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Angular distribution of photoelectrons of Xe Sp spin-orbit components between 20 and 105 ev

Manfred O. Krause and Thomas A. Carlson
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Pamela R. Woodruff
Synchrotron Radiation Center, University of fVisconsin, Stoughton, Wisconsin 53589

(Received 8 May 1981)

With the use of synchrotron radiation, the P parameters of the Xe Sp components have been measured between 20
and 105 eV in a regime in which both relativistic and many-body effects are important. The experimental P values of
'P3/2 and 'P „,are found to be in good accord with the relativistic random-phase-approximation (RRPA) theory, but
only in fair agreement with the Dirac-Fock prediction. Similarly, the branching ratio cr('P3/2)/(T( Pl/2) agrees well
with the RRPA, However, the Dirac-Fock model accounts satisfactorily for the difference in the P values of the
components indicating similar many-body effects acting on both components. A brief description is given of the new
gas-phase angle-resolved electron-spectrometry system used in this work.

INTRODUCTION

'The photoeffect in the outer regions of xenon
serves well as a probe of both the many-body and
relativistic aspects of atomic structure and dyna-
mics. 'This holds true especially if, in the mea-
surement of partial cross sections and asymmetry
parameters, the spin-orbit components are re-
solved and regions of Cooper minima and reso-
nances are covered. In this work, we measured,
with the aid of synchrotron radiation, the angular
distributions of the Xe 5p photoelectrons in the en-
ergy range from 20 to 105 eV. Because the mea-
surement resolved the 'P&, and 'P&, components
and covered the regions of the Cooper minimum
of the 5p cross section and the maximum of the
4d cross section, this study represents one of
the more sensitive tests of the theoretical models
and allows an assessment of the relative impor-
tance of the many-body and the relativistic effects.

Previous work on the photoionization of xenon
and other noble gases has been summarized by
Johnson and Cheng' and by Krause. ' The experi-
mental studies most closely related to this work
are those by Dehmer et al. ,' who reported the
asymmetry parameter P for both 5p components
at the photon energies available from He and Ne
di'scharge lamps, by 'Torop et al. ,' who measured
the average P value for the 5p doublet between 60
and 130 eV, and by Wuilleumier et al. ,

' who de-
termined the 'P»/'P&, branching ratio from 18
to 105 eV. 'The theoretical predictions of the var-
ious properties of photoeffect in xenon were made
in the single-particle Dirac-Fock (DF) model' and
in the many-body models of the nonrelativistic
random-phase approximation (RPA)' and the rela-
tivistic random-phase approximation (RRPA).
Furthermore, the many-body calculations consid-
er the effects of different interchannel interac-

tions, such as the interactions between the 5P and
5s photoionization channels and those between the
5p, 5s, and 4d channels.

EXPERIMENTAL APPARATUS AND PROCEDURE

The electron-spectrometry system used in con-
junction with synchrotron radiation (ESSR) and a
toroidal grating monochromator (TGM) is shown
in Fig. 1. This is a new ESSR system designed
specifically for the windowless measurement in
the gas phase of angular distributions of electrons
emitted from atoms and molecules. 'Two 51-mm-
radius, 164-degree spherical sector electrostatic
analyzers are used as the dispersive elements,
each with an adjustable resolution, ~/E, from
0.3 to 2%. The analyzers, which are mounted at
right angles to each other on a rotatable platform
supported by a sapphire ball bearing, can be ro-
tated in tandem, manually at present, through an
angle of 270' about the photon beam. 'The angular
resolution is 4', as determined by a set of Mo
apertures mounted in the source cell. The source
cell which can be biased accepts both permanent
gases, used for study or calibration, and atomic
vapors produced in an oven. Three nested 1-mm
magnetic shields, one rotating with the analyzers
and two fixed, ensure a virtually field-free path
for the electrons. All materials, except some
electrical components, are suitable for ultrahigh-
vacuum operation.

Particular attention was given to the pumping
system to protect the photon source, especially
the monochromator, from deleterious gas loads
and deposits and, at the same time, allow the
electron source to be maintained at a pressure of
10 ' to 10 ' Pa. Because the vacuum in the mono-
chromator, about 2 x 10 ' Pa, should not be com-
promised, a pressure differential of better than
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FIG. 1. Sketch of ESSB system, showing two analyzers (ES) mounted on a rotatable platform (RP) with drive (RD)

around the electron source (S), which allows the use of a gas (G) or an atomic beam from an oven (0); three magnetic

shields (Sh) are used and three valves (Vl to V3) separate components; typical pressures are indicated at an estimated

pressure of 10 2 Pa in source (S) and the high impedances provided by the capillaries (C).

