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Photoionization of Synchrotron-Radiation-Excited Atoms: Separating
Partial Cross Sections by Full Polarization Control

S. Aloı̈se,1,2 P. O’Keeffe,1 D. Cubaynes,1,3 M. Meyer,1,2 and A. N. Grum-Grzhimailo1,4

1LURE, Centre Universitaire Paris-Sud, Bâtiment 209D, F-91898 Orsay Cedex, France
2CEA/DRECAM/SPAM, CEN Saclay, F-91105 Gif-sur-Yvette, France

3LIXAM, Centre Universitaire Paris-Sud, Bâtiment 350, F-91405 Orsay Cedex, France
4Institute of Nuclear Physics, Moscow State University, Moscow 119992, Russia

(Received 26 November 2004; published 8 June 2005)
0031-9007=
Resonant atomic excitation by synchrotron radiation and subsequent ionization by a tunable dye laser is
used to study the photoionization of short-lived Rydberg states in Xe. By combining circular and linear
polarization of the synchrotron as well as of the laser photons the partial photoionization cross sections
were separated in the region of overlapping autoionizing resonances of different symmetry and the
parameters of the resonances were extracted.
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FIG. 1. Two-photon excitation scheme of Xe by SR� laser
combination.
Atomic photoionization is a fundamental quantum pro-
cess of photon-matter interaction, which is of great impor-
tance in various domains of science. Many investigations
have focused on photoionization from the atomic ground
states benefiting more and more from advances in technol-
ogy and experimental sophistication [1,2]. The final goal of
these studies is to achieve detailed understanding of the
photoionization dynamics and to provide the most solid
basis for the comparison with theoretical models. Less
attention has been given to photoionization of photoexcited
states, although such states often possess an important
feature: their electronic angular momentum is polarized
due to a nonequal population of magnetic substates prior to
photoionization. The importance of this initial polariza-
tion, which is determined by the excitation conditions, has
been demonstrated and exploited in the studies of laser-
excited states [3–6]. For example, by varying the polariza-
tion of the exciting laser and ionizing photon beams and by
taking advantage of the dipole transition selection rules, it
is possible to separate photoionization into different atomic
continua when detecting simply the total ion yield [7–10].
Such data can be used, for example, to identify resonances
in the photoionization cross section with respect to their
angular momentum [10,11] and provide an important step
towards the ‘‘perfect’’ experiment on photoionization [12]
aiming at the complete quantum mechanical knowledge
about the process.

In the present work, we accomplished a new approach
with respect to the above laser experiments, applying
synchrotron radiation (SR) with variable polarization to
excite (‘‘pump’’) short-lived atomic states in the vacuum
ultraviolet (VUV) regime and a tunable dye laser
(‘‘probe’’) for the subsequent photoionization from this
state. Today, SR is the unique easily tunable source offer-
ing circularly as well as linearly polarized VUV and soft
x-ray photons. The use of the SR in the first step makes it
possible to study, for atoms and molecules, the photoioni-
zation of highly excited and Rydberg states, which are of
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great interest in many respects [13]. It also opens the way
for studying photoionization of core-excited states with the
excitation energy of tens and hundreds of eV. In earlier
experiments on SR-excited states, the main interest was
given to probe resonances, which cannot be excited by a
one-photon excitation due to the dipole selection rules [14]
or to investigate photoionization into a flat continuum
using only linear polarization [15]. Here we use an excita-
tion scheme with variable linear and circular polarization
for both photon beams thereby taking full advantage of the
method. As first application we decomposed the photo-
ionization cross sections of the SR-excited states 5p55d
and 5p57s in the xenon atom into the individual compo-
nents characterized by the total angular momentum J of the
final (Xe ion � photoelectron) complex. In this way it was
possible to resolve close-lying autoionizing Rydberg reso-
nances with different total angular momentum, which are
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partially overlapping in the total cross section due to their
natural lifetime broadening.

