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Partial photoionization cross sections and angular-distribution asymmetry parameters were deter-
mined for Kr 3d photoemission using photon energies of 100 to 280 eV (to 800 eV for the asym-
metry parameter). For the 3p subshell, the branching ratio relative to the 3d cross section and the
asymmetry parameter were measured using energies of 280 to 800 eV. These results show good
agreement with Hartree-Fock-theory predictions at all photon energies. The summed intensity of
4p~np satellites relative to the 3d main line was found to be approximately constant in the
photon-energy range 180—280 eV, and the average asymmetry parameter for these shake-up states
showed a marked increase over the same energy range.

I. INTRODUCTION

Recent photoemission measurements of the 4d sub-
shells of Xe (Refs. 1 and 2) and I (in CH&I) (Ref. 3) have
exhibited pronounced oscillations in the energy depen-
dences of partial cross sections and angular distributions
caused by interaction of the photoelectron with a centrifu-
gal barrier in the atomic potential. These effects are
characterized by a large increase (decrease) in the 4d cross
section (asymmetry parameter) in the first 30 eV above
threshold. They have been attributed to resonant
enhancement of the 4d~sf photoionization channel at
an energy for which the 1=3 continuum wave function
can penetrate into the inner-well region of the atomic po-
tential, producing good overlap with the bound 4d wave
function. Related nonresonant effects for high-1 continu-
um channels also may be observed even when no potential
barrier exists. For example, 4f photoionization in atomic
Hg exhibits a "delayed onset" in the 4f~Eg cross sec-
tion, which rises slowly with photon energy for more
than 100 eV above threshold. Variations in the asym-
metry parameter also are induced in this energy range, al-
though the cross-section and asymmetry-parameter oscil-
lations are not as large as the resonant changes in Xe and
I. These nonresonant effects (e.g., in Hg) can be ex-
plained by examining the shape of the ionic potential to
determine how the strong centrifugal repulsion near the
nucleus modifies the dipole amplitude of the high-l con-
tinuum channel; as the photoelectron energy increases, the
continuum wave function (eg) gradually overcomes the
centrifugal repulsion, inducing better overlap with the
bound wave function (4f).

We report here measurements for the Kr 31 subshell
that indicate the presence of effects similar to those ob-
served in the Hg 4f subshell. Because no centrifugal bar-
rier is present in atomic Kr, the qualitative discussion of
delayed onsets outlined above adequately describes the Kr
3d cross section, which peaks 90 eV above threshold, and
the accompanying changes in the Kr 3d asymmetry pa-
rameter. In addition to these effects in the dominant 3d

channel, results for the 3p photoemission line and satel-
lites of the 3d main line also will be presented.

The experimental method is described in Sec. II, and
the results are discussed in Secs. III A and III B for the 3d
and 3p subshells, respectively.

II. EXPERIMENTAL

do(hv, 8)
dQ

cr(h v) [1+P(h v)Pz (cos8)] .

In Eq. (1), 8 is the angle between the momentum vector of
the ejected electron and the polarization vector of the in-
cident radiation, P2(cos8) is the second Legendre polyno-
mial, and tT and P are the cross section and the angular-
distribution asymmetry parameter, respectively, for the
photoionization process under study. In this work we as-
sume that the dipole approximation is valid and that the
effect of incomplete linear polarization is taken adequate-
ly into account by the calibration procedure described in
Ref. 6.

Partial cross sections are determined with the DATOF
spectrometer by measuring peak intensities as a function
of photon energy at 8=54.7', for which P2(cos8) van-

All of the measurements were made with photons from
Beam Line III-1 at the Stanford Synchrotron Radiation
Laboratory, using the double-angle time-of-fiight
(DATOF) method. 's' The ultrahigh-vacuum monochro-
mator was protected by a 1500-A-thick Al or 1000-A-
thick C window from the —10 Torr pressure in the ex-
perimental chamber. The monochromator resolution was
a fixed 1.3 A at all energies. The photon beam intersected
an effusive gas jet in the interaction region viewed by the
apertures of two time-of-flight (TOF) detectors, allowing
measurement of photoelectron intensities at two angles
and nearly all kinetic energies simultaneously.

For photoionization of a randomly oriented sample by
linearly polarized radiation, Yang's theorem defines the
differential cross section, do/dQ, in the dipole approxi-
mation as
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ishes, then normalizing to the gas pressure and photon
fiux. The Kr pressure was monitored by a capacitance
manometer on the high-pressure side of the capillary
which introduces the gas to the interaction region. It has
been determined empirically that the pressure measured in
this way is linearly proportional to the gas density en-
countered by the photon beam over a wide range of pres-
sures. The photon flux was monitored by measuring, with
a photomultiplier tube (RCA 8850), the fluorescence in-
tensity of sodium salicylate applied to a quartz window as
described by Samson. Previous measurements' have in-
dicated that the quantum yield of sodium salicylate is ap-
proximately constant for photon energies from 30—107
eV. Recent measurements" have shown that the quantum
yield increases by about a factor of 2 from -80 to 270
eV. This result has been corroborated qualitatively by
other workers. ' As a result, the 3d cross section reported
here has been corrected for this substantial change in the
sensitivity of the photon-flux monitor. Because of this
correction, we estimate that the relative values of cr&d [i.e.,
relative to cr3d in the 170—190 eV range, where the partial
cross section has been scaled to absorption (see Sec. III A
for details)] may vary systematically by as much as
+20%%uo, with the largest error at high energies where the
correction is most uncertain. Above 270 eV the sodium
salicylate quantum yield is unknown, and no partial cross
sections are reported at higher photon energies.