10' is needed. We achieved this by using two dif-
ferential pumping stages, each pumped by a
110-1/s turbomolecular pump, and interposing a
30-cm-long 2-mm capillary between the cell and

the first stage, a 14-cm-long 4-mm capillary be-
tween the first and second stages, and a 5-cm-l. ong

masked (3x 6 mm') 10-mm tube between the sec-
ond stage and the monochromator. A slot cut in

the first capillary provided additional pumping
through the main chamber, which can be evacua-
ted with either a 360-1/s turbomolecular pump or
a 1100-1/s cryopump or both. Using only the

turbopumps, the following pressures were re-
corded with ionization gauges for an estimated
pressure of (2-6)x 10 ' Pa of He or Xe in the

source cell (base pressures are given in square
brackets): main chamber (2-5)x10 ' Pa [&1

x10-']; stage 1 (1-3)x10-' Pa [6x10 ']; stage II
(1-2)x10 ' Pa. [4 x10 ']. The pressure incre-
ment in the exit mirror box of the TGM was noted

to be (1-4)x10 ' Pa, and the increment in the

grating chamber was estimated to be 10 "Pa.
An automatic valve (V3) can be introduced be-

tween the last pumping stage and the monochro-
mator to provide rapid isolation of the electron
spectrometer and photon source in case of a vac-
uum failure in either part. A special valve (V2)
allows the separation of the main chamber and

differential pumping stages and, if needed, the in-
troduction of a thin foil.

The use of two analyzers increases the data ac-
quisition rate twofold, or allows the convenient re-
cording of reference data simultaneously with a
measurement. As a special feature, the asym-
metry parameter P can be determined without ro-

tating the analyzers, once the symmetry of the
system as well as the validity of the dipole ap-
proximation for the case under study have been
established.

Using a photon beam with the polarization p,
the angular distribution of photoelectrons is given
in the dipole approximation by

d(r o ( P
dA 4m ~ 4
—=—!1+—(1+3pcos28) ~,]

where 8 is the angle relative to the major electric
vector of the polarized photon beam, P the asym-
metry parameter, and 0 the photoionization cross
section. The differential cross section do'/d& is
proportional to the observed photoelectron intensi-

ty, I(8), and by measuring I(8) at 8 = 0' and 8 = 90',
the P parameter is obtained from

4(R —1)
3p(R+ 1) —(R —1)

(2)

where R I(0 =)/I(9'0 )'
In the present experiment, only one of the ana-

lyzers was used and rotated into the 0' and 90'
positions. The symmetry about the photon axis of
all parameters affecting the origin and path of the
photoelectrons was checked and verified by re-
cording angular distributions of He 1s and Xe 5p
electrons in small angular increments between
-90' and+180'. At pressures of less than 6x 10 4

Pa in the main chamber, corresponding to about
6x 10 ' Pa in the source cell, intensity ratios and

P parameters were found to be independent of
pressure. Data were recorded generally at (2 to
4) x 10 ~ Pa in the main chamber.
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'The polarization of the photon beam was ob-
tained from a measurement of the He 1s angular
distribution [Eq. (2)] assuming P= 2 at all ener-
gies. For the 450-1/mm low-energy grating
(LEG), we found p=0.93(1) for 25&hv&50 eV,
and for the 1800-1/mm high-energy grating (HEG),
p decreased monotonically from 0.92(1) at hv
= 40 eV to 0.84(1) at he= 105 eV. These values are
slightly lower than those measured previously for
a similar 'TGM. '

Data could be recorded in the constant accelera-
tion mode or the constant pass-energy mode, but
were usually obtained by setting the pass energy
to either 14 or 35 eV (with 4E/E = 1.5%) and scan-
ning the electron source with a 50-ms ramp vol-
tage that was synchronized with the channel ad-
vance of a multiscaler. Under these conditions,
the Xe 5P doublet was sufficiently well resolved
and count rates were sufficiently high to ensure
reliability in the various necessary corrections
and acceptable statistical confidence in relatively
short acquisition times. 'The photon bandpass was
about 5 A for the LEG and 1 A for the HEG. As
an example, 3x 10' counts were accumulated in
the Xe 5p~ peak and a signal-to-background ratio
of 70:1 was obtained under the following condi-
tions: 8=0', hv=21. 2 eV, 100 mA beam current,
7 A bandpass, 14 eV pass energy, 0.28 eV F|vVHM

of photoline, about 3x 10 ' Pa of Xe in the source,
256 data channel, and an acquisition time of 100s
over a 4-eV energy scan.

