (Refs. 18 and 19). The data
were normalized to ¢{70 eV) = 8 Mb. This sets the scale for
211 our cross~section data. Data tabulated in Table II.

The 4f cross section. Solid curve- RRPA-length from Ref. 10;
dashed curve- DS from Ref. 8, Data tabulated in Table III.
The cross section of the 593/2 (upper) and 5pI72 (1ower)
states. The RRPA curves are from Ref. 10 and the DS curves
are form Ref. 8. Data tabulated in Table IV.

The 5(15/2:5d3/2 subshell branching ratio. The solid cir-
cles are from this work; open circles from Ref. 24; x's from
Ref. 25; square from Ref. 4. The two lower energy x's coin-
cide with measurements from Ref. 19. The solid curves are
from two RRPA calculations, Refs. 10 and 20; dashed curve DS
theory, Ref. 8. The accuracy of the first two open-circled

measurements are *20% and the third #40%. No estimates of
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the uncertainties for the other line-source measurements were
published. Data tabulated in Table II.

The 4f7,?_:-‘&1’5,2 branching ratio. Solid curve from RRPA,

Ref. 10. The DS theory, Ref. 8, also follows the solid
curve. Data tabulated in Tabie III.

The 5;:3/2:5p1/2 branching ratio. The solid curve RRPA-
length and dashéd curve RRPA-velocity are taken from Ref. 10.
DS curve from Ref. 8. Data tabulated in Table IV.

The 5d angular distribution asymmetry parameter. The solid
curve is RRPA, Refs. 10 and 20; dashed curve, DS from Ref. 8.
Experimental measurements below 45 eV (Refs. 27 and 28) are
in excellent agreement with the RRPA curve. Data tabulated
in Table II.

The &F asymmetry parameter. The theoretical curves are:
solid- RRPA, Ref. 10; dashed-dot HF, Ref. 6; dotted- HF,

Ref. 5; dashed- DS theory, Ref. 8. Data tabulated in Table
111,

The difference between the 4f7/2 and 4f5/2 8(e) parame~

ters. The solid curve is the RRPA calculation from Ref. 10
which is almost identical to the DS curve from Ref. 8. Data
tabulated in Table III.

The 4f asymmelry parameter. Data tabulated in Table V.
Asymmetry parameter, 8{c), for the 5p3/2 (top panel) and
5p1/2 {lower panel) states. The RRPA curves are from

Ref. 10 and the DS curves are from Ref., 8. Data tabulated in
Table IV.
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V. THRESHOLD MEASUREMENTS OF THE K-SHELL PHOTOELECTRON
SATELLITES IN Ne AND Ar*
ABSTRACT
The relative intensities of K-shell photoelectron satellites in Ne
and Ar have been measured near their respective threshslds using syn-
chrotron radiation. The Ne satellites were found to he 20-40% smaller
than in the high-energy 1imit. The 2p + 3s "conjugate shakeup” state
of Ne+ was not observed, in contrast to p;edictions of many-body per-
turbation theory. The asymetry parameter_of the neon Auger group was
found to be equal to zero at the 1Is -+ 3p resonance at 867 e¥. This
result suggests that the 3p Rydberg electron is essentially decoupled
from the core in the Auger decay process. In argon, a K-shell satel-
Tite was observed at 24.6(3) eV with 6% intensity relative to the main
Tine, confirming a theoratical prediction by Dyall. Tentative evi-
dence was obtained that this branching ratio increases with energy in

the first 90 eV above threshold.
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A. INTRODUCTION

Inner-shell photoelectron spectra of closed-shell atoms typically
show an intense peak at the binding energy of each electronic subshell,
and weaker "satellite peaks® at higher binding energies. The satel-
lites arise via photoionization to higher energy states of the ion,
which are approximately described by configurations formed by the re-
moval of a core electron and the promotion of a valence electron to a
higher sub-shell. Thus, for example, “he main peak in Ne 1s photo-
ionization would correspond to the Ne+(152522p6) state, while a typi-

22p53p). Because the

cal satellite configuration would be Ne+(1525
presence of'sate11ites cannot be explained in an independent-particle
description of the atom, but rather require a many-electron picture,
they are known as “correlation satellites". The study of these satel-
lites is important for an understanding of the many-particle nature of
atomic structure and the photoionization process.

A heuristic approach to correlation satellites is the "shake"
theory,1 in which the above description is used to estimate satellite
intensities by projecting the passive orbitals of the neutral atom onto
those of the ion, in which these orbitals have relaxed in response to
the new atomic potential. This procedure is best suited to phenomena
well above threshold and is implicitly l1imited to a one-configuration
description of each state.

A more general approach to correlation satellites, capable of
extension to the energy range closer to threshold, is am explicit

treatment of electron correlation with methods based on configuration
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interaction (CI). In this framework, the equivalence of photoioniza-
tion channels leading to the "main® fonic final state and the "satel-
1ite" states are explicitly recognized, as is the equivalence of these
states as eigenstates of the N-1 electron Hamiltonian, independent of
any reference to photoemission.2’3 Three different CI mechanisms

that contribute to satellite intensities have been classified: initi-
al-state configuration interaction (ISCI) and final-ionic-state con-
figuration interaction(FISCI), which are photon-energy independent;
and continuum-state configuration interaction (CSCI), which is highly
energy-dependent and more important near threshold. Many calculations
have been made of satellite intensities in the high-energy, or sud-

3-9 For the Ne 1s

dens, 1imit where CSCI effects are less important.
correlation satellites, Martin and Shir]eyg have shown that both ISCI
and FISCI are required to obtain good agreement with the experimental
intensities observed at high energy.

Far less is known about the energy-dependence of satellite inten-

10-12 In the photoionization of He, the relative intensity

13,14 to

sities.
(the satellite to main Tine ratio) of the 2s state was found
be constant up to 60 eV above threshold, while the relative intensity
of the 2p state decreased by a factor of 3. The He 2s state is re-

ferred to as a "shake-up" satellite, because it differs from the main
Tine by a 1s +2s excitation. The 2p state is referred to as a "con-
Jjugate shake-up" satellite, because it differs from the main line by a
1s + 2p excitation and a consequent change in parity. CSCI is more

important for conjugate shake-up satellites, and they are therefore
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more energy dependent. For the Ne 2s nd 2p shake-up states, the rel-
ative intensities near threshold were found to be less than half of
their high-energy va]ues.10 Also, the relative intensities of the
Ne 2s satellites reach a maximum at an intermediate energy.

Except for the special case of the He+(n-2) satellites, the only
energy-dependent calculations to date have been on Li,15 Fe,16 and
on the 2p + 3s satellite in the Ne K-shell spectrum. Ishihara, Mizuno,

17 have used wany-body perturbation theory (MBPT) to mod-

and Watanabe
el the continuum processes that give intensity to this Ne conjugate
shake-up peak. Their calculated relative intensity of 0.1%2 at 600 eV
kinetic energy is in good agreement with the Al Ka measurement.18
They also predict that the satellite intensity increases to almost 5%
of the main line near threshold. The MBPT calculation has, however,
been performed only in lowest order and only in the dipole length form.

