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Theoretical photoionization cross sections, angular distributions, and spin-polarization

parameters for outer ns and (n —1)d subshells of the group-IIB elements zinc, cadmium,

and mercury are determined above their respective (n —1)d thresholds. Account is taken

of electron-electron correlation and of the spin-orbit interaction by means of the relativis-

tic random-phase approximation. Comparisons are made with previous theoretical work

and with available experimental measurements.

I. INTRODUCTION

In the paragraphs below we present the results
of a theoretical study of photoionization of outer

ns and (n —1)d electrons for the group-IIB ele-
ments zinc, cadmium, and mercury. These studies
were made using the relativistic random-phase ap-
proximation (RRPA) (Ref. 1) which takes into ac-
count many of the important aspects of electron-
electron correlation, including coupling between the
various photoionization channels, and which also
accounts for the spin-orbit interaction. We limit
the present study to photon energies above the
respective (n —1)d3/p thresholds to avoid compli-
cations arising from autoionization resonances at
lower photon energies.

During the past decade a number of theoretical
investigations of photoionization of group-II 8 ele-

ments in the energy range of interest have ap-

peared. Predictions of the 3d cross section of zinc
which include correlations have been made by
Amusia and Cherepkov using the nonrelativistic
random-phase approximation with exchange
(RPAE), and by Fliflet and Kelly using the
many-body perturbation theory (MBPT). Carter
and Kelly have reported nonrelativistic MBPT
calculations of the cross section and angular distri-
bution asymmetry parameter p for 4d electrons in
cadmium. To date no nonrelativistic correlated
calculations have been published for mercury, how-

ever, Keller and Combet-Farnoux have determined
the mercury Sd cross section in the Hartree-Slater
(HS) approximation.

The importance of relativistic (spin-orbit) effects
in mercury was pointed out by Walker et al who
determined partial cross sections and angular dis-
tributions for 5d electrons in mercury using the
Dirac-Slater approximation. More recently Tambe
et al. and Theodosiou et al. have completed
Dirac-Fock (DF) calculations for both cadmium
and mercury.

On the experimental side there have been mea-
surements of cross sections employing atomic
beams; for zinc by Harrison et al. , and for zinc,
cadmium, and mercury by Cairns et al. ' " Abso-
lute cross sections for cadmium have been mea-
sured by Codling et al. ' using a heat-pipe absorp-
tion cell and a synchrotron light source. Line
sources have been employed to determine partial
cross sections for Sd electrons as well as total cross
sections for mercury by Dehmer and Berkowitz',
and to determine partial cross sections for zinc,
cadmium, and mercury by Siizer et al. ' Partial
cross-section measurements for cadmium and mer-
cury have also been made by Shannon and Co-
dling' using synchrotron radiation.

The angular distribution asymmetry parameters
P for ns and (n —1)d subshells of zinc and cadmi-
um have been measured at several wavelengths by
Harrison'; and for mercury by Niehaus and Ruf. '

More recently Schonhense' has measured the P
parameters for 4d electrons in cadmium and for Sd
electrons in mercury, and Schonhense et al. ' have
determined P for the 6s electron in mercury at
several wavelengths.

Little attention has been given to the spin-

25 337 1982 The American Physical Society



338 JOHNSON, RADOJEVIC, DESHMUKH, AND CHENG 25

polarization parameters of g«up-IIB atoms despite
the fact that these parameters are sensitive to both
correlation and relativistic effects. Two notable ex-

ceptions are the measurements of transverse spin
polarization of the 6s electron in mercury at
several wavelengths by Schonhense et al. ,

' and for
Sd electrons in mercury by Schonhense. No
theoretical studies of spin polarization of pho-
toelectrons for group-IIB elements have been re-

ported.
In view of the recent interest in group-IIB ele-

ments by both theorists and by experimentalists it
seems appropriate to present a theoretical survey of
cross sections, angular distributions, and spin-

polarization parameters for these elements from a
unified point of view. This survey should help in

identifying potentially important measurements,
and in understanding the limitations of the atomic
theory employed.

In the present calculations we use a truncated
version of the RRPA in which only excitations of
ns and (n —1)d electrons are considered. We work
in dipole approximation and include eight coupled
channels:

1/2 p 1/2 p3/2

3/2 Pl/2 P3/2 f5/2

i+ —
& id 5/2 p3/2 f5/2 f7/2 .

The RRPA equations are solved for the dipole am-

plitudes in each of the eight channels and these di-

pole amplitudes are then combined to give the
measureable photoionization parameters.