RESULTS AND DISCUSSION

Photoelectron spectra of the Xe 5P doublet are
shown in Fig. 2 for photon energies of 24.4 and
80.3 eV at the two angles, e= 0' and 90', chosen
to obtain P from Eq. (2). The doublet is seen to
be well resolved. The P parameters of the two
spin-orbit components are given in Table I and
plotted in Fig. 3 together with the values of Deh-
mer et al. ' below 40 eV and the data of Torop
et al.' above 60 eV. 'The latter data represent an
average of the doublet component values. Our da-
ta are the average of two to three runs per point.
'The errors take into account the statistical un-
certainties, and the uncertainties in the polariza-
tion measurement and the analysis procedure. At
hv = 55.3 eV, the parameter P could be determined
only for the 5p~ component, because the 5pv, line
was buried under the 4d&, line excited by second-
order radiation. Between 35 and 45 eV Auger
lines excited by second-order photons could be
present, but their effect was minimized by using
the 450-1/mm LEG and by appropriate selection of
the photon energies. As a consequence, the weak
Auger lines which did appear overlapped only
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slightly with the 'P lines, and their contributions
could be removed.

In Fig. 4, the differences between the P com-
ponent values are plotted with the few values
available from other work. "" 'The error in the
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FIG. 3. The asymmetry parameter P for the Xe 5p
doublet. Our data: ~ for P3~2 and o for Pf J2 Dehmer,
et al. (Ref. 3): o,e pairs for the components; and
Torop et al. (Ref. 4): ~ for the doublet average (above
60 eV). RRPA theory is from Johnson and colleagues
(Refs. 1, 8, and 11), RPA from Amusia and Ivanov
(Ref. 7), and DF from Ong and Manson (Ref. 6).

FIG. 2. Typical photoelectron spectra of Xe Q doublet
recorded at 8= 0', and 0= 90' with the 450-lines/mm
grating at 24 eV and the 1800-lines mm grating at 80 eV.
Time indicated is the total recording time per spectrum.
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hv
(eV) P( Pg]2) p( P3(2)

19.5
21.2
24.4
30.2
32.7
34.0
38.4
40.0
41.0
45.2
50.2
55.3
60.3
65.3
70.3
75.4
80.4
90.4

100.4
105.5

1.60(6)
1.57(7)
1.73(6)
1.80(8)
1.70(7)
1.64(8)
1.36(10)
1.54{13)
1.11(10)
0.88{9)
0.57 {10)
0.43{13)
0.17{9)
0.10(10)
0.23(11)
0.53(12)
0.98{15)
1.35{8)
1.62 {10)
1.87 {15)

1.66(6)
1.72(7)
1.77 (6)
1.81(7)
1.70(6)
1.56(8)
1.12(ll)
1.25(12)
0.90(10)
0.67 {ll)
0.36 (10)

—0.04{9)
-0.03(9)

0.02{8)
0.43 {12)
0.80(15)
1.35 (8)
1.66(10)
1.86(15)

1.60(5)
1.47(ll)
1.55(4)
1.41(4)
1.45(6)
1.44(5)
1.54(5)
1.54(6)
1.51(5)
1.51{9)
1.72(12)

1.91{15)
1.75{10)
2.07 {16)
1.81{9)
1.97(11)
1.75{9)
1.70{11)
1.52{15)

difference is about one-half the errors in the P
values because several error sources affect the
components similarly.

In Figs. 3 and 4, the experimental data are
compared with theoretical predictions from sev-
eral models: the DF model' which is relativistic
but ignores correlations, the RPA model' which
is nonrelativistic but considers intrashell and in-
tershell interactions involving the 5p, 5s, and 4d
shells, and the RRPA model""" which takes both
the relativistic effects and the (5p+ 5s+ 4d) cor-
relations into account. Other calculations such as
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FIG. 4. The difference 6P of the Xe g spin-orbit
components compared with theory: RRPA {Ref.11),
DF (Ref. 6). Present data: o; Earlier data given in
Ref. 3 (&) and in Ref. 10 (o, 6) are also shown.

