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A theoretical study of dipole and quadrupole Cooper minima, along with dipole and nondipole photoelectron
angular distribution parameters, in Hg 6s has been performed using the relativistic-random-phase approxima-
tion methodology. It is found that the Cooper minima affect the angular distribution parameters dramatically. In
addition, the results show that the angular distribution parameters are extremely sensitive to both relativistic
and correlation effects �interchannel coupling�.
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I. INTRODUCTION

Up to about 5 keV above the ionization threshold, inte-
grated photoionization cross sections are described rather
well by the dipole approximation �1,2�. With developments
in instrumental precision and brighter light sources, however,
it has been found that even at much lower energy, hundreds
or even tens of eV, differential cross sections �photoelectron
angular distributions� require the inclusion of higher-order
terms in r /�, thereby including higher multipoles in the de-
scription of photoionizing transitions. Investigation of these
higher-order terms has attracted considerable recent attention
from both experimentalists and theorists �3–10�. These angu-
lar distribution studies provide information on quadrupole
photoionization amplitudes, information that is difficult to
get in other ways. In addition, the photoelectron angular dis-
tribution parameters depend upon ratios of matrix elements,
rather than on absolute squares of matrix elements like the
integrated cross section. Thus, angular distributions are much
more sensitive to the effect�s� of correlation and relativistic
interactions on the various amplitudes, particularly the small
ones, as compared to the integrated cross section. They are
also much more sensitive to the location of Cooper minima
�11� in both dipole �E1� and quadrupole �E2� channels. The
locations of these Cooper minima are, in turn, extremely
sensitive to electron-electron correlation and relativistic ef-
fects.

The ns states in a closed-shell system provide an ideal
laboratory to study both relativistic effects and correlation.
For ns states, deviation of the dipole angular distribution
asymmetry parameter � from the value 2 in a closed-shell
system can occur only because of relativistic effects, since
transition amplitudes to relativistic p3/2 and p1/2 continuum
channels differ. No amount of interchannel coupling or other
correlation within a nonrelativistic framework can cause � to
deviate from 2. Furthermore, the dependence of the nondi-
pole angular distribution asymmetry parameter � on the di-
pole and quadrupole transition matrix elements is rather

simple �much simpler than for np, nd, or nf subshells�, so the
relationship of the matrix elements to the nondipole behavior
is easily understood.

As a means of studying these various effects, the dipole
and nondipole photoelectron angular distribution parameters
of the valence 6s state of atomic mercury has been investi-
gated in the present work. This choice was dictated by a
number of factors. First, it is an ns state which simplifies
interpretation of the results as discussed above. Second, Hg
is heavy enough so that relativistic effects play a non-
negligible role, even in the valence shell. Third, the Hg 6s
E1 channel exhibits two Cooper minima, and it was expected
that there would be at least one E2 Cooper minimum as well.
Fourth, correlation in the form of interchannel coupling was
found to be very important in an earlier calculation. Finally,
Hg offers the possibility of experimental investigation of the
phenomena investigated in this paper.

Dipole photoionization parameters in atomic mercury
have been studied previously in the energy range from the 6s
ionization threshold up to about 45 eV �12–16� above thresh-
old. Experimental results have been found to be in reason-
ably good agreement with the theoretical predictions of rela-
tivistic random-phase approximation �RRPA� �17�,
relativistic time-dependent local density approximation �18�,
and relativistic time-dependent density functional theory �19�
calculations. The previous RRPA study �17� of Hg 6s photo-
ionization was restricted to the photon energy range from
0.65 a.u. �16.69 eV� up to 2.5 a.u. �68.03 eV�, and the RRPA
was truncated to include interchannel coupling with ioniza-
tion channels only from the 6s and 5d subshells. This study
predicted that there are two minima in the 6s dipole photo-
ionization cross section, recognized as the Cooper minima,
one below the 5d threshold, and another above the energy
range that was investigated, but the actual positions of these
minima were not determined.