With the advent of the availability of high-energy synchrotron
radiation, it is now becoming feasible to study correlation satellites
near core-level thresholds, thereby addressing these more subtle ques-
tions of the energy-dependences of satellite intensities. We present
in this report the first such measurements for K-shell satellites of
neon (K-shell binding energy = 870.2 eV) and argon (K-shell binding
energy = 3206 eV¥). The experimental procedures are described in

Section B and results are given in Section C.
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8. EXPERIMENTAL

Radiation from the electron storage ring SPEAR at the Stanford
Synchrotron Radiation Laboratory was monochromatized by “JUMBO", a
constant-deviation double-crystal monochromator on Beam Line III-Z.19
Beryl crystals were used for the Ne spectra between 860 and 960 eV,
and germanium crystals were used for the Ar spectra between 3210 and
3320 eV. The photon flux was higher with the germanium crystals than
with the beryl crystals. The monochromator bandpass (FWHM) was approx-
imately 0.75 eV for the Ne spectra and approximately 1.7 eV for the Ar
spectra. The storage ring was operated in the parasitic mode at 6-12 mA
and 1.85 GeV so that the photon flux was an order of magnitude lower
than during high-energy dedicated operation. Count rates for the
satellite lines were low (0.1 - 0.2 sec'] in Ne and 0.2 - 0.6 sec']
in Ar), reflecting their low cross sections (0.01 Mb in Ne and 0.005 Mb
in Ar). Despite these constraints, we were able to obtain the highest
energy gas-phase photoelectron spectra ever recorded with synchrotron
radiation. This was made possible by the high efficiency of our time-
of-f1ight (TOF) electron analysis.

Our TOF spectrometer has been described previous]y.20 Each
spectrum was accumulated for 30-100 minutes. The sample pressure was
1X10'3 torr in the chamber, approximately 5X10'3 torr in the in-
teraction region and less than 3X10's torr in the electron analyzers
which were differentially pumped. A 1500R thick vitreous carbon win-

dow was used to isolate the spectrometer from the ultra-high vacuum

monochromator.
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The electron energy resolution was increased by retarding the pho-
toelectrons over part of their flight path. The energy resolution of
the TOF analyzer is approximately a fixed fraction of the kinetic en-
ergy of the photoelectron after retardation. This fraction was 0.05
for this experiment. The resolution is limited by the size of the
horizontal facus (5 mm) on the JUMBO monochromator.

" Two TOF analyzers were operated at positions of 0° and 54.7° with
respect to the photon polarization direction. The intensity, I(s), of
a given photoelectron peak is dependent on the photoelectron angular

distribution

1(e) = o) . 211+ gp,(cos o))

where o is the partial cross section and 8 is the angular distribution
asymmetry parameter. For K-shell shake-up satellites, the satellite
and the main line are expected to have g = 2. Because the 0° analyzer
receives a factor of 3 more intensity for these lines, we have used it
for the branching ratio measurements. Because the 8 values are equal,
no angular correction to the intensity ratios should be necessary. For
the Ne 2p -+ 3s “conjugate shake-up” satellite the g parameter may be
different from 2.0, and branching ratio measurements from the 0°
analyzer must be treated accordingly.

Using the TOF method, all electrons are accumulated simultaneously
so that the observed branching ratios are independent of photon flux

and gas pressure fluctuations. The transmission of the analyzer as a
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function of electron kinetic energy and retarding voltage was calibra-
ted by comparing the intensity of the main Ne 1s peak to the intensity
of the KLL Auger peak. Any varijations in this ratio are attributed to
a varying analyzer transmission for the (much lower energy) ls peak.

2l .

Both analyzers are required to measure the s parameter.
used this double-angle time-of-f1light (DATOF) method to measure the s
parameter of the KLL Auger electrons in Ne above the ls threshold and
the corresponding autoionization electrons at the ls -+ 3p resonance

below threshold.

C. RESULTS

Figure 1 shows a TOF spectrum of Ne taken at 930 eV, which is 23 eV
above the threshold of the first shake-up satellite, 3pL (see Table I).
In this spectrum, the resolution in the energy region of the satellites
is approximately 1.2 eV. No evidence of the 2p 3s conjugate shake-up
peak is seen between the main line and the 3pL line. The 3pL peak
is well resolved, while the 3pU and 4pL peaks are unresolved but iso-
lated from the remaining satellites. Above the 4pL satellite in bind-
ing energy, there are known to be several weaker, unresolved satellites
that are not discernible in this spectrum.

The satellite intensities relative to the main line from several
spectra are displayed in Fig. 2. The error bars shown are standard
deviations which represent both counting statistics and the uncertainty

in back-ground subtraction. For the 3pL satellite, we find that the
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mean relative intensity is approximately 2.3(2)%, which is 25% below
the value obtained at a photon energy of 1487 eV (Al Ko x-rays).la

For the sum of the 3pU and 4pL satellites, we obtain a relative
intensity of 3.2(2)%, 40% below the Al Ka value. The data in Fig. 2(b)
appear roughly unvarying with energy, while those in Fig. 2(a) appear
to be decreasing with increasing energy. The data in both plots show
fairly large errors and cons{derable scatter. Nevertheless, they are
unique in being the first core-level satellite intensity measurements
very close to threshold, and thus some new conclusions can be drawn.
First, the satellite intensities are substantially lower than observed
in the high-energy 1imit (Al Ka x-rays). Similar behavior was observed
by Wuilleumier and Krause10 for the Ne 2s and 2p levels with fixed-
energy photon sources. Their measurements differed markedly from ours
in the photon energy range, data density, prc:imity to threshold, and
the fact that they studied valence-shell photoemission satellites.
Nevertheless, qualitatively similar behavior was observed. Wuilleumier
and Krause plotted their relative satellite intensities against a re-
duced energy parameter, clEo. where ¢ is the satellite kinetic en-
ergy and E° is the energy required to "promote" a 2p electron from

the main ionic-state configuration to form the dominant satellite con-
figuration. For their 2p-photoemission case, Eo is 34.3 eV, For

our 1s-photoemission case, E° is ~37-40 eV (Table I). Wuilleumier

and Krause observed a constart relative satellite intensity in the
high-energy 1imit, :/Eo >> 1, and a decrease in relative intensity

for lower values of :IEO, which they interpreted as approaching a
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finite limit for :IEo -+ 0, although their lowest measurements fell at
clEo = 2. Our measurements, in contrast, cover the low energy range
0.1 < efE; < 1.4, Thus, our results extend these studies, for core
levels, into a new reduced-energy domain—-the adiabatic limit—in which
the photoelectron is moving as slowly as even the most weakly bound
passive electrons. Under these conditions, the wave functions of

these passive electrons can relax adiabatically to follow the slowly
varying atomic potential as the photoelectron leaves, and thus, the
sudden approximation is no longer valid.

In the CI formalism for describing correlation satel]ites,2’3
the satellites can be treated as eigenstates of the ion, completely
equivalent to the "main"” peak, and their intenrities near threshold
are expected to vary with kinetic energy in the same way as that of
the main peak, to first approximation. Thus, the observed intensity
ratio should vary as

Ii(hv) uo(hv - Bi)
Iolﬁvf = c'i aolﬁv - on

where i labels a particular satellite, 0 Tabels the main line, C is a

constant, and B stands for binding energy. Using the Ne(ls) cross-

22 we find that the above ratio is essen-

section data of Wuilleumier,
tially constant throughout our data range, in agreement with our
results.

17 of the 3s conjugate

The MBPT calculation by Ishihara, et al.
shake~-up satellite shows the intensity decreasing from 5% to 2% between

threshold and 50 eV kinetic energy. The calculation also shows that
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the 8 parameter changes from -0.4 to *+1.7 in this energy range. Both
of these parameters are required to predict the intensity observed at
@ = 0°. The kinetic energy of the 3s satellite would be 25 eV for the
spectrum shown in Fig. 1. At this energy, the MBPT calculated inten-
sity at @ = 0" is 2.7% Satellite 3p_ in Fig. 1 has an intensity of
2.5%. MWe conservatively estimate that the conjugate shake-up satellite
must have an intensity of less than 0.7% in order not to have been
observed above background in this spectrum.

