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Experimental data of photoionization cross sections, photoelectron angular distributions, and photoelec-
tron spin polarizations for mercury 5d have been used to determine dipole transition amplitudes and their
relative phases. These basic quantities are compared with predictions of different theoretical models, re-
vealing a strong interchannel interaction between the 5d — ep and 5d — €f channels, which was not direct-

ly visible in the measurable parameters.

Photoionization dynamics for high-Z atoms has received
much attention within the last few years, mainly because it
is characterized by an interesting interplay between relativis-
tic (essentially spin-orbit) effects on the one side and
many-electron correlations on the other side. Subject to
such influences are all experimentally accessible quantities,
such as the total photoionization cross section and branch-
ing ratios of partial cross sections, but also properties of the
photoproducts such as the angular distribution and spin po-
larization of the photoelectrons or the alignment and orien-
tation of the photoions. The quantitative response of the
observables on relativistic and correlation effects is, howev-
er, very subtle because they are rather complex functions of
the basic quantities that govern photoionization dynamics—
namely, the transition matrix elements and their relative
phases.! In order to analyze the given influences most
clearly, it is therefore advantageous to consider the basic
quantities directly. From the experimental point of view
this requires a number of independent measurements,
which equals the number of basic quantities involved.? It is
the purpose of this article to present the results obtained
from such an analysis for ionization of the (inner) 54'° sub-
shell of mercury together with ab initio calculations in dif-
ferent models (Hartree-Fock, Dirac-Slater, random-phase
approximation). This example verifies experimentally that
interchannel coupling between different photoionization
channels from one subshell (54 — ep and 5d — €f) may
lead to a conspicuous effect in the dipole transition ampli-
tudes and phase-shift differences of continuum wave func-
tions.

The present investigation has been made for the Hg5d
subshell because mercury (Z =80) is a heavy element,
showing strong spin-orbit coupling, and because photoioni-
zation of the (inner) 54'° subshell should exhibit influences
of many-electron correlations. The analyzed reaction reads

HngIOGSZ(ISO) +hv—’Hg+5d96s2(2D5/2,3/2) +e” . (1)

Spin-orbit interaction causes a fine-structure splitting of 1.86
eV between the 2D final ionic states, which can be easily
resolved by means of photoelectron spectroscopy. For this
process experimental information exists concerning pho-
toionization cross sections as well as photoelectron angular
distributions and spin polarizations. From the total pho-
toionization cross section® and the branching ratios* follows
the partial cross section Q, for the production of the 2D final
ionic states with j=% and % Furthermore, the angular
distribution of photoelectrons has been investigated yielding
the asymmetry parameter 8; (Ref. 5) of the differential
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cross section:
49, ()= 21115 Py(coso)] . @
aQ 4r 2P

Finally, the photoelectron spin-polarization component nor-
mal to the reaction plane,

P.;(0) =¢;sin26/[1 — 3B,P,(cos8) | , A3)

has been measured at the magic angle [P,(cosé,,)=0]
yielding the spin parameter .f,.6 The angular terms sin260
and P,(cos@) =%cos20—% in Egs. (2) and (3) reflect the
simple geometry of photoemission after a bound-free dipole
transition from a spherically symmetric atomic state. The
information about photoionization dynamics is contained in
the parameters Q;, 8, and &;.

In the framework of the jj-coupling scheme, Eq. (1)
represents three transition-matrix elements for each of
the final ionic states (i.e., 5ds;— €p3p, €fs2, €f12, and
5ds, — €pip, €p3p, €f512), according to the dipole selection
rules. Since only relative phases, i.e., phase differences, are
observable, the resulting number of independent parameters
is five for both subshells. This is in contrast to the pho-
toionization of the np® valence shells of rare gases studied
recently,” where for j=% only two transition amplitudes
(np1, — €s1p, €dspy) plus one relative phase, i.e., three in-
dependent parameters, appear. The three experimental
quantities Q;, B8;, and ¢; for Hg 5d do not permit an evalua-
tion applying jj-coupling formulas; however, they do permit
an analysis using LS-coupling equations. In this approxima-
tion, also referred to as the Cooper-Zare model, the differ-
ence between e€fs; and ef7; as well as epy; and epyy; is
neglected, so that Eq. (1) simply represents the two transi-
tions 5d — ep, e€f described by the radial matrix elements
R, and Ry and the phase-shift difference 8,—3,. The three
relevant parameters follow from the general theoretical
treatments:!