In the present work, the earlier dipole RRPA calculation
�17� is extended in energy range and the number of interact-
ing channels, along with the inclusion of E2 �quadrupole�
photoionization channels. Computations of 6s photoioniza-
tion parameters of atomic mercury have been carried out
using the RRPA methodology. The calculations have been*Electronic address: pcd@physics.iitm.ac.in
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performed at various levels of truncation, i.e., including vari-
ous levels of correlation in the form of interchannel cou-
pling, in order to investigate the role these correlation effects
play in both dipole and quadrupole photoionizing transitions,
since these correlations are known to be of importance in
other systems �7,8,20�. Of particular interest is the effect of
interplay of relativistic and correlation effects on various E1
and E2 photoionization parameters in a system as heavy as
Hg. Specifically, the present study focuses on the E1 �dipole�
and E2 �quadrupole� parameters �6s and �6s, which are
strongly dependent on the positions of the E1 and E2 Cooper
minima. To our knowledge, the present work is the first study
of E2 transitions from a heavy atom taking into account both
correlation and relativistic effects. In addition, this is the first
investigation of an E2 photoionization in which interchannel
coupling with channels arising from nf photoionizing transi-
tions is taken into account.

Within the framework of the dipole approximation, the
photoelectron angular distribution for a subshell i is com-
pletely specified by the parameter �i. Beyond the dipole ap-
proximation, however, inclusion of the next order term �ne-
glecting M1 transitions which are negligibly small �21��
necessitates the consideration of two additional angular dis-
tribution parameters due to the interference of E1 and E2
terms. The differential cross section for photoionization is
then given by �23�

d�i

d�
=

�i

4�
�1 + �iP2�cos �� + ��i + �i cos2 ��sin � cos 	� ,

�1�

where �i is the angle-integrated cross section, �i is the dipole
angular distribution anisotropy parameter which arises from
E1-E1 interference terms, and �i and �i are nondipole asym-
metry parameters which arise from E1-E2 interference
terms; � and 	 are the polar coordinates of the photoelectron
momentum vector p� in a coordinate system with photon po-
larization vector along the z axis and photon propagation
vector along the x axis. For an ns subshell, �i is negligible
�21�.

As is well known, many important electron correlation
effects are built into RRPA �24–27�. The RRPA takes into
account correlations in both initial and final �interchannel
coupling� states on an equal footing by including both time
backward ring diagrams �to include initial-state correlations�
and time-forward ring diagrams �to include final-state inter-
channel coupling correlations�. These correlations affect the
energy-dependent dynamical profiles of photoabsorption pa-
rameters. The RRPA, however, does not include two electron
excitations from a given subshell to final states having dif-
ferent orbital angular momenta. When the latter correlations
are of importance, results of the RRPA are usually not quite
satisfactory �19�. Within the framework of the RRPA �25,27�
the electron correlations in the initial and final states are built
up on Dirac-Fock �DF� reference states. Some non-RPA cor-
relations can be accounted for by using the experimental
thresholds instead of the Dirac-Fock thresholds. While the
experimental thresholds are available for some of the outer-
most subshells of atomic mercury, in our RRPA calculations

we have used the DF ionization thresholds. The DF and the
experimental �28,29� ionization thresholds are listed in Table
I.

The calculations were performed using the dipole and
quadrupole RRPA codes of Johnson and co-workers �21,25�
to calculate the RRPA dipole and quadrupole matrix ele-
ments and their phases, along with the dipole photoelectron
angular distribution parameter �i. The nondipole parameters
were calculated using our own code, using the output of the
RRPA codes as input.

II. DIPOLE PHOTOIONIZATION PARAMETERS

The calculations of the 6s dipole photoionization of Hg
were carried out using differing levels of truncation of the
RRPA methodology, i.e., including differing levels of inter-
channel coupling effects, as a means of ascertaining the con-
tribution of the various interchannel couplings to the photo-
absorption process. It is well known that as a result of
truncation, the agreement between the results in length and
velocity gauges �30� is lost; nevertheless, in our calculations,
the disagreement typically is not larger than 5%. In the
present work, E1 parameters have been computed at the fol-
lowing levels of truncation: �1� two E1 channels from the 6s
subshell; �2� eight E1 channels from the 6s and 5d subshells;
and 34 E1 channels from the 6s, 5d, 5p, 5s, 4f , 4d, 4p, and
4s subshells.