Also present in the neon TOF spectrum was a peak arising from the
unresolved Ne KLL, KLM, etc. Auger lines. Figure 3(a) shows the in-
tensity of this peak, taken with the 0° detector, plotted versus pho-
ton energy near the Ne 1s threshold. The photon flux was monitored by
the electron yield from a carbon-coated plate in the back of the cham-
ber. The Auger yield curve in Fig. 3(a), measured with a photon ener-
gy bandpass of 0.7 eV, looks quite similar to the absorption spectrum
of neon.21 The non-zero intensity at hv = 866 eV and below arises
from unresolved valence photoelectrons, with some probable additional
contributions from Auger transitions produced by scattered and second-
order light. At 867.0 eV and 867.5 eV, the Auger yield rises sharply
because of 1s =+ 3p resonance absorption followed by Auger decay or va-
lence autoionization. Additional 1s + np resonances start at 869.0 eV
and lead up to the direct ionization threshold at 870.2 eV.

The asymmetry parameter g of the total Auger group was measured
as a function of photon energy (Fig. 3(b)). Above hv = 870.2 eV, the

Auger group arises predominantly from decay of the 1s hole state:
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Ne(1522522p5;15) + ho(>870. eV) - e (ep) + Ne'(152522p5;%)

Ne' (1s2s%205,%5) o e (Auger) + NeZ*(1s%2s"2p% 3 ) L na0, 1, 2

These are the "normal™ KLL Auger transitions following 1s ionization.

There are five 1,3

LJ Auger peaks, all unresoived in our spectra. Be-
cause the Ne+(25) intermediate state is spherically symmetrical, it
must be randomly oriented in space. Thus, B is required to be identi-
cally zero for each unresolved component and hence for the total un-

24 e have used this fact to calibrate the rel—

resolved Auger peak.
ative efficiency of the two analyzers. Thus B was set equal to zero
for the average of the four highest energy points.

In Fig. 3(a), the two data points at hv = 867.0 and 867.5 eV
arise almost entirely from the 1s -+ 3p resonance excitation. Electron
spectroscopy studies of analogous inner-shell resonant states in Kr
and Xe show that the resonant states decay predominantly by Auger proc-
esses in which the Rydberg electron remains as a spectator.zs’26 We
assume here that similarly the Ne 1s + 3p resonant state decays pri-
marily by KLL Auger transitions in which the 3p electron remains as a

spectator. Thus, the excitation and decay steps are:

6, .1

Ne('s) + hv(867 ev) + Ne (1s2s%2p%3p; Py

Ne*(]P ) + e (Auger) + Ne+(15225m2p7'm3p) .

The resonant Auger electrons are ejected from a Ne*(lPl) state,
so one would expect in principle that they could be produced with ani-

sotropic angular distributions. However the measured asymmetry of the
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unresolved resonant Auger group was 8 = 0, which indicates one of the
following:

(1) 8 = 0 because non-zero 8 values for individual Auger transi-

tions average out to zero.

(2) 8 = 0 because the 3p electron acts as a non-participating

“spectator®, essentially decoupled from the core. Hence the
Au§er electrons are ejected isotropically from the unaligned
Ne+(25) core, as they are above threshold.
High-resolution Auger studies are needed to decide between (1) and (2)
and to isolate the valence electron signal from the Auger electrons.
Probably both of these mechanisms contribute to some extent.

Finally, we note that the positive values of g for photon energies
below 867 eV are consistent with the expected high-energy behavior of
valence-shell photoemission, which accounts for most of the electron
intensity in the region hv < 867 eV.

Figure 4 shows a TOF spectrum of Ar taken at hv = 3270 eV. At

4.6(3) eV above the 1s line in binding energy, there is a satellite
with 6.0(5)% of the intensity of the main line. The width of the sa-
tellite peak in this spectrum is 3 eV FWHM. This satellite can be com-
pared to the 3p54p satellite of the Ar 2p peak observed by Bristow,

7

et al.” with Mg Ka x-rays. The 2p satellite is 23.5 eV from the 2p

main line and has an intensity of 6.0%. This similarity for different
core-shell vacancies is predicted by the simple shake-up mode].27
Shake theory calculations of the Ar 1ls satellite spectrum by Dyall28
show a [ls3p]4p(15)251/2 satellite with an excitation energy of

24.4 eV and an intensity of 6.2%. (The square brackets designate the
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hole configuration.) These calculations also show 0.9% intensity in
other satellite peaks at lower binding energies, but within 1 ev. Ad-
ditional satellites with higher binding energies are calculated at pos-
itions over 3 e¥ from the 3p54p peak. Thus, Dyall's predictions of
the energy and approximate intensity are confirmed.

Our 1 2asurements of the [1s3p]4p satellite intensity between 23
and 84 eV kinetic energy (Fig. 5) show evidence for increasing relative
intensity with increasing energy. This result is of interest because
the data range in Fig. 5 1ies in the intermediate region of relative
energy e/EJ, between the adiabatic low-energy limit and the sudden
high-energy 1imit. For the Ar 1s data, Eo is 24.6 eV, and the range
1.0 S_e/E0 < 3.6 is covered. Wuilleumier and Krause10 found strong
increases in the relative intensities of the necn valence-shell satel-
lites over a similar range of :/EO.

In a complementary experiment, Deslattes, et a].zg have measured
K-shell fluorescence spectra from Ar after excitation with monochroma-
tized photons in the 3163-3606 eV range. They measured the relative
intensity of fluorescent peaks from a single [1s] vacancy and from
[1s3r] and [1s3s] double vacancies. Each of these three fluorescent
peaks may have contributions from Ar neutral, Ar+, and Ar2+. The
[1s3p] flvorescent intensity is ~30% relative to the [1s] intensity in
the energ: range of Fig. 5 which, in 1ight of our results, implies that

species other than [1s3pl4p are responsible for most of this intensity.
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Table I.

Summary of the Neon K-Shell Peaks

Excitation Relative Intensity
Line Assignment Energy (ev)b 930 eV 1487 evb
1s  1s2s22p® %5 (870.4) 100 100
35 1s2s%2p53s 2p 33.4 <0.7° 0.06(1)
3, 1525°29°3 %5 (lower)? 37.4 2.3(2)  3.15(8)
3py  1s2s22p53p 25 (upper)? 40.8 3.13(10)

2.5, 2 a 3.0(2)

4p,  1s25°2p°3p “S (lower) 42.3 2.02(10)

aThe "lower” and
states with the

same configuration.
BFrom Ref. 18

CCorrected for 8 = 1.3

“upper” notation is used to distinguish botween two
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Electron TOF spectrum of Ne. The accumulation time is 100
minutes, and there are 2.4 channels per nsec. The peak
assignments are given in Table I. The 2p + 3s conjugate
shake-up satellite is not observed. Not shown is the KLL
Auger peak at channel 736. The K-shell shake-off threshold
occurs at an excitation energy of 47.4 eV.

The intensities of the 3pL satellite (a), and the sum of the
satellites 3pU and 4pL (b), relative to the intensity of

the 1s main 1ine (= 100), plotted versus satellite kinetic
energy.