The region of the even-parity ionization continua in
xenon between the two spin-orbit separated Xe II 5p5

ionization thresholds, 2P3=2 and 2P1=2, is dominated by
overlapping Rydberg series of autoionizing resonances
np0�K�J and nf0�K�J (for example [16–21], primes indi-
cate a 2P1=2 core), which decay to the Xe II 5p5�2P3=2�

state (Fig. 1). We use the j‘ coupling scheme, most appro-
priate for the excited states of the noble gas atoms, in which
the orbital angular momentum ‘ of the excited electron n‘
is strongly coupled to the total angular momentum j of the
p5 core, producing an intermediate angular momentum K,
which sums up with the spin of the excited electron into the
total angular momentum J. We concentrate on the ioniza-
tion from the 5d�32�1 state (hSR � 10:401 eV) in the re-
gion around the strong asymmetric 4f0�52�2 resonance [14]
and on the region of the 8p0�K�J multiplet excited from the
7s�32�1 state (hSR � 10:562 eV). The former is an example
of a simple test case, whereas the latter spectrum is com-
plicated by unresolved autoionizing levels with different
total angular momentum J and serves as showcase for the
method.

The experiments were performed at the SU5 beamline of
the SuperACO storage ring in Orsay, which was designed
for measurements with variable polarization of the VUV
radiation [22]. The degree of polarization took the values
PSR

c � 0:92, PSR
‘ � 0:06 (PSR

c � 0, PSR
‘ � 0:98) in the cir-

cular (linear) polarization mode of the SR beam. The two
counterpropagating photon beams were crossing an effu-
sive gas jet in the acceptance volume of a time-of-flight
analyzer. As a signature of the two-photon process we
recorded the Xe� signal as a function of the laser wave-
length, while the photon energy of the SR was tuned to the
Xe 5p55d and 5p57s resonance, respectively (Fig. 1). The
mass resolution of the analyzer was not high enough to
separate the different Xe isotopes, but enabled us to dis-
tinguish between the formation of the singly charged
atomic Xe ion and other photoionization events, like the
production of Xe�2 dimers.

Because of the dipole selection rules, the SR-pumped
state of Xe has a total angular momentum of unity and,
hence, the atomic continua (channels) accessible by ab-
sorption of a laser photon have total angular momentum
J � 0, 1, 2. The integral photoionization cross section from
isotropic (unpolarized) excited state is described as � �
�0 � �1 � �2, where �J is the partial photoionization
cross section into a channel with the total angular momen-
tum J. To decompose the cross section � into the partial
cross sections �J is one of the main goals of the present
study.

The photoionization cross section W for the collinear
photon beams can be derived as [23,24]

W � ��1� �1Plas
c PSR

c � �2�1� 3Plas
‘ PSR

‘ cos2’�� (1)

where the degree of circular (linear) polarization of the
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ionizing laser radiation and SR is denoted by Plas
c �Plas

‘ � and
PSR

c �PSR
‘ �, respectively, ’ � ’las � ’SR is the angle be-

tween the principal axes of the polarization ellipses of the
laser (’las) and SR (’SR) beams. We imply that in Eq. (1)
Plas

c and PSR
c are of the same (different) sign for photons of

the parallel (antiparallel) spins. Information on the cross
sections �J is contained in the two parameters

�1 �
3

4�
�2�0 � �1 � �2�;

�2 �
1

20�
�10�0 � 5�1 � �2�:

(2)

Equation (1) generalizes expressions used in analysis of the
laser two-photon resonant ionization [9–11,25] to the case
of arbitrary polarized photon beams. In our experiments
only the laser light can be considered as completely polar-
ized: Plas

‘ � 1, Plas
c � 0 (Plas

‘ � 0, Plas
c � 1) for linearly

(circularly) polarized laser beam, respectively. To find the
individual �J�J � 0; 1; 2� three quantities can be measured
as function of the laser wavelength with a subsequent
solution of the corresponding set of equations: (i) the
circular dichroism