Osp=4m?aad wir (2RZ+3RP) =6(0%, +0Lp)

4
Qs =47maad w%(2Rp2, +3Rf2,) =4(0%, +0%p) ,( )
85 12R? +2R} —36R R, cos(8,—5,)
o 1SR} +10R; ’
B3/, =same expression with f'p’ , )
g0 — SReRysin(5,5))
ie 6R} +4R} ’
9R R ,sin(8,,—5 ) ©)
&= > 5
' 12Rf, +8Rp,
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It should be mentioned that LS-coupling theory cannot
distinguish between primed and unprimed quantities, with
the consequence that Q3 =1.50%%; ¢55=—1.5¢L5, and
B%5=pL5. This does not mean, however, that in the appli-
cation of the Cooper-Zare model any influences of spin-
orbit interaction are neglected a priori—otherwise no pho-
toelectron spin polarization could be predicted using this
model (see Cherepkov!). Only spin-orbit interaction in the
electronic continuum is not taken into account. Experimen-
tally, the separation of electrons corresponding to j = % and
% is made by means of the electron spectrometer selecting
either the 2Ds; or the 2Djj, final ionic state, so that our
analysis does distinguish between the spin-orbit com-
ponents. The structure of the spin parameter ¢; is notice-
able: It is given by only an interference term containing the
ratio of the two amplitudes and the sine of the correspond-
ing phase-shift difference, demonstrating its high sensitivity
upon the relative phase.

Using Egs. (4)-(6) the matrix elements and relative
phases have been deduced from the experimental values of
Q;,** B,,° and £,.° An unambiguous determination of the
phase difference was possible, because it enters into the
equations of condition as the argument of both sine and
cosine functions. The results are shown in Figs. 1-3; the

f
Qg2
(Mb) ,

PR N S

T T T T T T

-
—T

LN

PRRTUNNT S S S

0S5 |

p
Qg2
(Mb)

0.2+

PHOTOELECTRON ENERGY (eV)

FIG. 1. Partial cross section per electron for the 54 —ef and
5d — ep channels (upper and lower part, respectively) with the pho-
toion left in its final state Hg+2D5/2. Theoretical predictions:
—.e = — Hartree-Fock (length form), Ref. 8; — — — Hartree-
Fock (velocity form), Ref. 8, —:—: Dirac-Slater, Ref. 9;
—————— RPAE with many-electron corrections within one chan-
nel only, Ref. 8 —— RPAE with intertransition correlations
between 5d — epand 5d — €f, Ref. 8.
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FIG. 2. The same as in Fig. 1 but with the photoion left in its fi-
nal state Hg* 2D3,.

error bars given include the errors of the three different
measurements. B; and ¢; have been measured using
discharge light sources; therefore, the corresponding photon
energies are resonance lines of helium and neon.’ The par-
tial cross sections per electron Q} (Figs. 1 and 2) represent
the squared matrix elements apart from a constant factor,
defined by Eq. (4). The basic quantities given in the figures
show that the energy dependence of the dynamical pho-
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FIG. 3. Phase-shift difference between the ef and the ep partial
wave. Full and open symbols correspond to j=3 and 3 respec-
tively. Theoretical predictions as in Fig. 1, except for the following:

relativistic Hartree-Slater, Ref. 10; — — -+ — — Coulomb-
phase difference g O, .
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toionization parameters is qualitatively characterized by the
following features: Close to threshold the difference of the
Coulomb-scattering phase os— o, (cf. Fig. 3) varies rapidly.
This contribution to the total phase difference 8,—398, is
known analytically.!! Within the kinetic energy interval
Ein=0 to 2.3 eV the Coulomb-phase difference changes by
/2, which is already half the total change between Ej,=0
and o. A consequence is the strong variation of the
phase-dependent parameters at small energies (pf. Refs. 5
and 6). At higher energies a delayed maximum in the ma-
trix element of the nd — ef channel appears (upper parts of
Figs. 1 and 2). The origin of this delayed onset of the cross
section is the angular-momentum barrier in the effective
potential, which prevents the ef continuum orbital from
penetrating into the barrier region at small energies.!! For
some elements this feature exhibits pronounced resonance
character (shape resonance), associated with a change by =
in the phase difference. At higher energies (not shown in
the figures), the shape resonance is followed by a Cooper
minimum in the same channel. These three char-
acteristics—the variation of the Coulomb-phase difference,
the delayed onset of the cross section, and the Cooper
minimum—are predicted qualitatively already in a nonrela-
tivistic single-particle model.!! However, in order to reach a
quantitative understanding it is necessary to take into ac-
count relativistic and many-electron effects.

The main effect of relativistic corrections is to introduce a
difference between wave functions with total angular mo-

menta / +% and [ — ;— A result of this difference shows up

in the transition matrix elements corresponding to the final
ionic states 2Dss; and 2Djj, (Figs. 1 and 2, respectively).
Especially the 5d — ep partial cross sections (lower parts)
differ considerably—in contrast to the nonrelativistic predic-
tion Qf;, = Q},. Also the measured phase-shift difference
is consistently higher for 2Ds/, than for 2Dyp.

A most striking effect of many-electron correlations can
be seen in the experimental matrix elements for the weak
I— /-1 transition: While single-electron calculations
(Hartree-Fock and Dirac-Slater) predict a monotonically de-
creasing curve, with relatively high values close to thresh-
old, the experimental points show a minimum around 10 eV
for 2Ds, and only a very weak energy dependence for 2Ds),.
Experiment is, however, rather close to the prediction of
the random-phase approximation (RPAE).® This calculation
starts from Hartree-Fock single-electron approximation and
adds many-electron corrections within the 5d — ep channel
(double-dash dot) and intertransition correlations!? between
5d — ep and 5d — €f (full curve). These latter correlations,
i.e., the influences of the strong 54 — ef transition upon
the weak 5d — ep transition, drastically reduce the 54 — ep

matrix element at low photon energies down to a flat
minimum around 10 eV. The shape-resonance maximum
in the /— [ +1 channel (around 30 eV) reflects itself also
in the weak /— /—1 transition amplitude, demonstrating
the strong interchannel coupling in Hg 5d photoionization.
For the phase-shift difference, the inclusion of interchannel
interactions results in a faster increase than predicted by un-
correlated (Dirac-Slater and relativistic Hartree-Slater)
theories. The experimental values of 8,— 8, confirm this
faster increase.

There still remain systematic differences between the
RPAE and experiment, in particular regarding the matrix
elements. Being a nonrelativistic theory, the RPAE is not
able to explain the difference between full and open sym-
bols (i.e., final ionic states 2D5/2 and 2D3/2). The predicted
maximum of the 5d — ef transition amplitudes is too high,
which is the case for nearly all calculations available,3-1%13
and also the 5d — ep amplitudes do not agree quantitatively
with experiment. This is a consequence not only of the
neglect of spin-orbit interaction but also of correlations with
electrons of other subshells. The (open) channel of
valence-shell ionization 6s — ep, for example, should give a
non-negligible contribution. A recent relativistic RPA calcu-
lation!® takes 6s ionization into account, but—as pointed
out before—the number of experimental quantities avail-
able at present does not permit an evaluation employing the
Jj-coupling scheme.

In summary, our analysis of mercury 54 photoionization
in the region of the delayed onset of the 5d — ef partial
cross section has experimentally verified that interchannel
interactions in the continuum can have a large quantitative
influence upon transition-matrix elements and their relative
phases. This type of correlation between transition channels
from one subshell into different continua (the so-called in-
tertransition correlation) was sometimes considered to be
weak as compared with other many-electron effects, e.g., in-
teractions between transitions starting from different sub-
shells (intershell correlations). The analysis performed in
terms of experimental matrix elements and phase differ-
ences in comparison with theoretical results offered the ad-
vantage that relativistic and correlation effects could be ob-
served most directly, whereas the measurable parameters
are rather complex functions of these basic quantities.
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