Yield (a) and asymmetry parameter (b) of the unresolved high-
energy peak from Ne, versus excitation energy. The unresolved
peak contains KLL, KLM, etc. Auger lines, in addition to va-
lence-shell photoelectrons. Of interest are the two 1s -+ 3p
resonance emission points at 867.0 and 867.5 eV and the four
points above the Ne"(ls)'1 threshold at 870.2 eV. By set-
ting the mean value of B equal to zero for the points above
B870.2 eV to calibrate the spectrometer, 8 = 0 was determined
for the 867.0 and 867.5 eV points. The five points between
(with 8 = 0) arise from several wechanisms, while those for
hv < 867 eV (with 8 = 0.6) arise mainly from valence electrons.
Electron TOF spectrum of Ar at hv = 3270 eV with a 5 volt re-
tarding potential., The accumulation time is 50 minutes, and

there are 4.8 channels per nsec.
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Fig. 5 Variation of the Ar 24.6 eV satellite intensity, relative to
the main line (=100), as a function of satellite kinetic en-
ergy. Although the data scatter, the apparent increase is of
interest because the data lie in the intermediate range of rel-
ative energy :IEo between the adiabatic and sudden limits.
Taking Eo = 24,6 eY, the range for these data is
1.0 < ¢/E < 3.6.
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VI. RESONANCE PHOTOELECTRON SPECTROSCOPY OF
5p-HOLE STATES IN ATOMIC BARIUM*

ABSTRACT

Photoelectron spectra of atomic barium have been recorded at sev-
eral photon energies in the range 20 eV < hv < 29 e¥. The variations
of the Ba+ 5p6n1 (n1 = 6s, 5d, 6p, 7s, and 6d) photoelectron peak
intensities were measured in the 20-21 eV autoionization region. The
results indicate that each autoionizing state decays to the various
states of the ion in a characteristic way. In addition, angular-dis-
tribution measurements were performed for the 6s, 5d, and 5p states.
Above 21 eV, Sp ionization begins to dominate, and the Auger spectra
were used to monitor the production of the various 5p-hole states. As
the photon energy is scanned over the autoionizing resonances, these
Auger spectra indicate a propensity to produce very low energy photo-
electrons (<2 eV) and the corresponding high-energy Auger electrons
from two~-step autoionization. Calculations suggest that a heretofore
unobserved 5p56p2 2P3/2 5d autoionizing level is responsible for the

Auger distribution measured at hv = 28.9 eV.
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A. INTRODUCTION

The creation and decay of a Sp-hole state in atomic barium has
received considerable attention during the past decade. Complex in-
teractions among the various Ba I, Ba II, and Ba III states and their
associated continua are involved (see Fig. 1). The complexity is in-
creased by strong mixing of the 63 and 5d levels in this high Z atom.
Thus, the barium 5p shell provides a valuable system for studying
electron-correlation phenomena. To place the present work in perspec-
tive, related work is briefly reviewed in this section.

1.2 was found to be spread

The predicted S5p + 5d giant resonance
over many lines because of Ba [ final-state mixing.3’4 The creation
of a 5p-hole state in Ba I Towers the energy of the 5d subshell rela-
tive to the 6s subshell. The (Sp)'1 part of the Ba II spectrum has

6-8

been examined by Ba II absorptions, Auger spectroscopy, He II

photoelectron spectroscopy,g Penning ionization electron spectros-
copy,10 and He+ and Ne+ collision electron spectroscopy.11
Multiconfigurational Dirac-Fock calculations have been used to assign
most of the observed Ba II states.12
The distribution of ionic states produced by direct photoioniza-
tion (process B in Fig. 1) is governed by dipole matrix elements that
vary slowly with photon energy. The matrix elements for producing the
5p6n1 (n1 # 6s) satellite lines are relatively small, and these lines
are weak in the Ne I photoelectron spectrum.13 Direct photoioniza-
tion to the Sp-hole states, as in the He II photoelectron spectrum,9

also involves slowly varying matrix elements, but the intensity is



155

more evenly distributed among several lines because of strong ionic-
state mixing.

Using resonance lamps, it was found that He I radiation at
21.22 eV excited an autoionizing transition which produced both ex-
cited Ba I1 states and an unexpectedly large Ba“/Ba+ |r-atio.13'16
Explanations of these observations and identification of the Ba I and
Ba Il states involved have been g1'ven.17'19 _

Photoexcitation at 21.22 eV coincides with a highly excited
5p-hole state of reutral Ba (process A in Fig. 1). This state sub-

6 5nln']' states of Ba+

sequently autoionizes, producing 5p-nl and 5p
(e1 and e, in Fig. 1). The distribution among the various 5p6n1 states
in the Ba+ ions is very different from that following direct ioniza-
tion from the barium ground state. Most of the Spsnln'l' ions ionize
further, producing Auger electrons (e3 in Fig. 1) and the ground-state
Ba++ ion. This process has been called "two-step autoionization."
The branching ratio of the e, to € autoionization channels thus
controls the Ba“/Ba+ ratio at energies for which direct photoion-
ization is negligible.

Examination of the outgoing channels from photoexcitation with
tunable radiation was begun by Rosenberg et a1.2° who measured photo-
electron spectra at two autoionizing energies and by Holland and Cod-

21

1ing“" who measured the BaH/Ba+ ratio in the 5p excitation re-

. . . -+ o+
gion. Higher resolution Ba /Ba measurements have been made more re-

cent\y.zz'23
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Photoelectron spectroscopy with tunable radiation is capable of
providing uniquely definitive information about the photoexcitation
and decay of barium. To extend our knowledge of these processes, we
have made gquantitative measurenents of the variation of 5p5nl par-
tial cross sections and photoelectron angular distributions over part
of the autoionizing region. We have also measured Auger spectra at
several photon energies between 21 and 29 eV, and found that two-step
autoionization is frequently responsible for the distribution of ob-
served peaks. In the following section we briefly describe the ex-
perimental arrangement, and in section C we present and discuss the

results.

B. EXPERIMENTAL

Radiation from SPEAR at the Stanford Synchrotron Radiation Lab-
oratory was monochromatized (2.58 FWHM) by a Seya-Namioka normal in-
cidence monochromator. An effusive beam of atomic Ba was produced by
a non-inductively wound, resistively heated oven.zl:"26 The photo-
electrons were analyzed by the double-angle time-of-f1ight (DATOF)
method.27’28

The spectra reported here were recorded during three widely-sep-
arated experimental runs. The monochromator energy calibration may
have changed between runs, but this #1A uncertainty does not effect
any of the conclusions presented below., The time-to-energy converted
electron energy scales also differ between runs, but the energies of

most of the strong Auger lines are well known, and were used to cali-

brate the electron energy scales internally.
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C. RESULTS AND DISCUSSION

The Ba++ threshold energy is at 15.21 eV, but most of the 3a++
ions detected below 21 eV are produced by a direct double-icnization
process. Above 21 eV, double ionization through Ba+ intermediate
states becomes dominant. Figure 2 shows a scan of the total electron
yield between 596& and 632% (19.6 - 20.8 eV). Only electrons with
kinetic energies greater than ~4 eV were collected. The pnoton in-
tensity was not monitored, but change: during this 'short scan were
probably small. In Fig. 2 we also reproduce the relevant portion of
the absorption spectrum of Connerade et al.4 The agreement of the
two spectra is very good for some lines, with other lines being absent
in the electron yield. Differences in resolution render the compari-
son difficult in general, but it is straightforward, for example,
around 610A where absorption features are not observed in the total
electron yield. This implies that Ba I fluorescence is a competitive
process at 610A., The ionization between 596A and 6327 is almost en-
tirely due to autoionization {process A then channel e in Fig. 1),
with a very smal! contribution from direct ionization, because of the
high density of absorption lines in this region.