At the lowest level of truncation, the results in the two-
channel case, which includes only intrashell coupling be-
tween the 6s channels, are presented in Figs. 1 and 2. In Fig.
1�a�–1�c� are presented the 6s photoionization cross sections,
the vertical scale of Fig. 1�c� being magnified compared to
Figs. 1�a� and 1�b� to highlight the local minima. Also shown
in Fig. 1�a� are the partial E1 cross sections for the 6s
→
p3/2 and 6s→
p1/2 photoionization channels included in
the RRPA intrashell coupling. Figure 2 shows the dipole an-

TABLE I. Dirac-Fock and experimental �29� ionization thresh-
olds for atomic Hg.

Subshell

Threshold in eV

DF Experimental �29�

6s 8.9263 10.4301

5d5/2 15.6372 14.8411

5d3/2 17.6894 16.7011

5p3/2 77.3342 71.5659

5p1/2 96.2716 90.3418

5s 138.8621 133.9888

4f7/2 117.3288 107.1856

4f5/2 121.7154 110.9952

4d5/2 382.3932

4d3/2 402.6430

4p3/2 603.7871

4p1/2 710.8782

4s 833.9892
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gular distribution asymmetry parameter �6s. It is seen that
the 6s→
p3/2 and 6s→
p1/2 matrix elements go through
Cooper minima �11,31� at �69 and �23 eV, respectively
�Fig. 1�a��. The 6s→
p1/2 matrix element goes through its
Cooper minimum at a lower photon energy than the 6s
→
p3/2 channel, since the spin-orbit interaction for j= l− 1

2 is
attractive whereas it is repulsive for j= l+ 1

2 . This makes the
continuum final-state 
p1/2 wave function more compact than
the 
p3/2 wave function, making the zero in the 6s→
p1/2
matrix element occur at a somewhat lower energy than the
zero in the 6s→
p3/2 channel. The fact that the j= l− 1

2 mini-
mum occurs at a lower photon energy than the j= l+ 1

2 is
known to be a general phenomenon in the relativistic split-
ting of Cooper minima �32�. Note also that the minimum
value of the 6s→
p1/2 partial cross section is not as low as
the minimum value of the 6s→
p3/2 partial cross section.
This is due to the fact that the 6s→
p3/2 matrix element is
about a factor of 40 larger than the 6s→
p1/2 matrix element
at the energy of the 6s→
p1/2 Cooper minimum, and inter-
channel coupling �intrashell in this case� drives the 6s
→
p1/2 oscillator strength. On the other hand, at the energy
at which the 6s→
p3/2 channel goes through its Cooper
minimum, the 6s→
p1/2 strength is relatively small; conse-
quently, the 6s→
p3/2 goes through a near-zero value be-
cause the interchannel coupling is not very important in this
case. The total 6s cross section itself, however, does not
show any local minima; it decreases monotonically since the
Cooper minima in the two channels occur at dramatically
different energies, and one channel dominates the cross sec-
tion when the other channel goes through its Cooper mini-
mum.

The angular distribution asymmetry parameter �6s is seen
to go to a value of −1 at �42 eV, between the Cooper
minima in the two channels. Nonrelativistically, for a closed-

FIG. 1. �a� Hg 6s dipole cross section � and 6s→
p3/2 and 6s
→
p1/2 partial cross sections resulting from the two-channel cou-
pling of RRPA calculation. �b� Hg 6s dipole cross section � at three
levels of truncation of RRPA coupling: �i� 6s, �ii� 6s and 5d, �iii� 6s,
5d, 5p, 5s, 4f , 4d, 4p and 4s, from the 6s ionization threshold up to
50 eV. �c� Hg 6s dipole cross section � at three levels of truncation
of the RRPA coupling: �i� 6s, �ii� 6s and 5d, �iii� 6s, 5d, 5p, 5s, 4f ,
4d, 4p, and 4s from the 6s ionization threshold up to 300 eV with
an expanded vertical scale. Vertical lines indicate the ionization
threshold energies for the various subshells of atomic Hg.

