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Angle-resolved electron spectroscopy in coincidence with high-resolution mass spectroscopy has been

applied to study two-color resonant photoionization in atomic xenon. Separation of different isotopes

enabled us to extract results for the electronic dynamics free from depolarization effects, which are

generally introduced by the coupling of the electronic and nuclear angular momenta. The concerted

experimental and theoretical analysis of the photoelectron angular distributions in the region of an

autoionizing resonance emphasizes the strong sensitivity of the observed structures to the fine details of

the treatment of the underlying dynamics.
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Resonant photoionization and the underlying electron
dynamics are the subject of numerous experimental and
theoretical studies. Since Fano demonstrated [1] that the
asymmetric shape of the resonances results from quantum
interferences between resonant (discrete) and direct (con-
tinuum) photoionization processes, the main effort has
focused on the identification of the relevant ionization
channels and on the best possible control of the electronic
states involved. Advanced experimental techniques based,
for example, on ultrahigh spectral resolution of the ioniz-
ing radiation [2,3], on two-photon excitation schemes (e.g.,
[4,5]), on excitation from metastable atoms (e.g., [6]), on
the analysis of the angular distribution or spin of the out-
going electrons (e.g., [7,8]), and, very recently, laser con-
trol of absorption line shapes [9] have been applied to
obtain information on the complex electron dynamics.
However, detailed comparison with theoretical approaches
is often hindered by the fact that the experimental results
represent an average over isotopes with different nuclear
spins. In the case of atoms with nonzero nuclear spin the
carefully prepared polarized intermediate state can
undergo a depolarization due to coupling of its electronic
angular momentum with the nuclear spin. From a quantum
mechanical view, the coherent excitation of the hyperfine
levels of the intermediate state leads to a mixing of states
with different magnetic quantum numbers m and to a
temporal evolution of the resulting nonstationary state
(quantum beats). The effect of this process on the photo-
electron angular distributions (PADs) was first observed by
Berry and co-workers in the two-photon ionization of
sodium and lithium [10,11] and subsequently studied in
other systems (e.g., [12–15]). These studies showed that
detailed knowledge of the hyperfine structure and of the
temporal profiles of both the excitation and the ionization

photon sources is required to fully understand the depolar-
ization due to hyperfine interactions. Also, in the case of
two-photon ionization of Ba via an intermediate state, it
was shown that transitions to certain final-state resonance
series are only possible due to the hyperfine depolarization
of the intermediate state (e.g., [16,17]). Generally, it is
recognized that even though the coupling of the electron
angular momentum with the nuclear spin is weak, it has
important consequences for many physical applications
(e.g., [18]), and especially for the photoionization process.
In this Letter, we show that such a coupling in the case of

autoionizing doubly resonant excited states of Xe, may
have a dramatic impact on the resulting measured PADs.
Therefore, it is only by filtering the zero nuclear spin
contribution to the circular dichroism (CD) and PAD data
that the pure electronic aspects of photoionization dynam-
ics can be unraveled by comparison with theory. In order to
separate the effects of the nuclear spin in the present study,
we have measured the PADs in coincidence with the iso-
tope selected ions. Using a two-photon double-resonant
excitation scheme a polarized ensemble of Xe�5d½32�1
atoms was prepared by photoexcitation from the ground
state and ionized in the region of the autoionizing
Xe�4f0½52�2 resonance (see Fig. 1) [19]. The complex dy-

namics of this resonant process and the high sensitivity of
its description to the theoretical model was previously
outlined [20,21].
The experiments were performed at the vacuum ultra-

violet (VUV) variable polarization beam line, DESIRS
[22], of the French synchrotron source, SOLEIL, whose
scientific case includes the study of photoionization dynam-
ics and CD, together with the permanently installed mo-
lecular beam chamber SAPHIRS. A supersonic beam of
xenon atoms was formed by expansion through a 50 �m
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nozzle and its central part selected by a skimmer, before
crossing the counterpropagating synchrotron radiation (SR)
and laser photon beams at right angles at the center of
the ionization chamber. After excitation by the VUV pho-
tons to the intermediate 5d½32�1 resonance, the excited atoms