We ignore excitations of (n —1)p, and other
tightly bound electrons. Contributions from exci-
tation channels of the (n —1)p subshells are found

to be negligibly small in the energy region con-
sidered here. A minor problem which occurs when

we truncate the RRPA equations is the loss of
gauge independence, which has the consequence
that dipole amplitudes have different values in

length form and in velocity form. We find,
nevertheless, that the two forms, length and veloci-

ty, agree to within a few percent throughout the

energy range considered.
The thresholds usually employed in the RPA-

type calculations are HF eignevalues. These
theoretical thresholds differ from the experimental
thresholds because of the many-body effects not in-

cluded in RPA calculations. As has been discussed

by Kelly, ' and by Carter and Kelly, certain
many-body effects omitted in RPA calculations
may be accounted for empirically by employing ex-

perimental removal energies rather than HF eigen-
values. In the present calculations we employ this
semiempirical procedure, replacing DF eigenvalues

by experimental removal energies listed in Table
I.

The potentially important effects of core relaxa-
tion are not included in the present calculation.
In this regard it may be noted that some calcula-
tions including core relaxation effects by Amusia
and Cherepkov indicated improvement of agree-
ment between theoretical and experimental values
of the cross section for argon near the threshold.
We also neglect the effects of two electron excita-
tions which are responsible for the appearance of
correlation satellites in the photoelectron spectra
of group-IIB elements.

In Sec. II we present our results for total and-

partial cross sections and we make comparisons
with previous work. In Sec. III we give our values

for the angular distribution P parameters for ns

TABLE I. Experimental removal energies and theoretical Dirac-Fock (DF) eigenvalues
(a.u. ) for n$ and (n —1)d electrons of group-IIB elements.

Atom Subshell Exp.' DF

Zn

Cd

Hg

4$ ~/p

3d 5/2

3d 3/2

5$1/2
4d 5/2

4d 3/2

6$1/2
5d 5/2

5d 3/2

0.3452
0.6310
0.6434

0.3305
0.6461
0.6718

0.3836
0.5454
0.6139

0.2986
0.7547
0.7709

0.2814
0.7089
0.7382

0.3281
0.5746
0.6500

'Moore, Reference 22.
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and (n —1)d electrons, then in Sec. IV, we present
results for the spin-polarization parameters. In
Sec. V we summarize the conclusions which we

draw from comparisons with previous work.

II. CROSS SECTIONS

(2.1)

where co is the photon energy and where D„JJ is
the dipole amplitude for channel (nj,j'). We em-

ploy atomic units throughout the calculation. The
three partial cross sections of interest here are for
electrons in the ns~/q, (n —1)d3/2 and (n —1)d5/2
subsh elis.

In Fig. 1 we present our calculated total cross
sections s ~/z+ (n —1)d3/z+ (n —1)dq/z for the
group-IIB elements. The solid curves give the
RRPA predictions, while the remaining lines give
the results of Tamm-Dancoff (TD) calculations
carried out using length and velocity forms, respec-

tively, for the dipole amplitudes. The TD ampli-
tudes themselves are determined from fully cou-

pled relativistic calculations which have all the
features of RRPA except that the effects of
ground-state correlations are neglected. It should

be mentioned that when interchannel coupling is

also omitted the TD amplitudes reduce to DF am-

plitudes.
There are characteristic similarities in the cross
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FIG. 1. Total cross sections: RRPA; TD
(length-form) ———.; and TD (velocity-form) ———
cross sections are compared above the respective
{n —1)d thresholds. Contribution from ns and (n —1)d
subshells are included.

The eight ionization channels in our calculation
are conveniently labeled by the quantum numbers

n and j of the atomic subshell being ionized and

the angular momentum j'=j,j+1 of the resulting
continuum electron. The partial cross section for
photoionizing an electron from subshell (n,j) is

given by'

4' a z z z
+nj = ~(

I Dnj,j —1 I
+

I Dnjj I
+

I Dnjj+ 1 IflJ

sections for all of the group-IIB elements; the cross
sections rise steadily from the threshold [due to
centrifugal barrier effects on the dominant
(n —1)d~f orbital wave functions] and after
reaching a maximum near 2 a.u. they gradually de-
crease.