Several photoelectron spect-a were taken in the energy range of

Fig. 2. Almost all of the electron intensity fell in the 5p6

nl peake
with nl=6s, 5d, 6p, 7s, and 6d. The partial cross sections for these
channels are shown in Fig. 3. The total electron yield from Fig. 2 is
reproduced in Fig. 3 for ease of comparison. The total of the five
partial cross sections is equal to the total electron yield at each

energy.
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Inspection of Fig. 3 shows that th2 autoionizing resonances en-
hance the five nl states by different amounts. For instance, the lar-
gest resonance at 617.8A, labeled as (Spsﬁsz)zPalz 5d by Connerade
et al.,4 is found predominantly to enhance the 5p665 state of the ion.
The resonance near 622.9R, which receives most of its intensity from
the [(5p55d)3D 6s 203/2]5d state, shows more enhancement of the 5p65d
channel than of the 5p565 channel. At most photon energies the en-
hancements of the smaller satellite lines (nl = 6p, 7s, and 6d} follow
those of the two largest line, (5d and 6s). An exception occurs near
6084, where the 5p57s 1ine alone shows a substantial resonance. This
hints at the underlying complexity of the autoionization process in
barium and documents the need for photoelectron experiments with higher
photon resolution,

In Fig. < we show values of the photoelectron angular distribution
asymmetry parameter, 8, for the 6s, 5d, and 6p states, which were meas-
ured simultaneously with the partial cross section data using the DATOF
method.28 These measurements of g over such an unresolved autoioniz-
ing region are not amenable to quantitative interpretation. In addi-
tion, because they are the first photoelectron angular-distribution
measurements from barium, we cannot make any comparisons to off-res-
onance values. The off-resonance value nf g for an s electron from a

closed-shell atom would ordinarily be ~2.0.29

At autoionizing res-
onances, 8 will still be ~2.0 if the remaining s electron and the out-
going p-wave are coupled to a singlet. This has been observed at the

3p -+ 3d giant resonance in Mn.30 That we observe g appreciably less
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than 2.0 for the 6s state may be due to the triplet nature of most of
the autoionizing levels.

We note that a definitive study of s in the autoionization region
would require a photon bandwidth much narrower than the resonance lines

25 We shall therefore make

themselves, as was the case for cadmium.
only one general observation about. the 8 values displayed in Fig. 4.
They tend to fall in the order 8(6s) > 8(6p) > 8(5d). In fact, the
majority of the 8 values lie in the ranges 1 < 8(6s) < 2, 0 < s(ép) < 1,
and -1 < 8(5d) < 0. To the extent that the system passes through the

2 2P, and 2D final

same (oriented) resonant states enroute to the °S,
states in Ba II, it is to be expected that the system will underc. a
successively greater decrease in its orientation (and in g8} as the

final-state (and outgoing electron) angular momentum increases. This

is required because

where the subscripts dencte intermediate-state, final-state, and elec-
tron angular momenta, respectively.

Above 21 eV, Auger electrons may be observed following decay of
the Ba” 5p hole-states, which can be created both by direct ioniza-
tion (process B in Fig. 1) and by autoionization (process A and ez).
Potts et a1.9 showed that the peak intensity distribution pattern in
the He II photoelectron spectrum could be approximately accounted for

by final-state configuration-interaction calculations. This shows that
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the intensity produced by direct photoionization is a result of mixing
with the primary Ba+ 5p5652 configuration.

Figures § and 6 show Auger spectra taken during two separate ex-—
periments, with spectra at hv = 23.7 eV included in both. The spectra
in Fig. 6 were taken with a detector at 54.7° relative to the photon
polarization direction and are therefore independent of angular dis-
tribution effects. Those in Fig. 5 were taken with an analyzer at 0°
to the polarization direction. We display the latter spectra because
the 0° analyzer provided better resolution than the 54,7° analyzer,
and the branching ratios measured by each analyzer were not noticeably
different. This implies that the angular distributions of the various
Auger peaks are approximately the same. The differences between the
two hv = 23,7 eV spectra are caused by differences in resolution,
transmission, and possibly photon energy calibratiun, as discussed in
Sec. II.

Most of the Auger peaks in Figs. 5 and 6 have been observed in
electron impact ionization, and their assignments are given in Table I.
In the hv = 28,9 eV spectrum, we apparently also observe the primary
photoelectrons at 4.2, 5.4, and 6.2 eV from the three states of Ba
that produce the 9.5, 8.3, and 7.5 eV Auger electrons, respectively.
The background levels in these spectra are uncertain so that the mag-
nitude of the continuum of electrons from direct Ba++ production can-

not be ascertained.
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As the photon energy is increased in Figs. 5 and 6, new S5p-hole
states become energetically accessible and new Auger psaks appear.
Many of the Auger peaks become negligibly small at higher energies and
are very small in the 530 eV electron impact Auger spectrun.7 This
is the case for most of the peaks observed at photon energies 21.4 and
22.8 eV. The two highest kinetic energy Auger peaks in the 28.9 eV
spectrum also appear as small peaks in the 500 eV electron impact
spectrum7 and in the low-energy electron impact spectrum.8

The unusually large intensity of the two high kinetic energy
Auger peaks in the 28.9 eV spectrum must come from two-step autoioni-
zation, however no absorption spectra have been reported in this en-
ergy range. The absorption spectrum of Connerade4 extends in energy
only up to 27.5 eV. Therefore, to determine if any absorption features
are likely to be found near 28.9 eV, we have performed multiconfigura-
tional Hartree Fock (MCHF) calculations (with a relativistic correc-

31 2

tion) using the code of Cowan®" on the Ba' 5p5(652 x 5d6s x 5d° x

5. 2

sz) manifo]d. In the J=3/2 manifold, two states of primarily 5p~6p

character were calculated to have binding energies of 31.4 and 31.6 eV

and to have 3% admixtures (squared CI coefficient) of the 5p5652 con-

figuration. In the J=1/2 manifold one state of primarily 5p56p2 char-
acter was calculated to have a binding energy of 33.5 eV and to have a 7%

2

admixture of the 5p565 configuration. In addition to this final-state

5:.2

mixing with the Ba+ 5p~6s~ configuration, the ground state of barium
has been calculated to have 6% 5p56p2 character.32 This initial-state
5..2

mixing should provide further intensity to a 5p“6p“nl absorption ser-
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{es. The absolute energies of the ionic states were obtained by ad-
justing the MCHF energies to those from multiconfigurational Dirac-Fock

12 The spac-

(MCDF) calculations of the Sps(ﬁs2 x 5d6s x Sdz) manifold.
ings of the levels in our J=3/2 MCHF calculation agreed with those

from the MCDF calculation to within ~0.3 eV (standard deviation). The
first members of the three strong J=3/2 nd series observed by Connerade
lie 2.6 #0.3 eV from their respective limits. Based on these numbers,
it is likely that the first members of nd series leading to the 31.4
and 31.6 eV 5p56p2 J=3/2 thresholds would lie at 28.8 *0.4 and

29.0 #0.4 eV. Thus the spectrum at 28.9 eV with a 2.58 (=0.17 eV)
monochromator bandwidth may overlap an autoionizing resonance, produc-
ing Auger electrons by two-step autoionization. This may explain why
the two high-energy Auger peaks are observed with such high intensities
in the hv = 28.9 eV spectrum.

Photoionization above 21 eV does not always lead to double ioni-
zation. Mass spectrometry studies22 show 2 Ba++/Ba+ ratio that in-
creases at each major threshold. In addition to this increase there
is considerable structure. This structure appears because the dis-
crete auvtoionizing resonances each have different decay characteris-~
tics. Some decay predominantly to 5p6n1 states of Ba+ while others
decay by two-step autoionization to Ba++.

Using the 54.7° spectra obtained at the photon energies in Fig.