FIG. 2. Hg 6s dipole angular distribution asymmetry parameter
� at the three levels of truncation of the RRPA, coupling channels
from �i� 6s, �ii� 6s and 5d, �iii� 6s, 5d, 5p, 5s, 4f , 4d, 4p, and 4s,
from 20 eV �above 5d ionization thresholds�. Vertical lines indicate
the ionization threshold energies for the various subshells of atomic
Hg.
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shell atom, the angular distribution asymmetry parameter �ns
for an ns subshell is always equal to 2. However, in a rela-
tivistic analysis, the single s→p channel splits into two
channels, ns→
p3/2 and ns→
p1/2, and this causes �ns to
depart from its nonrelativistic value of 2 depending on the
differences in the relativistic amplitudes in the two channels.
The relativistic expression for �ns for an ns subshell in a
closed-shell atom is given by �27,33�

�ns��� = 2 −
3�AT����2

�AS����2 + �AT����2
�2�

where AT��� and AS��� are the dipole matrix elements cor-
responding to the final continuum triplet and singlet states of
Hg, respectively. In terms of the radial dipole matrix ele-
ments for the ns→
p3/2 and ns→
p1/2, R3/2 and R1/2, respec-
tively, the expression for �ns is given as �34�

�ns��� =
2R3/2���2 + 4R1/2���R3/2 cos��1/2 − �3/2�

R1/2���2 + 2R3/2���2 �3�

with �1/2 and �3/2 the phases of the respective dipole matrix
elements. From this equation it is evident that �ns should
take on values of 0 and 1 at the p3/2 and p1/2 Cooper minima,
respectively, and that is exactly what is seen in Fig. 2. In
addition, between the Cooper minima, �ns takes on the value
of −1 at �42 eV. From the above equation, at this energy the
dipole matrix elements have opposite signs and the magni-
tude of the p3/2 matrix element is twice that of p1/2.

At the next level of truncation of the RRPA, in addition to
photoionization channels from the 6s subshell, channels from
the relativistically split 5d5/2 and 5d3/2 subshells are coupled.
As a result of this, the Cooper minima in the 6s E1 channels
move to lower photon energy, in fact, below the 5d3/2 thresh-
old in the region of the 5d→nf , np autoionization reso-
nances. These resonances dominate the cross section from
the 6s threshold up to the 5d3/2 threshold �8.9–17.7 eV�. The
fact that the 6s Cooper minima are shifted to energies below
the 5d3/2 threshold is nevertheless borne out by the fact that
the angular distribution asymmetry parameter � is seen to
rise toward a value of 2 above the 5d3/2 threshold, as seen in
the �6s ,5d� coupled result in Fig. 2, dramatically different
from the two-channel result. The RRPA provides a natural
framework to study the autoionization resonances since in-
terchannel coupling between open and closed channels is
built into the methodology. Nevertheless, the autoionization
resonances are studied more efficiently using a combination
of the RRPA and the relativistic multichannel quantum defect
theory �RMQDT� �35�. The RMQDT studies will be reported
separately. For the present, we estimate that the position of
the p1/2 Cooper minimum is about 14.5 eV and the p3/2 is at
roughly 17 eV, in agreement with earlier predictions �17�,
i.e., the energy of the p1/2 Cooper minimum is lowered by
about 8.5 eV and the p3/2 by an astounding 52 eV, owing to
the interchannel coupling of the 6s photoionization channels
with the 5d channels. This shows that the interchannel cou-
pling completely changes the character of the dipole transi-
tions from Hg 6s. This is a manifestation of a general phe-
nomenon; when two nearby channels are degenerate,
interchannel coupling modifies the weaker channel �31�. In

this case, the 5d cross section is approximately a factor of 50
larger than the 6s cross section, so that the 6s matrix element
is significantly altered.