In Fig. 2 we show the (n —1)d3/p and
(n —1)d&/2 partial cross sections together with the
total (n —1)d cross section determined from the
RRPA calculations. The present RRPA calcula-
tions for zinc are in excellent agreement with the
RPAE calculations of Amusia and Cherepkov and
with the MBPT calculations of Fliflet and Kelly.
The cadmium 4d cross section is in good agree-
ment with the unrelaxed calculation of Carter and
Kelly in which second-order ground-state correla-
tions were included (GMS), but as we shall discuss
below, the RRPA cross section is significantly
larger than the Carter and Kelly calculation in

which the second-order ground-state correlations
were omitted and relaxation effects were included
(GMR). The mercury Sd partial cross sections
agree well with the measurements of Shannon and
Codling' near threshold but the present results are
significantly larger than the experimental values at
higher energies. For comparison we also present
the experimental total cross section for mercury,
determined by Dehmer and Berkowitz' which is
accurate to +30%%uo, and the DF results of Tambe
et al. The discrepancy with experiment may re-
flect the importance of relaxation effects or may be
due to difficulties associated with absolute cross-
section measurements. The differences between the
RRPA and DF caluclations will be discussed in
the following paragraph.

For cadmium absolute-cross-section measure-
ments accurate to +20% are available in the
40 —250-eV energy range from the work of Co-
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FIG. 2. Partial (n —1)d cross sections: RRPA cross
sections for (n —1)d5/2 and (n —1)d3/2 subshells are
given together with the total (n —1)d values. Full coup-
ling within (n —1)d subshells and coupling with the ns

subshell is included. Hg experimental cross sections:
Expt. ———,L, 6 Dehmer and Berkowitz, Ref. 13; I,
0 Shannon and Codling, Ref. 15. Hg DF calculation:
—- —.—- Tambe et al. , Ref. 7.
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dling et al. ' The RRPA cross section is com-
pared with these measurements, with the MBPT-
GMR results of Carter and Kelly, and with the
DF calculations of Tambe et al. in Fig. 3. One
significant difference between the present calcula-
tion and the GMR calculations is that the effects
of core relaxation are included in the GMR but
not in the RRPA. According to Carter and Kelly
relaxation reduces the maximum cross sections and
shifts the maximum toward higher energy. The
DF calculations of Tambe et al. (which were car-
ried out in the velocity gauge) take similar relaxa-
tion effects into account. These DF calculations
also lead to cross sections smaller than those
predicted by RRPA; however, the DF calculations,
like the TD caculations described above depend on
the gauge of the photon field. Judging from the
comparison of the TD (velocity-form) and TD
(length-form) results shown in Fig. 1, one would

expect a length gauge DF calculation to give cross
sections consideraby larger than the RRPA values.

The branching ratio of the (n —1)d partial cross
sections y=(n —1)d»2.. (n —1)d3/2 is shown in

Fig. 4. Nonrelativistically this ratio reduces to the
statistical ratio, y=1.5, of the ground-state orbital
occupation numbers. Relativistically spin-orbit in-

teraction lifts the l degeneracy and causes y to
depart from the statistical ratio. For the 3d
branching ratio of zinc there is a noticeable spin-
orbit effect near threshold with y predicted to be
greater than 1.5 but measured ' ' to be less than
or equal to 1.5. In cadmium there is again a large
near-threshold effect on the 4d branching ratio
predicted theoretically, in fair agreement with the
experimental measurements. ' ' ' We also show

the DF results of Tambe et al. for cadmium
which have the same general shape near threshold
as the RRPA calculations but which show a some-
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FIG. 3. RRPA total cross section for cadmium com-

pared with other works. Experiment: Codling et al. ,
Ref. 12. Theory: MBPT, Carter and Kelly, Ref. 4; DF,
Tambe et al. , Ref. 7.

what smaller departure from the statistical ratio.
At higher energies near the 4d "Cooper" minimum

of the cadmium cross section there is a dip in the
RRPA value of y caused by the fact that the

4d, /2~f7/2 amplitude reaches its minimum before
the 4d3//~f5/2 amplitude. The sizable discrepan-

cy with the DF calculations in cadmium at higher
energies may be due to the importance of inter-

channel coupling which is omitted in the DF cal-
culations. In the third panel of Fig. 4 we compare
the Sd branching ratio of mercury with experimen-

tal values" ' ' and with the DF calculations of
Tambe et al. Except for the increase in size of
the spin-orbit effect the comparisons for the mer-

cury 51 subshells closely parallel those made for
the cadmium 4d subshells. We note that despite
the rather large discrepancy between cross-section
measurements and RRPA for cadmium and mer-

cury the branching ratios agree quite well.