W�� �W��

W�� �W��
�

�1

1� �2
Plas

c PSR
c ; (3)

(ii) the linear dichroism

W�0	� �W�90	�

W�0	� �W�90	�
�

3�2

1� �2
Plas

‘ PSR
‘ ; (4)

and (iii) the isotropic cross section

W�’0� � const
 �: (5)

We denote by W�’� and W�� (W��) the photoion yield at
an angle ’ between the polarization directions of the
photon beams and for the beams of photons with parallel
(antiparallel) spins, respectively; ’0 is the ‘‘magic’’ angle:
cos2’0 � ��3Plas

‘ PSR
‘ ��1. The extraction procedure for �J

is independent of the intensity of the radiation, which is
important for experiments with variously polarized SR.

As a result of possible atomic depolarization, the pa-
rameters of the SR beam, PSR

c and PSR
‘ , no longer com-

pletely determine the polarization of the VUV-excited
state. This effective polarization should therefore be found
independently and Eq. (1) has to be modified accordingly.
With respect to the present experimental conditions, there
are mainly two depolarization effects that have to be taken
into account [26]: collisions in the target gas jet and a
precession of the angular momentum J of the electronic
shell of the excited atom about the total angular momen-
tum F � J� I, where I is the nuclear spin. The latter
depolarization due to hyperfine interactions occurs for
the isotopes 129Xe and 131Xe with the nonzero nuclear
spin I � 1

2 and I � 3
2 , respectively. These two isotopes

correspondingly represent 26% and 21% of the natural
abundance of Xe; the other isotopes possess vanishing
nuclear spin. Techniques for treating the depolarization
2-2
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due to hyperfine interactions are well established [24,27].
Accounting for the depolarization in our case reduces to
additional factors Gk�k � 1; 2� at the parameters �k in
Eq. (1). Under conditions of incoherent excitation of the
hyperfine levels by the SR beam, the depolarization factors
Gk are expressed analytically in terms of the vector cou-
pling coefficients. With particular values of the angular
momenta and being weighted according to the abundances
of the isotopes, they take the values G1 � 0:82 and G2 �
0:67. Furthermore, we describe depolarization due to the
collisions by a single parameter D�0 � D � 1� for both
linearly and circularly polarized SR. As a result, Eq. (1)
stays valid except substitution of �k ! DGk�k.

Displayed in Fig. 2 are the extracted partial cross sec-
tions for ionization of the 5d�32�1 state, which have been
obtained by applying Eqs. (3)–(5) for each individual
energy point of the experimental data. A natural assump-
tion that all three cross sections �J do not show similar
resonances leads, at D  0:65, to smooth (essentially van-
ishing) �0 and �1 with the strong 4f0�52�2 resonance in the
J � 2 channel. This is in perfect agreement with the
known dominance of the J � 2 ionization channel for the
observed resonance structure [14]. The shape of the ex-
tracted 4f0�52�2 resonance in Fig. 2 (lower panel) is identical
to the one obtained by direct measurements [14].

Applying a similar method as for the photoionization
from the 5d�32�1 state, we extracted the partial cross sections
for photoionization from the 7s�32�1 state in the region of the
8p0�K�J autoionizing Rydberg resonances (Fig. 3).
FIG. 2. Partial photoionization cross sections �0, �1, and �2 in
the region of the Xe 4f0�52�2 resonance, assuming depolarization
only due to the hyperfine interactions (upper panel) and includ-
ing collisional depolarization (lower panel). For the factor D
deviating from the value D  0:65, the artifact resonances
appear in the J � 0, 1 channels, like in the upper panel.
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Resonances with a fixed J value show up only in the cross
sections with the same angular momentum, allowing in this
way the separation and identification of the resonances.
Note that the line at E � 102 830 cm�1 in the total photo-
ionization cross section (Fig. 3, top panel) consists of two
components with different angular momentum, the strong
8p0�32�2 and the weak 8p0�12�1 resonances, which are clearly
separated in the data for the partial cross sections. In
addition, the method allows to extract the cross sections
for photoionization into the nonresonant continua, showing
that �2 >�1 > �0 and that the ratio is in qualitative
agreement with the statistical weight of the channels, 5:3:1.