Gnl peaks from Ba+ to

5, we have compared the total intensity of the 5p
the total intensity of the Auger peaks from Ba++. Our BaH'/Ba+ ratios
are listed in Table II along with the He I ratio :nd the mass spec-

trometry values. Although our ratios are accurate only to within a
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factor of two because of uncertainties in the analyzer transmission,
better measurements of this type could provide information about the
Ba’+lBa+ ratio not obtainable by other means. If the Ba”IBa+ ratio
from the photoelectron spectrum could be determined accurately enough,
it would be possible to obtain, by difference, the amount of Ba’+ that
is directly formed through thke emission of two electrons. These elec-
trons should have a continuum of energies and thus would not appear as
peaks in the photoelectron spectrum.

In assuming that each 5p-hole state Auger decays to Ba+*, we have
assumed that deexcitation by fluorescence in Ba’ is negligible by com-
parison. This assumption is supported by the Auger and x-ray emission
calculations of Chen and Crasemann.33 These calculations were done
with non-relativistic Hartree Fock wavefunctions and included the ef-
fects of initial-state configuration interaction.

34 have proposed

Regarding the Ba“/Ba+ ratio, Connerade et al.
that the two channels leading to production of Ba+ states, direct pho-
toionization and autoionization, may show an interference effect. The
possibility of interference exists for both the 5p6n1 states and the
5p5n1n‘1' states. This interference could produce asymmetric auto-
ionizing lineshapes in the absorption and partial cross section spec-
tra as well as in the Ba+ and Ba++ yield spectra. We note, however,
that no asymmetric peaks are observed in the high resolition absorption
spectrum4 or in the high resolution Ba++ yield spectrum.23 Therefore

any apparently asymmetric features in the low resolution Ba++/Ba+ spec-

trum must result from the superposition of unresolved features.
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Table I. Kinetic Energies in eV for Observed Auger Lines

Line No.? Kinetic Energya

1 5.80

2 5.85

3 5.93

4,5 6.09, 6.10
7 6.43

8 ] 6.57

9 or 10 6.76 or 6.81
12 7.06

13 7.29

14, 15 7.48, 7.58
16 8.31

22 9.55

29 12.00°

34 13.54°

3rrom Rosenberg et al.8

bIn the MCDF Mn II calculations of Rose et a the 10th and 12th
levels in the J=1/2 manifold include 13% and 3% admixtures of the
5p5552 configuration and have calculated Auger energies of 12.0
and 13.5 eV, respectively.

1.12



168

Table II. Ba' /Ba Ratios

hv PES Mass Spectroscopy
Hol’landc Lewandowskid
21.22 0.65% 1.05 0.7
21.4 0.3 - 0.65° 1.0 0.7
22.8 3.4 - 5.6° 3.5 1.9
23.7 7.8 - 11.7° 6.5
13

3From Lee et al.

bThis work. A correction has been made for the analyzer transmis-
sion. The uncertainty in this correction is responsible for the
uncertainty in these ratio.

CFrom Holland et a1.%? with a 2.0A bandwidth. Note that
Lewandowski et a1.23 state that the monochromator calibration in
the work of Holland et al. may be off by 2A.

erom Lewandowski et al.2> with a 0.9A bandwidth.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Energy-level diagram for barium, including the various excita-
tion and decay channels.

The total electron yield spectrum from this work and the ab-
sorption spectrum of Connerade et al. (1979a). The ordinate
scale refers to the yield spectrum only. The absorption spec-
trum is plotted on an arbitrary scale.

5n1 states where

The partial cross sections of the Ba+ 5p
(nl1 = 6s, 5d, 6p, 7s, and 6d). The bottom panel hows the to-
tal electron yield as in Fig. 2. The units of the ordinate
scales are the same, but arbitrary.

The angular distribution asymmetry parameter, 8, of the 6s, 5d
and 6p photoelectrons. The error bars repre ent counting sta-
tistics only. The solid curve is the tota” electron yield,
shown for comparison.

Electron kinetic-energy spectra at three differgnt photon en-
ergies, showing the Auger peak intensities. The peaks at ki-
netic energies above 6.6 eV in the hv = 21.4 eV spectrum and
at kinetic energies above 7.6 eV in the hv = 22.8 eV spectrum
are from Ba+ 5p6nl photoelectrons, not Auger electrons.
Electron kinetic energy spectra at three photon energies show-
ing Auger peak intensities. Primary photoelectrons peaks are
also observed in the hv = 28.9 eV spectrum, as discussed in

the text.
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VII. PHOTOELECTRON ASYMMETRIES AND TWO-ELECTRON SATELLITES
NER THE 3p THRESHOLD IN ATOMIC MANGANESE*

ABSTRACT

The partial cross sections and photoelectron angular distributions
for several lines in atomic Mn have been measured at photon energies
between 50 and 72 eV. The intensities of the 3d correlation satellites
at 24-26 eV'binding energy behave similarly to the main 1line near the
3p » 3d giant resonance, but show an enhancement near the 3p threshold
which is not present in the main line. A configuration interaction

analysis is applied to help identify the origins of the satellites.
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A._ INTRODUCTION

The 3p absorption spectrum of Mn I was first observed by Connerade,
Mansfield and Ma:rt:in,.l who found it to be dominated by a strong, broad
asymmetric resonance at ~50 eV. They also reported discrete features
below and above the largest resonance as well as a broad modulation
in the continuum absorption immediately above the 3p-threshold. The
“giant resonance" is attributed *o transitions from the ground state
3p83d%4s2 85 1o the dipole-allowed states 3p°(3d® °p)as? 6P3/2,5/2,7/2.
The shape and width of the resonance were explained by the mixing of

63d4452:f 6P continuum. Using Hartree-Fock

2 6¢

the 6P resonance with the 3p
calculations, the lower energy features were identified as 3p53d655
and 6D and the higher energy features as 3p5(3d5 6S)4s2 o m {nl = 4d,
5s, and 5d). The broad peak between 55 and 58 eV was identified as the

maximum in the 3p°(3d® 8s)as? 7

2

P es, ed continua.

3 of the interaction of

Davis and Feldkamp™ applied Fano's theory
discrete and continuum states and single-configuration Hartree-Fock
calculations to model the absorption spectrum. They confirmed that
super-Coster—Kronig decay from the 6p state to the (3d)°] continuum
was responsible for the shape and width of the 6P resonance. A higher
quality absorption spectrum4 and a many-body randum phase approxima-
tion with exchange (RPAE) calcu'lation5 provided further confirmation
of the earlier analysis.

With resonant photuemission, it is possible to study some of the
underlying details of photoabsorption. In this type of experiment,
the total cross section observed in absorption is separated into the

partial cross sections for production of the different final iomic
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states by analyzing the energy distribution of the emitted photoelec-
trons.

In this paper we report the photon energy dependence of the par-
tial cross sections and the angular distributions for the main lines
and several satellite peaks in the photoelectron spectrum of Mn. An
analysis is made of the intensities qf the satellite lines based on
Hartree-Fock configuration-interaction (HF-CI) calculations. Of par-
ticular interest is the enhancement of the satellite intensities rela-
tive to the main 3d Tine near the 3p threshold at ~55 eV.

The experiment is described in Sec. B, and the results of our
measurements are presented in Sec. C. Section D contains the CI ana-

lysis of the satellites, and our conclusions are summarized in Sec. E.