The behavior of the ns»2 cross section is illus-

trated in the solid curves of Fig. 5. In the absence
of coupling with the Sd subshell in mercury, an HS
calculation has shown that the 6s cross section de-

creases from the 6s threshold to a Cooper
minimum slightly above the Sd threshold. ' By
contrast, when couplings with the Sd subshells are
included in the present calculation, the 6s cross
section rises sharply above the Sd threshold; the
shape of the cross section being determined princi-

pally by the interchannel coupling with the Sd~f
amplitudes. This sharp rise causes the 6s cross-
section Cooper minimum to be shifted below the
Sd threshold. Similar features are common to the
ns cross sections of all three atoms.

For comparison we also show in Fig. 5 the re-
sults of TD calculations and note the disparity be-

tween the length and velocity gauge predictions, re-

garding both the overall size and the shape of the
ns cross sections. We also include in the last panel
of Fig. 5 the values measured by Shannon and Co-
dling for the mercury 6s cross section. It should
be noted that the experimental 6s cross section
shows a minimum near 0.7 a.u. , in the region
above the Sd threshold, at variance with the RRPA
prediction.

Another interesting feature of the present calcu-
lation is the appearance of a second Cooper
minimum in the cadmium Ss cross section near 4
a.u. This minimum leads to rapid variations in the

P parameters and spin-polarization parameters, as
we shall show in the following paragraphs. It is
interesting to point out that the 6s cross section in
mercury seems to approach a similar minimum
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FIG. 4. Branching ratios for (n —1)d subshells. RRPA:, predictions are compared with other works. Zn: ~
Walker et al. , Ref. 6; 0 Suzer et al. , Ref. 14; 6 Suzer et al. , Ref. 24. Cd: ~ Walker et al. , Ref. 6; ~ Shannon and
Codling, Ref. 15; 4 Suzer et al. , Ref. 14; 6 Suzer et al. , Ref. 24. Hg: ~ Dehmer and Berkowitz, Ref. 13; ~ Shannon
and Codling, Ref. 15; 0 Suzer et al. , Ref. 14; k Siizer et al. , Ref. 24. DF calculations for Cd, Hg: ——~ —~ Tambe
et al. , Ref. 7.

above 2.5 a.u. However, this minimum is very
close to the Sp threshold and it is difficult to pin-
point its location.

III. ANGULAR DISTRIBUTIONS

In the dipole approximation the differential
cross section for photoionizing an electron from a
subshell (n,j) by unpolarized radiation of energy co

is given by'

0 ~J(Ct) )

[ I ——,P„i (co )P2 (cos9)],4~

(F 1)

where L9 is the angle between the direction of the
outgoing photoelectron and the direction of the in-
cident radiation. The angular distribution asym-
metry parameter P„J(co) may easily be determined
in terms of the dipole amplitudes D„JJ . '

The RRPA predictions for the 13 parameters of
(n —1)d3/2 and (n —1)d»z photoelectrons are
shown in Fig. 6. In the first panel we give the
zinc 3d angular distribution; there is no difference

on the scale of the figure between the 3d3/2 and

3d5/2 values. There is a small but noticeable
difference between the 4d3/2 and 4d5/2 predictions
in cadmium shown in the second panel, where
comparison is made with the angular distribution
measurements of Schonhense. ' The experimental
and theoretical determinations are seen to be in re-
latively good agreement. The third panel illus-
trates the increased role of the spin-orbit interac-
tion in mercury; the various experimental' ' mea-
surements are again in good agreement with the
RRPA.

In Fig. 7 we compare the RRPA calculations of
P for cadmium with the MBPT predictions of Car-
ter and Kelly and with the DF calculations of
Theodosiou et al. ' Since the MBPT calculations
do not account for the spin-orbit interaction there
is no distinction between d3/2 and d5/2 values. the
DF curves of Theodosiou et al. have the same
general energy dependence as the RRPA curves but
show a larger spin-orbit splitting, possibly because
the DF calculations employed uncoupled jj ampli-
tudes.