Table I summarizes the parameters of the observed
8p0�K�J resonances. The shape of the resonances were
fitted by the Fano formula [28]

� � �b � �a�"� q�2=�"2 � 1� (6)

convoluted with a Gaussian profile, which represents the
experimental broadening due to the energy bandwidth of
the laser ��hlas� � 1 cm�1. In Eq. (6), �a��b� represents
the part of the continuum cross section that interacts (does
not interact) with the discrete level; " � 2�E0 � E�=� is
the deviation of the excitation energy E0 from the reso-
nance position E in units of the resonance half width �=2;
and the profile index q characterizes the asymmetry of the
FIG. 3. Photoionization spectra in the region of the Xe 8p0

resonances excited from the 7s�32�1 state using linearly polarized
laser and SR radiation of parallel (’ � 0	) and perpendicular
(’ � 90	) relative orientation of their electric field vector (upper
panel). Partial photoionization cross sections �0, �1, and �2 in
the same energy region (lower panels).
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TABLE I. Parameters of the Xe 8p0�K�J resonances.

State � �r�cm
�1� q

this work other this work other this work

8p0�32�1 3.589 3.590a 1080(190) 880(140)c 11.5(5.5)

1150(50)d

8p0�12�1 3.555 3.555a 1560(460) 1570(60)c 20.6(8.5)
2740(50)d

8p0�32�2 3.551 3.551(2)b 950(80) 1330(560)e 10.9(4.8)

8p0�12�0 3.522 2900(200) 3910(560)e 2.3(0.2)

a[18]; b[19]; c[17]; d[16]; e[19] for (9–12)p.
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resonance and indicates mainly the ratio between the reso-
nant and the direct transition amplitudes to the continuum.
The parameters of a Rydberg state are defined in the
standard way [29]: a state with energy E, width �, and
principle quantum number n is characterized by the nearly
n-independent quantum defect � and the reduced width �r
according to

E1 � E � Ry=�n���2; � � �r=�n���3; (7)

where Ry � 109 736:86 cm�1 is the Rydberg constant for
Xe and E1 � 108 371:4 cm�1 is the Xe 5p52P1=2 ioniza-
tion limit [30].

The 8p0�32�1 and 8p0�12�1 states have been observed before
by means of laser spectroscopy from the 6s�32�2 and 6s0�12�0
metastable levels [16–18], while the 8p0�32�2 and 8p0�12�0
states were reached only by four-photon excitation from
the ground Xe state [19]. The present measurements pro-
vide much more accurate widths of the 8p0�32�2 and 8p0�12�0
states and a so far undetermined experimental value for the
quantum defect of the 8p0�12�0 state, which fits well to the
weak linear dependence of � for the Rydberg autoionizing
states in Xe [19]. The reduced widths for the 8p0�12�1 state
deviates from the one measured in [16]. This difference
might be due to the low statistics of our data for this small
resonance and need a more detailed discussion elsewhere.

In addition, the data allow us to determine the profile
indices q for the 8p0 resonances upon photoexcitation from
the 7s�32�1 intermediate state (Table I), indicating the domi-
nance of the resonant transition in the J � 1 and J � 2
partial cross sections. The data for the widths and profile
indices give further challenges for ab initio theoretical cal-
culations: the recent configuration interaction polarized-
core semirelativistic calculations of reduced widths [31]
deviate significantly from the measured values, while the
profile indices, which need even more sophisticated calcu-
lations, are not available in the literature.

