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Sudden Interchannel Interaction in the Tl 6p Ionization above the 5d Threshold
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The linear magnetic dichroism in the angular distribution of Tl 5d and 6p photoelectrons and their
dynamical spin polarization have been measured between hn � 30 and 50 eV. In contrast to the Xe 5p
photoionization at the 4d threshold, our results show that above the Tl 5d threshold strong interchannel
coupling effects induce a sudden increase in the asymptotic phase difference of the s and d waves for the
Tl 6p ionization. This shows that the valence excitation is different for resonant (Xe 4d) and nonresonant
(Tl 5d) excitation from subvalence shells.

PACS numbers: 32.80.Fb
Strong photoionization channels may significantly affect
the behavior of weaker channels due to the coupling by
electron correlation. The showcase example for such a
situation is the Xe 5p photoionization in the vicinity of
the 4d shape resonance [1–3]. The latter effect can be
understood as the polarization of the atom, induced by
the strong photoionization channel, giving rise to enhanced
electron emission in the weaker channel.

Interchannel coupling has a pronounced impact on the
phase shift between the two outgoing photoelectron waves
el11 and el21 [4]. This phase effect occurs very slowly in
the Xe 5p case, showing little interchannel coupling effect
on the phase shift between the two outgoing waves es and
ed just above the 4d threshold, due to the delayed onset
of the 4d photoionization. It basically develops with the
appearance of the shape resonance in the 4d channel in-
ducing a similar but less pronounced change in the phase
shift of the 5p channel. This smooth variation of all photo-
ionization parameters makes the whole process behave
like a resonance in the sense of a broadband autoionizing
resonance. In contrast to this, recent studies of the photo-
ionization of Ne 2p indicate a sudden onset of the inter-
channel coupling at threshold of the interacting 1s channel
[5]. The phase shift change exhibited in the Ne 2p chan-
nel in the region of the 1s threshold is small compared
with the change of the Xe 5p electron in the region of
the 4d threshold. Additionally the two types of interchan-
nel coupling, resonant and nonresonant, differ qualitatively
dramatically in the phase dependent angular distributions
and theoretically derived phase shifts. This is shown in
Fig. 1 which compares Xe 5p data of Fig. 20 of [3] with
the recent Ne 2p measurements of [5]. However, the np
photoionization of Ne and Xe are quite different with re-
spect to the orbital angular momentum of the new inter-
acting channel. This makes it difficult to generalize the
conclusions drawn from such a comparison. Therefore,
the question arises if in general the coupling between two
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channels appears suddenly above threshold or if the xenon
case, where the coupling is mediated by a resonance fea-
ture in the continuum of the stronger channel, is the more
common one.

In order to answer this question, the coupling between
two subshell photoionization channels that have, on the
one hand, nonzero orbital angular momenta (as in Xe 4d)
but also a clear onset of the new channel (as in Ne 1s
and many other cases) should be studied. For simplic-
ity only two channels should be involved. Such a case
is the Tl 6p photoionization in the vicinity of the 5d
threshold.

We used the linear magnetic dichroism in the angular
distribution (LMDAD) of photoelectrons ejected from po-
larized atoms [6–8], the dynamical spin polarization Pdyn,
and the angular distribution of photoelectrons ejected from
unpolarized atoms to perform a partial wave analysis for

FIG. 1. Xe 5p (a) and Ne 2p (b) photoelectron angular distri-
butions [3,5] along with the corresponding phase shifts between
the ed- and es-partial waves [4] in the vicinity of the Xe 4d (c)
and Ne 1s (d) thresholds, respectively. The solid curves repre-
sent RPAE calculations with full interchannel coupling, whereas
the dash-dotted line neglects the Xe 4d coupling and the dotted
line neglects the 1s coupling.
© 2000 The American Physical Society
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the reactions (1) and (2)

Tl 5d106s26p�2P1�2� 1 hn ! Tl1 5d9�2D3�2�
3 6s26p�2P1�2�
3 �J � 1� 1 e2 (1)