were subsequently excited to the autoionizing 4f0½52�2 state
by a conventional continuous linear dye laser pumped by
the 532 nm light of a frequency-doubled solid state laser
(5W VERDI). Using a Rhodamine 6G dye an average laser
power of 800 mW and a spectral width of about 1:3 cm�1

was obtained in the maximum of the emission curve of the
dye (595 nm). The resulting ions and electrons were accel-
erated in opposite directions perpendicular to the molecular
and photon beams inside the Delicious II angle-resolving
photoelectron-photoion coincidence imaging spectrometer
[23] which combines a velocity mapping imaging (VMI)
spectrometer and a linear Wiley McLaren-type ion time of
flight spectrometer. The spectrometer was operated in the
coincidence mode so that each electron could be binned
according to the flight time (and consequently mass) of the
ion formed in the same event. Figure 2 presents a typical
time of flight spectrum showing that the various natural
isotopes of Xe can be easily separated by the apparatus.
In this way, the velocity mapped photoelectron image for
each isotope can be built up. These images were then
inverted using the PBASEX software [24] in order to extract
the parameters describing the electron angular distributions
resulting from ionization of the I ¼ 0 ð132;134;136XeÞ, I ¼
1
2 ð129XeÞ, and I ¼ 3

2 ð131XeÞ atoms.

In the present study, we limit ourselves to the cases of
circularly polarized photon beams and parallel linearly
polarized photon beams. The Z axis is directed along the
SR beam for the processeswith circularly polarized photons

and along the direction of the polarization for the process
with the linearly polarized photons. Then within the dipole
approximation the PADs can be cast into the form

�
d�

d�

�
��0

¼ ���0

4�
ð1þ���0

2 P2ðcos�Þ þ���0
4 P4ðcos�ÞÞ; (1)

where ���0 is the angle-integrated photoionization cross

section, ���0
k ðk ¼ 2; 4Þ the asymmetry parameters, and

PkðxÞ are the Legendre polynomials. The superscript ��0
indicates the polarization state of the photons:þþ andþ�
for parallel and antiparallel spins of the circularly polarized
photons, respectively (the first sign corresponds to the SR,
the second to the laser, and ‘‘þ’’ is assigned to the direction
of the Z axis), and ��0 ¼ lin for linearly polarized photons.
The CD is then defined as

CD ¼ ð�þþ � �þ�Þ=ð�þþ þ �þ�Þ: (2)

To treat theoretically the PAD and the CD in the region
of an isolated autoionizing resonance, we apply the formal-
ism of [25]. Using this methodology, the quantities in
Eqs. (1) and (2) are expressed in terms of the reduced
matrix elements of the dipole operator connecting the
5d½32�1 state with the autoionizing state 4f0½52�2 and the

adjacent continuum states 5p5
3=2 �‘, where � and ‘ are

photoelectron energy and orbital momentum, respectively,
the matrix elements describing the decay of the 4f0½52�2
state into the continuum due to the Coulomb interaction,
and the orientation (A�

10) and alignment (A�
20) of the

angular momentum J of the electronic shell in the 5d½32�1
state excited by linearly (� ¼ lin) or right circularly
(� ¼ þ) polarized SR [26]. It is the atomic orientation
and the alignment parameters which are decreased by the
depolarization in a difficult to control manner. Figure 3
shows experimentally the effect of this depolarization on

FIG. 2 (color online). The mass spectra of the Xeþ ions are
shown for two-photon ionization via the resonant Xe 5p6 þ
�SR ! 5d½32�1 þ �las ! 4f0½52�2 pathway with right (þ) circu-

larly polarized SR and both right (þ) and left (�) circularly
polarized visible laser light.

FIG. 1 (color online). Schematic diagram of the process de-
scribed in this article, showing the hyperfine structure (HFS) of
the intermediate Xe� 5p5

3=25d½32�1 state for atoms with nuclear

spin I ¼ 0, I ¼ 1
2 , and I ¼ 3

2 . The HFS levels of the

Xe� 5p5
1=24f

0½52�2 state overlap due to its broad autoionization

width, while the HFS of the Xeþ 5p5
j is not relevant for the

present discussion.
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the PADs by comparing the VMI photoelectron images
recorded with linear polarizations in coincidence with the
Xeþ ðI ¼ 1

2Þ and Xeþ ðI ¼ 0Þ ions with the laser tuned to

the maximum of the 4f0½52�2 resonance. It is quite clear by
simple visual inspection that the PAD corresponding to
I ¼ 0 ions is much more structured than that of the I ¼ 1

2

image. To our knowledge this is the first time that the PADs
due to ionization of zero and nonzero nuclear spin atoms
have been separated experimentally.