Simultaneous measurement of the relative intensities of
two photoelectron peaks at 8=54.7' yields branching-
ratio data that are independent of variations in photon
flux and gas pressure. Measurement at one additional an-

gle (8=0') yields values of P that are also independent of
these changes. We estimate systematic errors to be +10%
for branching ratios and +0.10 for asymmetry parame-
ters. At certain photon-energy settings of the monochro-
mator, a component of second-order radiation (energy of
2hv) was large enough to produce peaks in our spectra,
primarily second-order peaks of Kr 31 and 3p photoioni-
zation. We were able to extend some of our P and
branching-ratio results to higher photon energies using
this second-order radiation.

III. RESULTS AND DISCUSSION

A TOP spectrum of Kr taken at a photon energy of 224
eV is sho~n in Fig. 1. This spectrum is dominated by
features associated with 3d subshell photoionization; the
unresolved 3d photoemission lines with binding energies
of 93.79 eV (4d&&2) and 95.04 eV (4d3&z), ' a satellite
peak of the 31 line, mostly composed of 4@~5p shake-up
states ( —114 eV binding energy' ), and all of the Auger
features below 60 eV kinetic energy. Evidence of 3p ioni-
zation [thresholds at 214.4 and 222.2 eV (Ref. 15)] is ap-
parent with the M23M45N Auger peak. The remaining
high-energy peaks result from photoionization of the
valence shell and from photoemission induced by higher-
order components of the synchrotron radiation.

A. 31subshell

The 3d-cross-section results, after correction for the
changing sodium salicylate response, are shown in Fig. 2.
The present measurements have been scaled to the total
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FIG. 1. TOF photoelectron spectrum of Kr at a photon ener-

gy of 224 eV and with 8=0'. All of the features below 60 eV
are M»5%X Auger lines. The 31 satellite includes all of the
4p~np shake-up transitions. The peaks to the right of the 3d
main line arise from valence photoionization and from photo-
emission induced by second- and higher-order components of
the incident radiation.
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FIG. 2. Partial cross section for Kr 3d photoemission. Solid
circles are the present results, open circles are from Ref. 22.
The &'s represent the total absorption cross section {Ref. 16).
The solid arid dashed curves represent HF [length (L) and velo-

city ( V)—Ref. 23] and RRPA (Ref. 24) calculations, respective-

ly, with the RRPA curve shifted 9 eV to lower energy to coin-
cide with the experimental threshold. The present results have
been scaled to absorption as described in the text.

photoabsorption cross section' (o,b, ) at 170 and 190 eV
photon energy, after consideration of the other available
channels contributing to o',b,. The other single-ion final
states, valence (4p and 4s) and correlation satellites of the
3d main line, were estimated from the TOP spectra to be
6(1)% and 8(1)% of tr3~ in this energy range, respectively.
Intensity estimates of photoionization producing double
ions (i.e., shake-off) were taken from previous measure-
ments, ' o which found that shake-off accompanying
valence ionization is 18(l)% of the single-ion valence
cross section' ' ' ' (and thereby —1% of crt~), and that
shake-off accompanying 3d ionization is 22(3)% of
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cr3d.
' Inclusion of these channels indicates that rr3~ is

73(2)% of the total cross section for 170—190 eV photon
energy.

Other 3d results are included in Fig. 2. Tentatively, the
measurements of Carlson et al. near threshold do not
agree with our results, although the data overlap is poor.
%'e note also that the more rapid increase in cr3d measured
previously may be inconsistent with the slower rise of
o,b„even after consideration of the valence contribution
to tr, b,. Comparison with theory shows good agreement
with a Hartro:-Fock velocity (HF-V) calculation up to
200 eV, just below the 3p threshold. Agreement is worse
with HF length (HF-L) (Ref. 23) and relativistic random-

phase approximation (RRPA) (Ref. 24) calculations, both
of which agree somewhat better with the earlier photo-
emission measurements. However, it is expected that
the RRPA calculations will overestimate inner-shell par-
tial cross sections for cases in which appreciable mul-

tielectron processes are present (20—25 %%uo for Kr), because
the RRPA equations include only single-ionization events
while requiring the partial cross sections to sum to the
correct total oscillator strength. Consideration of this
correction should improve agreement between RRPA
theory and experiment for Kr. Finally, HF-L calculations
generally are considered better than HF-V, indicating
that the better agreement between experiment and the
HF-V curve is somewhat fortuitous.