But that is not the whole story; interchannel coupling be-
tween 6s and 5d channels induces a second set of Cooper
minima in the 6s photoionization channels, seen in the cross
sections shown in Fig. 1. The minima in the individual chan-
nels �not shown� are at �100 eV and �150 eV for p1/2 and
p3/2, respectively. These minima are reflected in the second
dip toward −1 in the value of �, shown in Fig. 2 where � is
seen to take on the values of 1 and 0 at the minima, as
indicated by Eq. �3�.

For the highest level of truncation considered, all 34 rela-
tivistic photoionization channels down to the 4s channels,
the situation remains essentially the same as in the eight-
channel case as far as the low-energy Cooper minima and �
are concerned. This is to be expected since, of the 26 new
channels considered, the closest in energy are from 5p3/2,
which opens at just above 77 eV. Thus, looking at the situ-
ation perturbatively, there is a large energy denominator in
the interchannel coupling matrix element with the 5p3/2 and
higher channels, which renders their effect on the 6s photo-
ionization amplitudes in the 10–20 eV region negligible.
Figures 3 show the cross section and angular distribution
asymmetry parameter �, computed using the RRPA at the
highest level of truncation �34 coupled channels� in the low-
energy region from 6s ionization threshold up to 40 eV. Be-
low the 5d thresholds, where autoionization resonances are
important, the results have been averaged over the reso-
nances.

It was reported in �15� that the Cooper minimum in 6s
dipole photoionization is at about 20 eV, above the 5d ion-
ization thresholds, whereas the present 34-channel RRPA re-
sults shows a Cooper minimum below 5d ionization thresh-
olds, as Fig. 3�a� displays clearly. The angular distribution
parameter in Fig. 3�b� shows a deviation from 2.0 in this
energy range, which confirms the existence of the Cooper
minimum below the 5d thresholds. These differences with
�15�, which corresponds to the present eight-channel results,
are clearly due to the differing levels of truncation of the two
RRPA calculations.

Although the lower-energy Cooper minima are not sig-
nificantly affected by coupling with the channels arising
from subshells more tightly bound than the 5d, the situation
is otherwise for the higher-energy Cooper minima that were
induced by interchannel coupling with the 5d channels. The
additional interchannel coupling from subshells 5p, 5s, 4f ,
4d, 4p, and 4s �mainly due to coupling of channels from the
5p, 5s, and 4f subshells which open in the 80–120 eV
range� shifts the higher-energy p3/2 minimum by about 25 eV
�lower� to about 125 eV, while the lower-energy p1/2 mini-
mum remains at roughly the same energy as the eight-
channel case. Significant interchannel coupling, caused by
the newly opened channels that are much stronger than 6s
�36�, is clearly manifested by the energy shift of the higher-
energy p3/2 minimum and the marked increase in the mini-
mum value of the magnitude of the dipole matrix element in
the case of the p1/2 minimum. This increased magnitude at
the minimum occurs because the interchannel coupling ren-
ders the matrix element complex, and the real and imaginary
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parts go through zeros at differing energies, thereby causing
the minimum value of the matrix element to be nonzero; the
further apart the real and imaginary zeros are, the greater the
magnitude at the minimum. Note that the increase in the
34-channel 6s cross section relative to the eight-channel re-
sult above the higher-energy Cooper minimum in the
125–300 eV energy region, seen in Fig. 1�c�, is due prima-
rily to interchannel coupling with the very strong 4f photo-
ionization channels. This is evident because the 6s cross sec-
tion mirrors the shape of the 4f cross section in this energy
region.