To summarize, we have carried out first photoionization
experiments using variable circular and linear polarization
of both the SR-pump and the ionizing cw dye laser in order
to determine partial ionization cross sections from the
VUV-excited atoms. This approach allows the decomposi-
tion of the total cross section into the contribution of each
22300
of the three participating channels with different total
angular momentum. The large tunability of SR sources
coupled to this technique opens up access to a wide range
of new experiments. The potential of the method has been
demonstrated by decomposition of the integrated photo-
ionization cross section from the excited short-lived states
of Xe and separating overlapping autoionizing resonances.

We thank L. Nahon for preparation and help in operation
of the SU5 beamline.
2-4
[1] Special issue on Photoeffect: Theory and Experiment,
edited by R. H. Pratt and S. T. Manson [Radiat. Phys.
Chem. 70, (2004)].

[2] VUV and Soft X-Ray Photoionization, edited by U. Becker
and D. A. Shirley (Plenum, New York, 1996).

[3] J. Duncanson et al., Phys. Rev. Lett. 37, 987 (1976).
[4] A. Siegel et al., J. Phys. B 16, 2945 (1983).
[5] M. Meyer et al., Phys. Rev. Lett. 59, 2963 (1987).
[6] M. Wedowski et al., Phys. Rev. A 55, 1922 (1997).
[7] P. Lambropoulos, J. Phys. B 6, L319 (1973).
[8] H. T. Duong et al., J. Phys. B 11, 797 (1978).
[9] L.-W. He et al., Phys. Rev. A 51, 2085 (1995).

[10] S. Schohl et al., J. Phys. B 30, 609 (1997).
[11] S. V. Bobashev et al., Sov. Phys. JETP 79, 47 (1994).
[12] For example U. Becker, J. Electron Spectrosc. Relat.

Phenom. 96, 105 (1998), and references therein.
[13] J.-P. Connerade, Highly Excited Atoms (Cambridge

University Press, Cambridge, UK, 1998).
[14] M. Gisselbrecht et al., J. Phys. B 31, L977 (1998).
[15] K. Mitsuke et al., J. Phys. B 33, 391 (2000).
[16] R. D. Rundel et al., J. Opt. Soc. Am. 65, 628 (1975).
[17] R. F. King and J. C. Latimer, J. Opt. Soc. Am. 72, 306

(1982).
[18] R. D. Knight and L. Wang, J. Opt. Soc. Am. B 3, 1673

(1986).
[19] S. M. Koeckhoven et al., Phys. Rev. A 51, 1097 (1995).
[20] A. L’Huillier et al., Phys. Rev. A 39, 1112 (1989).
[21] R. Kau et al., Z. Phys. D 36, 23 (1996).
[22] C. Nahon and C. Alcaraz, Appl. Opt. 43, 1024 (2004).
[23] S. Baier et al., J. Phys. B 27, 3363 (1994).
[24] V. V. Balashov, A. N. Grum-Grzhimailo, and N. M.

Kabachnik, Polarization and Correlation Phenomena in
Atomic Collisions. A Practical Theory Course (Kluwer
Academic/Plenum Publishers, New York, 2000).

[25] K. J. Kollath, J. Phys. B 13, 2901 (1980).
[26] Depolarization due to possible residual magnetic fields is

unimportant on the time scale of our experiment of the
order 10 ns.

[27] K. Blum, Density Matrix Theory and Applications
(Plenum, New York, 1996). For photoexcited states see,
for example, O. C. Mullins et al., Phys. Rev. A 31, 321
(1985).

[28] U. Fano and J. W. Cooper, Phys. Rev. 137, A1364 (1965).
[29] J. Berkowitz, Adv. Chem. Phys. 72, 1 (1988).
[30] C. E. Moore, in Atomic Energy Levels, Natl. Bur. Stand.

(U.S.) Circ. No. 467 (U.S. GPO, Washington, DC, 1958),
Vol. 3, p. 113.

[31] M. Meyer et al., J. Phys. B 38, 285 (2005).