Tl 5d106s26p�2P1�2� 1 hn ! Tl1 5d106s2 1 e2. (2)

Because of the coupling between the polarized Tl 6p elec-
tron and the 5d hole created in reaction (1), dichroism
effects can also be observed in the multiplet of an unpo-
larized closed shell [9] like the 5d shell. For atoms with a
total angular momentum J � 1

2 in the initial state, the in-
tensity of the photoelectrons in the detection plane perpen-
dicular to the propagation of the light is given by Eqs. (3)
and (4) with I"" and I"# being the count rates for the atomic
polarization �A parallel and antiparallel to the propagation
of the light �k, respectively.

I""�Q� � I0

Ω
1 1

b

4
�1 1 3P1 cos�2Q��

1 A10P1b0 sin�2Q�
æ

, (3)

I"#�Q� � I0

Ω
1 1

b

4
�1 1 3P1 cos�2Q��

2 A10P1b0 sin�2Q�
æ

. (4)

I0 describes the total electron intensity which is propor-
tional to the target density, the acceptance angle, the light
intensity, the cross section, and the detection efficiency. Q

is the angle between the detection direction and the electric
vector of the light. A10 is the degree of the atomic orien-
tation, and P1 the degree of linear polarization of light.
The other Stokes polarization parameters P2 and P3 are
assumed to be zero. This has been confirmed in LMDAD
measurements for oxygen [8]. For the two reactions (1)
and (2) b is given by [10]

b5d �
2 1 12g

2
fp 2 36gfp cos�Dfp�
5�2 1 3g

2
fp�

, (5)

b6p �
2g

2
ds 2 4gds cos�Dds�

1 1 2g
2
ds

, (6)

and g is defined by the ratio of the radial dipole matrix
elements:

gfp �
rf

rp
, gds �

rd

rs
,

rl61 �
Z `

0
P�

el61�r�rPnl�r� dr .
(7)

Pnl�r� is the radial part of the wave function of the
bound electron and Pel61�r� is that of the outgoing
photoelectron waves. Dfp and Dds are the differences
in their asymptotic phase shifts. These equations use
the following definitions for the asymptotic phase shifts
of the partial waves: the total asymptotic phase shift is
Dl11,l21 � sl11 1 dl11 2 sl21 2 dl21. The Coulom-
bic phase is defined by sl � arg�G�l 1 1 2

i
Ekin�R`

��
with R` � 13.605 67 eV. So the Coulombic phase differ-
ence sl11 2 sl21 is p at the threshold and approaches
2p at high kinetic energies. With these definitions
Seaton’s theorem [11] can be used to determine the
intrinsic phase difference dl11 2 dl21 at the threshold:

lim
n!`

p�mn,l11 2 mn,l21� � lim
Ekin!0

dl11 2 dl21 . (8)

b0 in Eqs. (3) and (4) describes the magnetic dichroism
[12]. The value of b0 depends additionally on the angular
momenta of the ionic final state. For the two reactions (1)
and (2) the parameter b0 is given by

reaction �1�: b0 �
9
2

gfp

2 1 3g
2
fp

sin�Dfp� , (9)

reaction �2�: b0 � 3
gds

1 1 2g
2
ds

sin�Dds� . (10)

To keep the model as simple as possible, we neglected
the mixing of the states of the 5d multiplet, and the b0

parameter in Eq. (9) is calculated assuming pure jj cou-
pling for the ionic state. An analysis of the configuration
mixing coefficients of the 5d multiplet [13] shows that the
dichroism effects are not affected significantly by the in-
termediate coupling. The maximum dichroism effect, i.e.,
the maximum difference between the intensities I"" and I"#
is observed for Q � 45± [see Eqs. (3) and (4)]. To elimi-
nate the unknown absolute intensity I0 the asymmetry is
measured. For Q � 45± the asymmetry is