TABLE I. Asymmetry parameter P for the Xe5p spin-
orbit components and the Xe Sp branching ratio.

the single-particle Herman-Skillman (HS)" and
Hartree-Fock (HF)" predictions and the many-
body RPA" and RRPA"' predictions that consider
only the (5p+ 5s) interchannel interactions are not
shown in the figures.

he comparison made in Fig. 3 for p shows that
there is good agreement between the experimental
data and the many-body calculations that include
the (5p+ 5s+ 4d) correlations. The agreement be-
tween experimental and DF predictions is not
good. Similarly, the HS and HF results agree
poorly with the experiment, as do the RPA and
RRPA results that include only the (5p+ Ss}corre-
lations. """"The comparison then shows that
the interactions between the 5p, 5s, and 4d shells
are crucially important in predicting the behavior
of the P parameter. The difference between the
nonrelativistic and the relativistic random-phase
approximations may in part reflect different nu-
merical procedures and ionization potentials (of
course, the RPA does not distinguish the spin-
orbit components}. However, the shift toward
higher energies of the minima in P for the 'P,&,
electrons and, especially, the 'P&, electrons is a
relativistic effect, according to a recent theoreti-
cal analysis. " In that analysis, the zeros in the
dipole matrix elements for higher-Z elements
were found to occur at substantially higher ener-
gies in the relativistic single-particle model than
in the nonrelativistic calculation. Since the ma-
trix elements determine the cross sections and
enter into the calculations of the asymmetry pa-
rameters, quite similar shifts will be noted for
both the Cooper minima and the corresponding
minima in P. However, the relativistic shift is
apparently counteracted by many-body interac-
tions, if they do occur, as suggested by the fact
that the experimentally observed minima, 64 and
66 eV for the 'P&, and 'P&, .components, occur
much below the energies predicted by DF calcula-
tions at about 100 and 120 eV. Barring other dif-
ferences between the RPA and RRPA calculations,
the relativistic effect alone would shift the mini-
mum from 60.5 eV for the 5P doublet to 66 and
68 eV for the components.

The comparison made in Fig. 4 for 4P between
the experimental data and the two relativistic
predictions, DF and RRPA, shows not unexpectedly
that the difference between the asymmetry para-
meters of the spin-orbit components is reasonably
well accounted for by the relativistic effect. This
implies that by and large the correlations affect
the two P components in a similar fashion. How-
ever, the inclusion of interchannel interactions
leads to fine structure, " such as the dip at 80 eV
due to 4d correlations, and to a contraction along
the energy scale. The first crossover of the P



1378 KRAUSE, CARLSON, AND WOODRUFF 24

I ~ I
~ I ~ I ~ I

Xe 5p
I-

curs at 65 eV, where the strong 4d~, 6p transi-
tion has been observed. " The interactions be-
tween such a discrete channel and the continuum
channels are, however, not explicitly included in
the RRPA calculation for Xe.
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FIG. 5. The Xe 5p branching ratio compared with
theory: RRPA (Ref. 11) and DF (Ref. 6), and previous
data reported in Ref. 5. Our data are identified by
solid circles (~).

values (&= 0) occurs at 31 eV in experiment and
both theoretical models and the second crossover
occurs between 90 and 100 eV in the experiment,
at 97 eV in the RRPA and near 120 eV in the DF
model. 'The dip in hP predicted by the RRPA at
52 eV is not fully realized by the present experi-
ment.

To afford an additional comparison with theory,
branching ratios o('P&, )/o('P&, ) were derived
from the spectra measured at e= 0' and the mea-
sured P parameters. The data are presented in
Fig. 5 and Table I. These ratios are in good
agreement with earlier data' up to about 80 eV,
but are substantially lower toward higher ener-
gies. The DF model reproduces the gross features
only; the discrepancy with experiment is much
greater for the branching ratio than for the differ-
ence LP, although in both cases relativity is em-
phasized by differentiating the spin-orbit com-
ponents. 'The RRPA prediction is seen to be in
generally good agreement with all experimental
data up to about 70 eV and our data above 70 eV.
A discrepancy between our datum and theory oc-

CONCLUSIONS

Study of the asymmetry parameter p of the 5p
spin-orbit components and the determination of
the branching ratio have shown that in xenon both
relativistic and correlation effects are important.
The dependence of P on the photon energy is in-
fluenced predominantly by the many-electron in-
teractions, while the difference between the P
parameters of the spin-orbit components reflects
largely the relativistic effects. 'The agreement
with the results of the relativistic random-phase
approximation that considers intrashell and in-
tershell correlations between the 5p, 5s, and 4d
shells is good for the P parameters and the
branching ratio. This type of agreement is simi-
lar to the one found previously for the Xe 5s asym-
metry parameter, the Xe 4d branching ratio, par-
tial photoionization cross sections of the Xe sub-
shells and the similar properties in Kr."~'
Small discrepancies which appear in several
places will require further experimental and
theoretical sc rutiny.
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