B. EXPERIMENTAL

The experiment was performed at the Stanford Synchrotron Radia-
tion Laborator s using a grazing-incidence grasshopper monochromator
with a 1200 lines/mm holographically ruled grating. The monochromator
cannot be used for energies less than 50 eV with this grating. The
other available grating (300 1ines/mm, interchangeable in vacuum) was
usable down to 12.5 eV, but was far less efficient. Therefore, all of
the spectra were taken above 50 eV. The bandpass of the monochromator
was less than 0.5 eV for the spectra taken between 50 and 72 eV. A

nickel grid and channeltron were used to monitor the photon intensity.
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Manganese was vaporized from a resistively-heated oven similar to

the one used earlier.6

1t was modified in order to reach higher
temperatures, and an unheated skimmer was added to minimize the possi-
bility of Mn coating the electron analyzers. Details of the oven will
be given e1sewhere.7

Spectra were taken using the double-angle time-of-flight (DATOF)

method described earh‘er.s’8

In brief, electrons are energy dis-
persed by their flight times through a 28 cm drift tube. Analyzers
placed at 0" and 54.7° with respect to the polarization of the syn-
chrotron radiation are used. Peak areas from the 54,7° (*"magic-angle™)
detector are directly proportional to the photoelectron cross sections.
The ratio of peak areas from the two detectors provides the angular
distribution asymmetry parameter, 8, which completely describes the
spatial distribution of the photoelectrons.

The energy calibration of the analyzers was accomplished by meas-
uring the time-of-flight of the 2s and 2p lines in neon. This also
allowed for the simultanmeous determination of the energy dependence of
the relative transmission of each analyzer, which are used in correct-

ing the cross-section and angular-distribution measurements

C. MEASUREMENTS

Figure 1 shows a TOF spectrum of Mn taken at hv = 50 eV with the
54,7° analyzer. At this energy, which lies near the maximum of the
giant-resonance absorption, we observe photoelectron peaks with bind-
ing energies both below and above the main 3d line at 14.3 ev. The

lines with lower binding energy are very weak except near the giant
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resonance, while those with higher binding energy are present in all
the spectra up to hv = 72 eV and can still be seen (as an unresclved
peak) at hv = 140 eV. The resonantly produced lines with lower bind-
ing energies are assigned as 4s peaks belonging to different couplings
of the ionic configuration 3d54s. We shall refer to the group of
peaks with binding energy near 21 eV as 3d* and those with binding en-
ergy near 25 eV as 3d**, Unfortunafe]y, the Ne 2p photoelectron peak
(binding energy = 21.6 eV) from residual calibration gas overlaps the
3d* satellites in most of our -“pectra.

The TOF analyzer resolution is ~3% of the electron energy, so
most of the peaks in our spectra have widths of 0.7 to 1.7 eV FWHM.
Peak positions are difficult to determine due to detector resolution
and time-to-energy conversion uncertainties. Coincidental with this
work, Bruhn et a1.9 have taken photoelectron spectra over the giant-
resonance region and have fitted energy profiles to the partial cross

10 has observed four

sections of the main lines. In addition, Suzer
peaks with binding energies greater than 20 eV in a spectrum taken at
the He Il resonance line energy of 40.8 eV. The energy positions of
the peaks observed with binding energies greater than 20 eV are listed
in Table I. The assignments of these peaks will be discussed in Sec-
tion IV.

In Fig. 2 we have plotted the partial cross sections of the 3d
and the sum of the 4s peaks from our measurements together with the
data of Bruhn et a1.9 Points taken off resonance were used to scale
the two sets of data. Both the .'sorption spectrum4, which shows a

maximum split into two peaks, ana the semiempirical calcu‘lation,2
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which shows a low-energy shoulder, lead us to believe that the 3d par-
tial cross section profile results from at least two overlapping res-
onances. Indeed, we find that a fit of the 3d partial cross-section
data to two overlapping resonances11 (solid curve in Fig. 2) gives
much better agreement than the fit to a singie resonance.9 By sep-
arating the two overlapping resonances in our fit by 0.43 eV, which
corresponds to the separation of the two maxima in the absorption
spectrum,4 we find an “effective q" of 2.4 for the larger component.
Calculations using many-body perturbation theory (MBPT) suggest that
the giant resonance is actually formed by a large number of overlap-

12 The 4s partial cross-section data can be equally

ping resonances.
well fitted by a single or an overlapping pair of nearly Lorentzian
resonances.

We note that there is no evidence in the 3d partial cross-section
data of the double-excitation absorption features between 54 and 56 eV
or of the small maximum in absorption between 55 and 58 eV. A plot of
the cross section of the 3d** lines shows a maximum near 50 eV similar
to the main 3d line and an overall decrease out to 72 eV, To look for
more subtle differences, we show in Fig. 3(a) the branching ratio of
this group of satellites to the 3d Tine. Because the intensities of
different peaks are measured simultaneously using the TOF method,
these branching ratios are independent of the corrections in photon
flux and vapor pressure that were necessary %o produce Fig. 2. Thus
they are intrinsically more accurate than partial cross sections. The
branching ratio varies little between 50 and 54 eV, while the 3d line

is changing by a factor of 3, demonstrating the similarity of the res-
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onance behavior of the 3d** satellite lines and of the 3d main line.
Between 54 and 55 eV, the branching ratio shows a sharp two-fold in-
crease while the 3d-line intensity remains nearly constant. This sud-
den increase in the relative satellite intensity occurs at the same
energy that the 3p Auger line first appears in our spectra. Because
the 3p electrons are difficult to detect near threshold and because
there should be an Auger electron for each 3p hole created, we have
used the Auger electrons to monitor the 3p cross section. In Fig.
3(b), is plotted the branching ratio of the Auger line relative to the
main 3d line. Also plotted in Fig. 3(b) is a MBPT curve of the 3p/3d
branching ratio calculated by Garvin et a112 which is in good agree-
ment with these measurements.

The resonance behavior of the asymmetry parameter provides in-
formation about the structure of the resonance states and their de-
cay characteristics.6 The asymmetry parameter of the 3d peak for
50 < hv < 72 eV is shown in Fig. 4. It is approximately 0.65 over
this energy range except where it rises to 0.9 at the giant resonance.
From the results of MBPT calculations on the separate ep and ef con-

12

tinuum channels, ™" we expect a pronounced change in 8 to occur below

50 eV where the ef cross section is going through a minimum. Recent

13 show a large decrease in g be-

measurements by Krause and Carison
low 50 eV and good agreement with our measurements above 50 eV.
For the weak 3d** peaks, the B values show too much scatter to

derive reliable values, but g tends to be below one.
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The resonantly produced 4s satellites have a 8 value of 2.0(2).
To obtain 8 < 2 would require large spin-orbit interactions in the
discrete resonance state or in the continuum channels. Provided that
the remaining s electron and the outgoing p-wave are coupled to a

singlet, with very little triplet mixing, we would expect 8 = 2, show-

ing that parity favored transitions are dominant.14

D. CALCULATIONS
In order to identify the peaks with binding energies greater than

20 eV, we have performed Hartree-Fock (4F) calculations on the Mn II

ion. These calculations were done with the HF code of Fr-oese—Fischer,]5

16 A1l energies have been referenced to the

binding energy of the 3d44s2 3

as modified by Cowan.
D state (14.26 ev).17 From comparisons
with observed states of lower binding energy, we expect these calcu-
lated energies to be accurate to within ~0.3 eV.

With up to three open subshells for some configurations, the num-
ber of possible states in Mn Il is quite large. In order to limit
these, we examined the "spectator model" for the 3d electrons. With
all of the ioni¢ states under consideration having four 3d electrons,
the spectator model assumes that the 3d electrons will remain coupled
a3 5D. Table II lists the HF energies of the possible 3d44s2 states.
There is evidence in this work and in Ref. 9 for peaks between 15 and
20 eV binding energy near the "giant resorance", but their intensities

are very small above 53 eV photon energy. Thus, the spactator model
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appears to be valid, Therefore the remaining calculations were 1im-
ited to states with a 3d4 5D subshell,

We then calculated energies for the states (3d4 5D)n'ln"l'
(n,n* < 5). A further limitation of the number of states was achieved

5D term and

by selecting even parity states which are coupled to a
odd parity states in which the suter two electrons are spin-coupled to
a singlet. The binding energies of these levels are listed in Table
111. The separation into groups of odd and even parity is important
when we consider the mechanisms of production of satellite pezks.