LMDAD asymmetry �
�I"" 2 I"#�
�I"" 1 I"#�

�
A10P1b0

1 1
b

4

. (11)

Alternatively the dynamical spin polarization Pdyn can be
measured with a beam of unpolarized atoms:

�1�: Pdyn � 2
15gfp sin�Dfp�

7 2 6gfp cos�Dfp� 1 12g
2
fp

, (12)

�2�: Pdyn � 2
6gds sin�Dds�

2 2 2gds cos�Dds� 1 5g
2
ds

. (13)

The LMDAD asymmetry and the dynamical spin polar-
ization are closely related. Equations (6) to (13) yield for
reactions (1) and (2):

LMDAD asymmetry � 2A10P1Pdyn . (14)

For the measurement of Pdyn the Mott-scattering target is
positioned at Q � 45± and the detectors measure the spin
component parallel to �k. The details of this technique are
explained in [14].

The experimental setup for the LMDAD asymmetry
measurement is explained in [8] and [15]. We will give
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only a brief description: An electron impact oven evapo-
rates the Tl, a hexapole magnet (gap 3 mm, pole tip
field strength 760 mT, length 175 mm) selects one of
the two magnetic sublevels of the 2P1�2 ground state. A
weak magnetic guiding field (,2mT ) is applied, defining
the direction of atomic polarization �A at the position
where the atomic beam intersects the ionizing radiation.
The degree of atomic polarization A10 is defined by the
population numbers of the magnetic sublevels gMJ [16]:
A10 � gMJ �11�2 2 gMJ �21�2. For Tl an atomic polariza-
tion of A10 � 0.33 6 0.03 was determined with a Monte
Carlo simulation of the atomic beam. This simulation
takes into account the hyperfine interaction, the variation
of the magnetic moment as a function of the magnetic
field, the effect of possible misalignment, and the thermal
velocity distribution of the metal vapor. The experiment
was performed at the BESSY U1 TGM5 and TGM6
undulator beam lines (our typical operation parameters
were hn � 30 50 eV, linear polarization P1 > 0.95,
flux 1014 1013 photons�s), and the HASYLAB BW3
undulator beam line (typical operation parameters
hn � 30 150 eV, P1 > 0.97, 1013 1011 photons�s).

With two measured quantities —either b and the
LMDAD asymmetry or b and Pdyn — a partial wave analy-
sis yields the ratio of the radial dipole matrix elements g

and the asymptotic phase difference D. The solution is
not unique, and one of the solutions for the pair �g, D�
has to be rejected after comparison with theory.

Two methods, with different levels of sophistication,
have been used to determine these dynamical parameters
theoretically, a frozen core Hartree-Fock (HF) calculation
and a random phase approximation with exchange (RPAE)
calculation [17,18]. The latter includes the correlation of
the photoelectron and the residual electrons.

Figure 2 shows HF and RPAE results for the 5d shell.
In this energy region the linear magnetic dichroism in the
angular distribution of the photoelectrons changes sign,
as the phase difference between the f and p waves goes
through a multiple of p . A similar behavior of the phase
difference of the p and f waves was found for mercury by
Schönhense and co-workers [19]. They observed a smooth
rise of the phase difference of �1.5p from threshold to a
kinetic energy of 30 eV for the 5d ionization. The phase
difference values for the Hg 5d ionization are very simi-
lar to the Tl 5d ionization. They differ by 2p as the
Hg phase difference in [19] was not matched to the cor-
responding quantum defects of �23.2 (calculated from
[20]). The results of the RPAE calculation agree well with
the observations of the [5d9�2D3�2�6s26p�2P1�2� J � 1]
line. The differences between the HF and RPAE calcu-
lations are small, but nevertheless the measurements fa-
vor the RPAE results. For reaction (1) the 6p electron
is treated as a spectator. The measurements are in good
agreement with the RPAE results, and consequently the
partial wave analysis has to agree with the calculated val-
ues of gfp and Dfp . The second solutions for the par-
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FIG. 2. The angular distribution of photoelectrons of unpolar-
ized and polarized atoms are shown in (a) and (b) in the form of
the b parameter and the asymmetry defined by Eq. (11). A mea-
surement of the dynamical spin polarization has been included
in the diagram as a diamond using Eq. (14). Observations of b
and the asymmetry are transformed into the ratio of the dipole
matrix elements gfp (d) and the asymptotic phase difference
Dfp (c). This transformation is not unique but the compari-
son with theory (solid and dotted lines) allows one to reject
one of the two solutions (open circles). The lower curves in
(c) represent the phase differences without the Coulombic phase
shifts. They match the difference of the quantum defects (QD)
at the ionization threshold. The value of 23.2 was determined
from [21].