Owing to these changes in the high-energy pair of Cooper
minima, resulting from the extra interchannel coupling in-
cluded in the 34-channel calculation, the value of the � pa-
rameter is altered accordingly. Since the minima are closer
together than in the eight-channel case, the dip in � is cor-
respondingly narrowed. In addition, since the dipole matrix
elements no longer are very close to zero at the Cooper

minima, the simple analysis that explained the two-channel
and eight-channel cases is not entirely applicable at the 34-
channel level. The � parameter drops only to about zero,
rather than −1, between the minima in this case. This behav-
ior is similar to what is known about � for Xe 5s near thresh-
old �34� and is symptomatic of strong interchannel coupling.
The somewhat nonsmooth behavior of � in the 34-channel
case is due to the autoionizing resonance that occur below
each of the five thresholds in the 77–121 eV energy range.
Note that the 4d, 4p, and 4s channels have virtually no effect
upon the 6s channels in the photon energy range up to
300 eV, shown in Fig. 1. This is because they open at much
higher energies, so the interchannel coupling matrix element
is quite small, owing to the large energy denominator. It
follows then that the channels arising from still more deeply
bound subshells will have even less influence on the 6s am-
plitudes in the energy region below 300 eV. Thus, the results
presented are essentially equivalent to what would be ob-
tained from the RRPA calculation with no truncation at all.

III. QUADRUPOLE PHOTOIONIZATION
PARAMETERS

Using exactly the same methodology and philosophy ap-
plied to the study of the dipole photoelectron angular distri-
bution � parameter, calculations have been performed at the
following levels of truncation for quadrupole �E2� photoion-
ization of mercury 6s: �1� two E2 channels from the 6s sub-
shell; �2� 11 E2 channels from the 6s and 5d subshells; and
�3� 46 E2 channels from the 6s, 5d, 5p, 5s, 4f , 4d, 4p, and 4s
subshells.

At the lowest level of truncation, the two intrashell E2
channels 6s→
d3/2 and 6s→
d5/2 are coupled. The partial
cross sections for these two channels, along with the total 6s
E2 cross section, are shown in Fig. 4�a� where the occur-
rence of a pair of quadrupole Cooper minimam �37� is re-
vealed in the �120 eV energy region, one in each of the
relativistic 6s→
d channels. The individual 6s→
d5/2 and
6s→
d3/2 quadrupole channels are seen to go through their
respective Cooper minima at �124 and �106 eV in the two-
channel calculation. The total 6s cross section, the sum of
these two channels, is seen to display a rather pronounced
minimum at about 115 eV. The overall scale of this quadru-
pole cross section is seen to be considerably smaller than the
comparable dipole cross section.

The quadrupole angular distribution asymmetry parameter
� is determined by the interference between the E1 and the
E2 channels. Specifically, � is given by the ratio of E2 to E1
matrix elements, scaled by the cosine of the difference be-
tween the phase shifts of the E1 and the E2 channels. � is a
linear function of the E2 matrix elements, whereas � varies
as the square of E2 matrix elements. The matrix elements
being very small, the E2 cross section is not easy to measure.
However, since � involves the ratios of matrix elements, it is
very sensitive to the energy dependence of the matrix ele-
ments, and � is amenable to laboratory investigation. The
�relativistic� expression for the nondipole parameter � for an
initial ns state of a closed-shell atom is obtained from �22�
with a modicum of angular momentum algebra as

FIG. 3. Hg 6s dipole cross section and angular distribution
asymmetry parameter � in the RRPA, coupling all the E1 channels
from 6s, 5d, 5p, 5s, 4f , 4d, 4p, and 4s, from the 6s ionization
threshold up to 40 eV. Vertical lines indicate the ionization thresh-
old energies for the various subshells of atomic Hg.

DIPOLE AND QUADRUPOLE COOPER MINIMA AND THEIR … PHYSICAL REVIEW A 75, 042701 �2007�

042701-5



� =
3��

5

6R3/2
�1� ���R3/2

�2� ���cos 3/2,3/2 + 5R1/2
�1� ���R5/2

�2� ���cos 1/2,5/2 + 4R3/2
�1� ���R5/2

�2� ���cos 3/2,5/2

R1/2
�1� ���2 + 2R3/2

�1� ���2 , �4�

where � is the fine structure constant, � is the photon energy,
Rj

�1� and R
j�
�2� are the dipole �E1� and quadrupole �E2� radial

matrix elements, and  j,j� is the difference between �
pj
and

�
dj�
, the phase shifts of the 
pj and 
dj� continuum func-

tions, respectively. In an energy region where there are no
Cooper minima, the matrix elements and phase shifts are
independent of j, to an excellent approximation. Under such
circumstances, the expression for � for s states reduces to the
nonrelativistic result �23�

� = 3��
R�2����
R�1����

cos��
p − �
d� . �5�

From Eqs. �4� and �5� it is seen that the � parameter has
an energy dependence that is significantly influenced by the
Cooper minima in the dipole and quadrupole channels, along
with the cosine terms. At the Cooper minima in the dipole
channels, � becomes large, and at the Cooper minima in the
quadrupole channels, � tends to go to zero. Nonrelativisti-
cally, the ratio of the quadrupole 6s→
d matrix element to
the dipole 6s→
p matrix element goes through a local maxi-
mum at the position of the E1 Cooper minimum, and be-
comes zero at the E2 Cooper minimum, modulated by the
cosine function in Eq. �5�. However, this simple nonrelativ-
istic analysis provides only general pointers to the dynamics
that affect the nondipole angular distribution, considering the
fact that dipole and quadrupole Cooper minima are each split
into a pair of minima through the influence of relativistic
interactions so that in the region of Cooper minima �dipole
or quadrupole�, it is Eq. �4� that applies.

The � parameter resulting from the combination of the
two-channel dipole calculation with the two-channel quadru-
pole calculation is shown in Fig. 5. This 2-channel � param-
eter shows a low-energy maximum in the neighborhood of
30 eV, reflecting the effects of the low-energy dipole Cooper
minima which were seen to be situated in this region. Above
these energies, the behavior of the low-energy two-channel �
parameter is dominated by the cosine term; the resulting os-
cillatory behavior is quite evident. Since the two-channel
quadrupole cross section has Cooper minima in the 115 eV
region, � should be close to zero in that region; this is ex-
actly what is seen in Fig. 5. Note, however, that � also goes
though a zero at about 45 eV. Thus, although quadrupole
Cooper minima imply a zero value of �, a zero value of �
does not necessarily imply quadrupole Cooper minima. In
addition, this case shows the importance of including relativ-
istic effects in the calculations involving high-Z elements;
without the relativistic splitting of the dipole Cooper mini-
mum, the low-energy � parameter would exhibit qualita-
tively different behavior—a much more significant �and un-
physical� low-energy maximum.

For the intermediate, 6s and 5d 11-coupled-channel cal-
culation, the results are rather different, indicating a strong
interchannel coupling effect of the 5d quadrupole channels
on the 6s channels. The quadrupole cross section, presented
in Fig. 4�b�, shows that the Cooper minima have moved to
larger energy, in fact about 30 eV larger, to the 145 eV re-
gion. The individual minima �not shown� are located at
�150 and �135 eV, a significant shift to higher photon en-
ergies from the two-channel case. Unlike the dipole case,
however, the relativistic splitting of the minima is not sig-
nificantly affected by the 5d coupling. Far away from the
quadrupole Cooper minima, the 11-channel quadrupole cross
section is seen in Fig. 4�b� to be substantially the same as the
two-channel result.

The resulting � parameter, using both quadrupole and di-
pole results that include coupling only among 6s and 5d
photoionization channels, is shown in Fig. 5, where it is seen
to be rather different from the two-channel result; below the
opening of the 5d channels the results have been smoothed
through the resonance region. Clearly, interchannel coupling
is an important effect here. The low-energy behavior is rather
different, owing to a number of factors—the resonances, the
alteration of the low-energy dipole Cooper minima by the
interchannel coupling, the fact that the interchannel coupling
makes the matrix elements �both dipole and quadrupole�
complex and the real and imaginary parts go through their
respective Cooper minima at differing energies so that the
Cooper minima are shallower, and the change in the relative
phases engendered by the interchannel coupling. At the
higher energies, the quadrupole Cooper minima in the
145 eV region lead to a zero in � in that region, i.e., the zero
induced by the quadrupole Cooper minima has moved to
higher energy by the amount that the quadrupole Cooper
minima have been shifted by the interchannel coupling. At
still higher energy, the 11-channel � is seen to tend to the
two-channel result, indicating that the interchannel coupling
with the 5d channels is not so important at these higher en-
ergies.