The numerical data for the asymmetry parameters were
obtained within an intermediate-coupling multiconfigura-
tional Hartree-Fock approximation (MCHF) [27]. Within
the MCHF approach, LS-coupled wave functions are used
as the basis in the multiconfiguration expansion for the
wave functions of the initial photoexcited and the auto-
ionizing states of Xe with the total angular momentum J
and parity � in terms of configuration state functions
(CSFs): jp;�Ji ¼ P

i¼1C
p
i j	i; �LiSii. Here the label p

numerates the states for distinction, 	i denotes the occu-
pation of the different subshells (configuration), and their
angular couplings Li and Si stand for the orbital angular
momentum and the spin of the CSF, respectively, and Cp

i

are the mixing coefficients for the state p. The electron
orbitals were generated with the frozen Xeþ 5p5 core. We
accounted for the 5p5ð6� 9Þs, ð5� 7Þd, 6p, 4f, 5f con-
figurations. The set of configurations with the appropriate

parity � was used to find the coefficients Cp
i by the

diagonalization of the Breit-Pauli atomic Hamiltonian.
The wave functions � ‘ (‘ ¼ 1, 3) of the electron in the
continuum were calculated within the frozen 5p5 core
term-dependent approximation with orthogonalization to
all bound orbitals of the same symmetry.
Without taking into account any depolarization of the

electronic-shell angular momentum of the Xe� 5d½32�1 state,
the calculated value for the CD is 0.68, in excellent agree-
ment with the experimental value of 0:67� 0:02 for the
isotopes with zero nuclear spin, extracted from the experi-
mental data shown in Fig. 2. This result for the I ¼ 0
isotope points also to negligible depolarization of the Xe�
atoms in the reaction volume due to reasons other than
hyperfine interaction. However, the measured reduced
CD ¼ 0:54� 0:04 and 0:43� 0:03 for the isotopes
129Xe ðI ¼ 1

2Þ and 131Xe ðI ¼ 3
2Þ, respectively, clearly

show that for isotopes with nonzero nuclear spin depolar-
ization of the electronic shell due to the hyperfine inter-
actions is rather large, and accounts for the corresponding
much less structured PAD of Fig. 3(a).
Figure 4 shows a comparison between the

depolarization-free measurements of the asymmetry

(a) 129Xe, I=1/2 

(b) 

ELas 

132,134,136Xe, I=0 

ESR 

ELas 

ESR 

FIG. 3 (color online). Panels (a) and (b) contain the raw VMI
images for parallel linear polarizations of both SR and optical
laser light of the photoelectrons taken in coincidence with the
(a) 129Xeþ and (b) 132;134;136Xeþ ions. The images are shown as
3D representations in order to visualize clearly the differences in
the anisotropy of the angular distributions.

FIG. 4 (color online). The panels show the �lin
2 (top) and �lin

4

(bottom) parameters for Xe ions with nuclear spin I ¼ 0 at
different laser wavelengths across the 5d½32�1 þ �las ! 4f0½52�2
resonance. The experimental data (black circles) are extracted
from the VMI images recorded in coincidence with I ¼ 0 ions
(132;134;136Xeþ). The theoretical results are obtained using differ-
ent approximations: MCHF (solid); MCHF only with J ¼ 2
dominating channels (chain); single configuration (dashed).
The profile of the 4f0½52�2 resonance in the angle-integrated cross

section � is shown for comparison in the top panel (dotted line).
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parameters across the 4f0½52�2 resonance and the theoretical
predictions. The profiles for �lin

k , with k ¼ 2 and 4, are

equally broadened and slightly shifted with respect to the
profile of the resonance in the angle-integrated cross section
in accordance with the scaling theorem described in [28].