tial wave decomposition are shown as open circles in
Fig. 2.

In order to describe the continuum coupling effects of
the Tl 6p ionization, the interaction of an electron emit-
ted from the 5d shell with the bound 6p electron must
be included. The RPAE method has been used only for
atoms with one open shell so far. We had to neglect the
coupling of the 5d hole and the 6p electron, and we in-
cluded the RPAE correlations between the 5d and 6p ion-
ization channels. The 6p cross section is much smaller
than that for the 5d ionization. Figure 3 shows the HF
and the RPAE results for the Tl 5d and 6p cross sec-
tion. The RPAE curve of the Tl 6p cross section stops its
exponential decay at the 5d threshold due to interchannel

FIG. 3. RPAE and HF calculations of the Tl 5d and Tl 6p
lines. The Tl 6p and Tl 5d thresholds are at 6.11 and 19.79 eV,
respectively [20].
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FIG. 4. Observations of the angular distribution of polarized
atoms are transformed into the ratio of the dipole matrix ele-
ments g and the asymptotic phase difference Dds. Open and
closed circles are as in Fig. 2. The measurements of the dy-
namical spin polarization have been included in the diagram as
diamonds using Eq. (14). The low energy data point is taken
from the nonresonant data points in [22]. The lower curves in
the diagram for the phase difference represent the phase dif-
ferences without the Coulombic phase shifts. They match the
difference of the quantum defects (QD )at the ionization thresh-
old. The value of 21.6 was determined from [20].

coupling contributions. Figure 4 shows a sudden phase in-
crease in the RPAE curve with respect to the HF calculation
right at the 5d threshold. The ratio of the matrix elements
also differs for the two calculations, but there is no visible
threshold effect. The comparison with the experimental
data rules out the HF results that yield the wrong sign of the
LMDAD asymmetry. The results of the partial wave analy-
sis indicate that the phase in the RPAE calculation is still
too low to describe the observables correctly. We assign
this discrepancy to the approximation discussed above.

The sudden rise of the asymptotic phase difference may
be a peculiarity in the coupling of the continuum chan-
nels in Tl. However, the comparison with Ne [5] sug-
gests another explanation. In the case of Xe the overlap
of the uncollapsed 4d ! ´f wave function with the 5p
photoionization channel is so small at threshold that inter-
channel interactions become ineffective. This means that
the Xe case with the shape resonance, although considered
as a showcase example for interchannel coupling behavior,
represents rather a resonancelike behavior with a smooth
variation of the phase shift. The more common case is
the cross section driven sudden phase jump as seen in Ne
and now corroborated for the case of Tl, a system with
Xe-like subshells. This points to a more general tendency
for valence photoionization to follow the behavior of the
dominant inner shell which determines the rate of change
of cross section and phase shift.

In summary, we have shown that strong interchannel
coupling between the Tl 6p and 5d subshells occurs sud-
denly above the 5d threshold, in marked contrast to the
phase shift behavior of the Xe 5p and 4p subshells. This
coupling gives rise to an abrupt change in the phase shift
between the s and d waves of the Tl 6p ionization indi-
cating a different valence photoionization in the presence
of subvalence resonant and nonresonant behavior.
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