The delayed onset of tr3d is seen clearly in our results.
The maximum at 185(10) eV can be ascribed to an in-
teraction of the photoelectron in the sf channel with the
repulsive part of the atomic potential. 4 Near threshold,
the centrifugal repulsion experienced by an / =3 continu-
um electron inhibits the sf channel. As the energy in-
creases, this channel grows to dominate the photoioniza-
tion process, inducing a steady increase in the cross sec-
tion. The position of the o3q maximum is in good
agreement with absorption results. '

Figure 3 displays the measured asymmetry parameters

I I
i

I I I
i

I I I
(

I I I

5 I
~

$ s~~ I(

for 3d photoionization along with previous measurements
by Krause' and Carlson et al. ~ We observe excellent
agreement with the earlier data at all energies. Compar-
ison with HF, RRPA, and Hartree-Slater (HS) (Ref.
28) calculations also is made in Fig. 3. Only one curve is
shown because the theoretical results nearly coincide at all
energies (the RRPA and HF calculations extend from
threshold to 125 and 435 eV, respectively). Agreement
among the experimental and theoretical results is very
good. The oscillation in P3~ has been attributed to the de-
layed onset in 3d~ef ionization observed in a3~. The
minimum at 135—140 eV photon energy is predicted very
well by the HF and HS calculations, thus confirming this
interpretation, as well as indicating that Kr 3d photoioni-
zation can be described adequately by a one-electron
model.

The sum of the intensities of the 3d4pnp satellites
(underlined subshells have a vacancy) relative to the 3d
main line is shown in the top of Fig. 4. The 4p~np
satellites were unresolved in the TOF spectra: thus the re-
sults in Fig. 4 represent values for all of these peaks com-
bined. Very little is known about the energy-dependent
behavior of satellite intensities. Empirically, Wuilleu-
mier and Krause plotted relative satellite intensities
against a reduced-energy parameter, s/En, where s is the
kinetic energy of the satellite photoelectron and Eo is the
satellite excitation energy (i.e., the binding energy of the
satellite less the binding energy of the main line). For the
Kr 3d4pnp satellites, Eo is approximately 20 eV, and the
reduced-energy region covered by the measurements in
Fig. 4 is 3.3 (s/EII (8.3. In this range one expects the
high-energy or sudden limit to be reached, 30 and we ob-
serve a fairly constant branching ratio, although there is
slight evidence that it may be decreasing at higher energy.
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FIG. 3. Angular-distribution asymmetry parameter for Kr
3d photoemission. Solid circles are the present results, open cir-
cles and )('s are from Refs. 22 and 19, respectively. The single
curve represents RRPA (Ref. 24), HF (Ref. 23), and HS (Ref.
2S) calculations, after the RRPA curve is shifted 9 eV as in Fig.
2. The RRPA calculation extends from threshold to 12S eV and
the HF calculation to 435 eV.
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FIG. 4. Intensity relative to the 3d main line (top) and asym-

metry parameter (bottom) of the Kr 3~4~np satelhtes. All of
the 4JP ~np satellites were unresolved and are included in these
results. The solid curve in the bottom panel represents P3q.
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asymmetry parameter of the main line. Comparison of
the 3d4gnp asymmetry-parameter results to pid in the
bottom of Fig. 4 shows that both P parameters increase in
this energy range, and that the change in the satellite
asymmetry parameter is approximately the same as that
for Pig.

B. 3p subshell
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FIG. 5. Branching ratio of Kr 3p ionization relative to o~
(top) and 3p asymmetry parameter {bottom). Solid circles are
present results, and open circles and X's are from Refs. 32 and
19, respectively. The results of Ref. 19 in the top panel, which
were measured at 8=90', have been corrected for Pqr and P3e.
Solid curves are HF calculations (Ref. 23) for the length (L) and
velocity ( V) formulations. Dashed curves represent HS calcula-
tions (Ref. 28). In the bottom panel, the HF length and velocity
calculations coincide.

For energies above the Kr 3p thresholds (average value
of 218 eV), the 3p photoionization intensity relative to 3d
ionization is shown in the top of Fig. 5. As the photon
energy increases, o3q decreases from its maximum due to
the delayed onset, making 3p ionization relatively more
iinportant. Also included in Fig. 5 are previous measure-
ments' 'ii and HF (Ref. 23) and HS (Ref. 28) calculations
of the cross-section ratio. Agreement is generally satisfac-
tory.

The 3p asymmetry parameter shown in the bottom of
Fig. 5 agrees well with previous results. ' The gradual in-
crease to the asymptotic value of —1.6 (Ref. 19) is
predicted well by theory. 2i' We conclude from these re-
sults and from those for oid and pId that inner-shell pho-
toionization in Kr can be described reasonably well within
a one-electron model, despite the presence of appreciable
multielectron processes in the 3d subshell.
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