The autoionizing state 4f0½52�2 dominantly decays with

the emission of �f electrons, despite competition between
two opposite trends. On the one hand, the overlap between
radial components of the 4f and �f electron wave func-
tions, governing the decay amplitude, is much larger than
that between the 4f and �p functions. On the other hand,
the decay 5p5

1=24f½52�2 ! 5p5
3=2�f (due to the Coulomb

interaction) is suppressed by a selection rule. The latter
prohibits jK-LSJ transitions with equal orbital moments of
the outer electron for a fixed LS term of the ionic core
Xeþ 5p5 2p in our case). Therefore, the decay into the
dominating �f channel proceeds in our model due to a
tiny violation of the pure jK-coupling scheme for the
4f0½52�2 state (the coefficients Cp

i differ from those for the

jK coupling by less than 0.006, which is below 1%) and a
very small admixture (< 0:05%) of the 5p5np states. The
delicate balance between different terms of the decay
amplitude is the reason for its very high sensitivity to the
model. Similarly, the amplitude of the photoexcitation
5d½32�1 ! 4f0½52�2 varies crucially with the inclusion of

higher configurations. Our single-configuration results do
not reproduce the measured asymmetry parameters (see
Fig. 4), whereas in the case of the angle-integrated cross
section this model provides results close to those measured
experimentally in [21]. Generally, ionization from the Xe
Xe 5d½32�1 state proceeds into the channels 5p5

3=2 �p1=2 ðJ ¼
1; 2Þ, 5p5

3=2 �p3=2 (J ¼ 0, 1, 2), 5p5
3=2 �f5=2 (J ¼ 1, 2), and

5p5
3=2 �f7=2 (J ¼ 2). Because of the parallel polarizations of

the two photons and absence of depolarization of the 5d½32�1
state for I ¼ 0 isotopes, the ionization channels with the
total angular momentum J ¼ 1 do not contribute.
Therefore, only five ionization channels have to be consid-
ered: four ‘‘resonant’’ channels with J ¼ 2, which interact
with the autoionizing state 4f0½52�2, and one ‘‘weak’’ non-

resonant channel with J ¼ 0. Interference of the channels
with different total angular momentum J, although it does
not contribute to the angle integrated cross section, influ-
ences the PAD (e.g., [25]). The theoretical predictions for
the �lin

2 parameter (Fig. 4) are significantly improved when

switching on theweak ionization channel with J ¼ 0 due to
its interference with the J ¼ 2 channels. In contrast, the
above interference is lacking in �lin

4 due to a triangle rule

jJ � J0j � k � J þ J0, and the J ¼ 0 channel alters only
slightly via the small corresponding partial photoionization
cross section (Fig. 4). In general, good agreement between
experiment and theory is achieved in our MCHF calcula-
tions for the PADs, where the simpler models fail.

In conclusion, we have studied the photoionization dy-
namics of the doubly resonant 5p6 ! 5d½32�1 ! 4f0½52�2

excitation in atomic Xe applying a new technique of iso-
topically resolved photoelectron imaging. Selecting iso-
topes with zero nuclear spin, we were able to eliminate
coupling of the electron angular momentum with the nu-
clear spin and highlight the pure electron dynamics. The
PADs were measured across the 4f0 autoionization reso-
nance and the corresponding depolarization-free data for
the asymmetry parameters provide a sound experimental
basis for comparison with theory. The latter is in good
agreement with the data, revealing high sensitivity of the
asymmetry parameters to the details of the atomic structure
and dynamics of the resonant photoionization.
We are grateful to the general SOLEIL staff for

smoothly running the facility, and for beam provision
under Project No. 20100271. The work was partially
supported by the European COST Action CM1204 XLIC,
the Russian Foundation for Basic Research (Grant No. 12-
02-01123), and the German Academic Exchange Service
(joint DAAD and MSU program ‘‘Vladimir Vernadsky’’).
E. V. G. gratefully acknowledges support by the Russian
President Grant No. MK-6509.2012.2 and by the Dynasty
Foundation via the Support Program for Young Scientists.
The authors also thank Catherine Le Bris for technical
assistance in setting up the laser.

[1] U. Fano, Phys. Rev. 124, 1866 (1961).
[2] H. J. Wörner, M. Grütter, E. Vliegen, and F. Merkt, Phys.

Rev. A 71, 052504 (2005).
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