The angular distribution parameters for ns elec-
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FIG. 5. Partial cross sections for ns subshells:
RRPA, TD (length-form) ——.—;TD (velocity-
form) ———cross sections are compared above the
(n —1)d thresholds. Full coupling with the (n —1)d
channels is included. Experiment: 0 Shannon and Co-
dling, Ref. 15.
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FIG. 6. Angular distribution asymmetry parameters

p for (n —1)d subshells. Experiment, Cd: 0 dp/2 ~ d3/2

d3/& Schonhense, Ref. 18; Hg: 0 d5/2, ~ d3/2
Schonhense, Ref. 18; 5 d&/2, 4 d3/2 Niehaus and Ruf,
Ref. 17.
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FIG. 7. Angular distribution asymmetry parameters
for 4d3/2 and 4d5/2 ———subshells of cadmium
are compared with other work. Theory: Carter
and Kelly, Ref. 4; Theodosiou et al. , —- —- —.4d5/2,

4d3/2 Ref. 8. Experiment: X d5/2, 0 d3/2
Schonhense, Ref. 18.

trons are shown in Fig. 8. Nonrelativistically the
value of P is predicted to have the value 2 for an

ns electron at all energies. In relativistic calcula-
tions there are two excitation channels correspond-

ing to ns&/2~p~/2 p3/2 The amplitudes in these
two channels can be combined in LS coupling to
give a singlet amplitude D& which is the generali-

zation of the single nonrelativistic amplitude and a
triplet amplitude D3 which has no counterpart in

the nonrelativistic theory. The value of P rela-

tivistically is

(3.2)

2'4
I I I I

2.0—
l.6—

P 1.2—
Zn 4s

0.4—

Cd Ss Hg 6s

For outer shells D& is ordinarily much larger than

D, so that P stays near 2; however, near a nonrela-

tivistic Cooper minimum where D
~

is close to zero,

p can depart from 2. For zinc the 4s I8 parameter

takes on its nonrelativistic value of 2 throughout
the entire range of energies considered. The cad-
mium Ss P parameter also stays near 2 except near

the Ss cross-section minimum near 4 a.u. For mer-

cury the situation is more interesting. Near the Sd
threshold the 6s P parameter shows a strong depar-

ture from 2 reflecting the fact that the RRPA 6s
Cooper minimum occurs below the Sd3/2 thres-
hold. The theoretical values are in general agree-
ment with the measurements of Schonhense et al. '

and of Niehaus and Ruf. ' If the 6s Cooper
minimum is above the d3/2 threshold as indicated
by the cross-section measurements of Shannon and
Codling, ' then as pointed out by Schohense,
et al. ,

' the 6s P parameter would have a mini-
mum above the d3/2 threshold. The fall off of P6,
at higher energy is indicative of a second minimum
in the 6s cross section occurring beyond the range
of energies considered here.

IV. SPIN POLARIZATION

For circularly polarized incident radiation the
spin orientation of the outgoing photoelectrons is
polarized with respect to the direction of the in-
cident radiation k and the direction of this outgo-
ing photoelectron p. If we choose a coordi-
nate system with the z axis along p, with the y
axis in the direction k )( p, and with the x axis in
the direction [k && p])& p, then the components of
the spin-polarization vector are

with

P„=+(sin8/F(8),

Py g sin8 cos6 /F ( g)

P, = +g cos8/F (8),

(4.1)

(4.2)

(4.3)

F(8)=1——,PP (cos8) . (4.4)

P„,=+5,
where

(4.5)

Here the + signs refer to incident radiation with
helicity +1, respectively, and 0 is the angle be-
tween k and p defined previously. In Eqs.
(4.1)—(4.3) the parameters g, g, g (in the notation of
Huang ) are dimensionless dynamical quantities
which are given in terms of the dipole amplitudes

Dpj j For comparison, we note that the spin-
polarization parameters (g, t), g) are related to those
of Lee" (5, ,$„,) „)by g= —5k, &=2/k, g=Z„.
The spin polarization of the total photoelectron
flux is along the direction k and has the value

0 0 I I I I I I I I I I I I I I I I

0 2 4 6 8 IO I 2 3 4 5 0.8 I.6 2.4
Photon energy ( a.u. )

5=(g —2g)/3 . (4.6)

FIG. 8. Angular distribution asymmetry parameters

P for ns subshells. Experiment: ~ Schonhense et al. ,
Ref. 19; 6 Niehaus and Ruf, Ref. 17.