The first group of satellites, 3d*, Ties at an energy that fits

the assignments (3d4 5D)(4s4p ]P) 5p and . These two states are

7 yith binding energies of

listed in the tables of Coriiss and Suga}
20.6 and 20.7 eV, respectively. These authors list observed states up
tc the threshold for production of Mn III at 23.1 eV and therefore do
not include any of the higher binding energy states in Table III.
Because of the uncertainties in the calculations, the satellites
cannot be uneguivocally assigned based on energy alone. We therefore
consider the mechanisms for producing photoelectron sateilite lines.
It is useful to classify photoelectron satellites, which are
caused by a breakdown of the one-electron model, into three types:
initial-state configuration interaction (ISCI), final-ionic-state
configuration interaction (FISCI), and continuum-state configuration
interaction (CSCI).18 These are not mutually exclusive classifica-
tions, and a given satellite may have contributions from more than one
type. It is possible to look for the ISCI and FISCI contributions by

doing configuration interaction (CI) calculations on the Mn I and Mn
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11 states. HF-CI calculations were performed with the inclusion of
the main ad'lsz 50 state and all of the even configurations listed in
Table III. We have also done ISCI calculations with inclusion of the
3d5452 6S ground state and the 3d54s4d, 3d54s5s and'3d54p2 configura-
tions. The only appreciable mixing in these calculations (>0.1%) was
with the 3d°4p? 85 neutral state (5%) and with the 3d*ap? 5p jonic
state (1%). We would therefore expect a 3d44p2 5D photoelectron peak
with an intensity on the order of 5% of the main 3d4452 ) line. This
would account for one of the 3d** peaks, except that the calculated en-
ergy is at least 0.6 eV too high.

None of the odd parity states in Table III can mix with the even
parity 3d44s2 5D state, nor can their corresponding odd parity neutral

2 6g

states mix with the even parity ground state 3d54s Production of

such a satellite must therefore occur in the continium state while the
ejected electron is still present (CSCI). -
Such continuum effects are more difficult to calculate. One ex—
ample of such a calculation is by Davis and Feldkamp.19 They esti-
mated the intensity of the 3d94p satellite relative to the 3d94s main
line in cu®. They refer to this continuum state mixing as fnelastic
scusitering. It has also been described as "conjugate shakeup®. In

tue Davis-Feldkamp picture, the outgoing electron inelastically scat-

ters off the 1on from which it is being ejected:

cu*s 3d%scf » 3d%pe'd (1)
+3d%petg .
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Davis and Feldkamp modeled this process, using Hartree-Slater wave-
functions, and found that the 3d94p intensity is 6% of the intensity of
the 3d%s main line.

The 3d44s4p and 3d4455p states in Mn+ could be produced by a-proc-
ess analogous to Eq. (1). To calculate the inelastic scattering in-
tensity, it is necessary to evaluate a complex, two-electron intagral
involying the continuum electrons (R.| (ef, 4s; ¢'d, 4p) in Ref. 19).

By evaluating only the imaginary part of R1, which involves real
wavefunctions only, we ob*ain a lower bound to the inelastic scatter-
ing intensity. Using this approximation, we calculated the imagina~y
parts of R] for the production of the 3d94p state in Cu+ and the
3d44s4p and 3d4455p states in Mn” using Cowan's Hartree-plus-statisti-
cal exchange (HX) code.20 This code has a different approximate ex-
change term than Hartree-Slater. Our results are presented in Table
Iv. ’

We have no explanation for the differences between our HX results
for Cu® and the HS results from Ref. 19. The total inelastic peak
intensity is proportional to the sum of the squares of the ed and ef
terms in Table IV plus the sum of the squares of the real parts. All
of the factors involying the spin and angular momentum quantum numbers
are the same for Cu+ and Mn+. The values in Table IV show that we may
expect that the 3d44s4p satellite in Mn+ to be about the same intensity
as the 3dg4p state in Cu” {~6%), while the 3d4455p satellite should be

an order of magnitude smaller.



187

We assign the 3d satellites as follows:

1.  The assigoment of 3d* is (3d% ®0)(4sdp '9)% and OF. This re-
sult 1s based on both the peak position and the “nelastic
scattering intensity. No other states are in thi energy
range except for the 3d44s2 3F, which would reguire a break-
down of the spectator model.

2. The only assignment which produces appreciable intensity near
the 3¢** energy is the ISCI-FISCI produced (3% 50)ap” 5p,
which is calculated to lie 1.1 eV higher than any peak :in
Ref. 9 and 0.6 eV higher than any peak in Ref. 10. Bas*d on
energy alone, there are several other possibilities for the

two 3d** peaks.

E. CONCLUSIONS

The partial cross sections of the 3p and 4s main lines and of the
24-26 eV binding energy two-electron satellites are 21l enhanced at
the 3p + 3d giant resonance near hv = 55 eV, The 3p/3d branching
ratio from hv = 55-72 eV is reported and is in good agreement with
MBPT calculations.

The off-resonant photoelectron cpectrum of manganese includes
two-electron satellites of the 3d44s2 5D main line. The Tines at 20.7
and 20.8 eV binding energy have been identified as (3d4 5D) (as4p 1P)
5P and 5F, and their intensity has been partially attributed to inelas-
tic scattering off the primary ion. Several possible lines have been
discussed in conjunction with the satellites near 25 eV binding energy,

but no definitive assignments have been made.
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Table I. Binding energies of observed 3d satellites.

Line This Work Ref. 92 Ref. 10°  intensity®
g% e 20.6(2) 20.7 8
20.8(2)
3gH 24.5 24.2(2) 24.3 7
25.5 25.0(2) 25.2 15
25.5 7

3y = 50.0 eV.
40.8 ev.

=
<
(]

Che = 40.8 eV, Ref., 10. Intensities relative to the 3d main line (= 100).
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Table II. Calculated binding energies of 3d*s? states.?

State Binding Energy (eV)
5 14.3
(1) 17.0
% 17.3
3 18.1
Ig 19.7
*(2) 20.7

5 17

3Relative to °D energy.
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Table III. Calculated binding energies of (3d4 5D)nln'l states.?

Parity nin'1t Binding Energy (eV)
even 4s4d 24.4, 25.4
even 4s5s 23.6, 24.5
even 4p2 26.1.

odd 4sdp 20.7, 20.8
odd 4s5p 25.0, 25.1
odd 4s4f 25.5-27

3pdditional criteria for selectii: of states are given=in text.
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Table IV. Imaginary part of two-electron integral Rl.

This Work Davis and Feldkamp2®

cu* 3d%ser > 3d%ped 0.165 0.080
+  3d%peg -0.020 0.021
un* 3das?er - 3d%astped 0.21
+  3d%astpeg 0.03
+  3d*s5ped 0.05

> 3d%s5peg -0.01
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FIGURE CAPTIONS

Fig. 1 Photoelectron spectrum of Mn vapor taken at hv = 50 eV taken
with the 54.7° detector.

Fig. 2 Partial cross sections of the 3d and 4s main 1ines from this
work (filled symbols) and from Bruhn et a1.9 (open
symbols). The solid curves are fits to two overlapping
resonances.

Fig. 3 The branching ratios of the (a) 3d** and (b) 3p Auger lines to
the 3d main line. The solid curve in panel (b) is from the
MBPT calculation of Garvin et a'l.12

Fig. 4 The photoelectron angular distribution asymmetry parameter of

the 3d main 1ine.
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