For the most extensive calculation, coupling all nl single-
ionization channels for n=4, 5, and 6, the 46-channel quad-
rupole cross section is shown in Fig. 4�b�, and it is not so
very different from the 11-channel result, i.e., the interchan-
nel coupling of the 6s channels with channels from 5p down
to 4s is not so large. Of the new couplings in this 46-channel
case, only coupling with the 4f channels seems to have any
significant effect, and the quadrupole cross-section minimum
moves out another 5 eV to about 150 eV, as seen in Fig.
4�b�. The actual quadrupole Cooper minima �not shown� are
at �156 and �142 eV in the 46-channel calculation. Note
that there are resonances below each of the inner-shell
thresholds, but the cross section presented has been
smoothed over these resonances; the resonance regions will
be dealt with in a future study. In any case, the 46-channel
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results being the most accurate, the �smoothed� quadrupole
cross section is presented in detail in the lower-energy region
in Fig. 6�a�.

The � parameter for this most extensively coupled case is
shown in Fig. 5, and it is seen to be rather similar to the
intermediate 6s plus 5d case in the low-energy region. At the
higher energies there is some shift to higher energy of the
46-channel � as compared to the 11-channel prediction, pri-
marily as a result of the shift of the quadrupole Cooper
minima to higher energy owing to the additional interchannel
coupling. The � parameter goes through a zero at about
150 eV, owing to these quadrupole Cooper minima. A de-
tailed view of the 46-channel low-energy � parameter is

(a)

(b)

FIG. 4. �a� Hg 6s quadrupole cross section � and 6s→
d5/2 and
6s→
d3/2 partial cross sections on a logarithmic scale resulting
from the two-channel RRPA calculation in the photon energy range
from the 6s ionization threshold up to 300 eV. �b� Hg 6s cross
section � on a logarithmic scale at three levels of truncation of the
RRPA, coupling channels from �i� 6s, �ii� 6s and 5d, and �iii� 6s,
5d, 5p, 5s, 4f , 4d, 4p, and 4s in the photon energy region from the
6s ionization threshold up to 300 eV.

FIG. 5. Hg 6s nondipole angular distribution asymmetry param-
eter � at three levels of truncation of the RRPA, coupling channels
from �i� 6s, �ii� 6s and 5d, �iii� 6s, 5d, 5p, 5s, 4f , 4d, 4p, and 4s
from the 6s ionization threshold. Vertical lines indicate the ioniza-
tion threshold energies for different subshells of atomic Hg.

FIG. 6. Hg 6s quadrupole cross section and nondipole angular
distribution asymmetry parameter � in the RRPA, coupling all the
channels from 6s, 5d, 5p, 5s, 4f , 4d, 4p, and 4s from the 6s ion-
ization threshold up to 40 eV. Vertical lines indicate the ionization
threshold energies for the various subshells of atomic Hg.
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given in Fig. 6�b� and shows the low-energy maximum in �
that results from the low-energy dipole Cooper minima.

IV. CONCLUSIONS

Photoelectron angular distributions, both dipole and non-
dipole �quadrupole�, are significantly influenced by both
relativistic and interchannel coupling effects. Cooper minima
in the dipole and the quadrupole channels affect the energy
dependence of the angular distribution of the photoelectrons
strongly, and the details are very sensitive to electron corre-
lations arising out of interchannel coupling in both dipole
and quadrupole manifolds. It is expected that many of the

findings of the present investigation are applicable to other
high-Z atoms as well. Finally, since the closed-shell mercury
atom is experimentally tractable, we hope that the present
study will stimulate measurements of the dipole and nondi-
pole angular distribution asymmetry parameter resulting
from the photoionization of atomic mercury.
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