Figure 9 gives the results of the RRPA calcula-
tions for the (n —1)d spin-polarization parameters
for the group-IIB elements. The 3d parameters for
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FIG. 9. Spin-polarization parameters for (n —1)d
subshells. Notation is that of Huang, Ref. 27.
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FIG. 10. Spin-polarization parameters for ns sub-
shells. Notation is that of Huang, Ref. 27. Experiment:
~ Schonhense et al. , Ref. 19.

zinc show the expected nonrelativistic dependence
on j, viz. ,

45/243/2 95/2'r13/2 05/243/2 2:3 ~ (4 7i

The features appearing near threshold for zinc are
due to interference between the rapidly changing
3d~f and 3d~p amplitudes. The 4d parameters
for cadmium are similar to zinc 3d parameters
near threshold, but we observe small shifts in the
4d curves due to the fine structure of the two 4d
thresholds. At higher energies near the 4d Cooper
minimum at 4.5 a.u. there is an additional strong
energy dependence in the 4d parameters caused by
the near vanishing of the 4d~f amplitudes. The
general pattern of the 5d3/2 parameters is similar
to that predicted for the zinc 3d3/2 and cadmium

4d3/2 parameters. For the Sd&/2 subshell, however,
the threshold behavior of the transverse spin polar-
ization is caused by sizable spin-orbit effects on the
dipole amplitudes. The predicted behavior of the
transverse spin-polarization parameters for mercu-
ry are seen to be in good agreement with the mea-
surements of Schonhense, which are shown for
comparison.

The spin-polarization parameters for the ns elec-
trons are shown in Fig. 10. For zinc the parame-
ters are all close to their limiting nonrelativistic
values of zero, except near the 3d threshold where

the 4s Cooper minimum (which is below the 3d
threshold in this calculation) influences their
behavior slightly. The Ss spin-polarization param-
eters have a noticeable threshold energy depen-
dence governed by the 5s Cooper minimum and a
second region of rapid variation near 4 a.u. attri-
buted to a second Cooper minimum. Sizable rela-
tivistic effects are also predicted for the mercury 6s
spin-polarization parameters near the 5d threshold.
For the mercury g parameter we also show the ex-
perimental results of Schonhense et al. ' for com-
parison. We find that the 6s spin-polarization
parameters for mercury are 1arge in the entire
range of interest in contrast to the approximately
zero values for the zinc 4s parameters, illustrating
the rapid increase in the importance of relativistic
effects with increasing nuclear charge.

V. CONCLUSIONS

There are a number of general remarks that can
be made concerning the comparison between exper-
imental and theoretical cross sections and branch-
ing ratios. First, it appears that RRPA overesti-
mates the size of the cross sections for cadmium
and mercury. The discrepancy may be due to the

difficulty in determining absolute cross sections ex-
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perimentally or may be, as suggested by Carter and

Kelly, for cadmium and by Amusia and Cherep-

kov for argon, due to the fact that the RRPA
neglects the effects of core relaxation. More pre-

cise absolute cross-section measurements would

certainly aid in assesing the importance of relaxa-

tion effects in group-IIB elements. A second indi-

cation of the potential importance of relaxation ef-

fects is found in the comparison of branching ra-

tios. For both cadmium and mercury we see that

the experimental branching ratios near thresholds

are intermediate between the relaxed but uncoupled

DF predictions of Tambe et al. and the present

unrelaxed but coupled RRPA calculation. Again
more precise experimental data could help clarify
the role of core relaxation. The experimental

branching ratios for zinc are completely at vari-

ance with theoretical predictions and with experi-

mental values for cadmium and mercury; further

measurements of y for zinc are clearly desirable.

Several general observations concerning the com-

parison between experimental and theoretical angu-

lar distributions can also be made. First, the
RRPA P parameters for (n —1)d electrons in cad-

mium and mercury are in fairly good agreement

with the experimental results. It would be useful

to extend the measurements to higher energies

where the (n —1)p electrons play a more important
role to help gain an insight into the influence of
the more tightly bound electrons on the outer
shells. Second, the behavior of the 6s f3 parameter

for mercury in the threshold region is sensitive to
the location of the 6s Cooper minimum. Further
measurements of P@ near threshold should provide

a clearer picture of whether the 6s Cooper
minimum occurs below threshold as predicted by
the RRPA or above threshold as indicated by the
measurements of Shannon and Codling. ' Mea-

surements of the Ss P parameter in cadmium are

also desirable especially near 4 a.u. to test the pos-

sible occurrence of second Cooper minimum in the
5s cross section. In a similar way measurements of
the mercury 6s spin polarizations and those for the
Ss of cadmium will be important in locating the

corresponding cross-section minima. Further ex-

perimental studies of the (n —1)d spin-polarization

parameters for all of the group-IIB elements will

lead to a fuller understanding of the role of rela-

tivistic and correlation effects in these systems.
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