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We obtain relative cross sections for the production of photoelectrons with specific angular momentum
quantum numbers. These cross sections are obtained from the polarization analysis of the visible fluorescence of ions produced when circularly polarized vacuum ultraviolet radiation photoionizes ground
state Ar. The ratio of cross sections for the production of photoelectrons with the same orbital angular momentum but different total angular momenta shows strong deviations from the statistical ratio,
demonstrating the importance of relativistic interactions in many-electron photoionization dynamics.
DOI: 10.1103/PhysRevLett.88.123003

An important goal in atomic physics is the articulation of
the dynamics of multielectron processes. Photoionization
is a uniquely useful tool in this regard, because it allows
one to prepare atomic states with well-defined energies and
angular momenta. Measurements of total and differential
photoemission cross sections, photoelectron spin polarizations, and the fluorescence of the residual ions has elucidated a rich range of photoionization dynamics [1–7].
Recently, the surprising ubiquity of significant relativistic interactions during photoionization, where the spins and
orbital angular momenta of the residual ionic constituents
and/or the photoelectron couple, even in relatively light
atoms such as Ne [6], has become apparent. These interactions manifest themselves through the production of quartet states in the residual excited ion of closed shell atoms
[7 –9], spin polarization of emitted electrons [10,11], and
as we have shown in an earlier Letter [12], through the
o
state of the residual Ar1 .
orientation of the 2 P1兾2
In these processes, a complete determination of the partial wave probabilities of the photoelectron is especially
important for a detailed understanding of relativistic dynamics. When relativistic interactions are negligible, the
ratios of the partial wave probabilities for photoelectrons
having the same orbital angular momentum ᐉe but different total angular momentum je are in the ratio of their statistical weights, i.e., their multiplicities. Deviations from
these statistical ratios quantify the importance of relativistic interactions. However, to our knowledge, such studies
of total angular momentum-resolved partial wave probabilities over an extended range of ionizing photon energies

PACS numbers: 32.80.Fb

have not been carried out to date for multielectron processes. Snell et al. [13] determined the three partial wave
probabilities of the photoelectron and their phase differences for fine-structure resolved Xe 4d photoionization at
a photon energy of 93.8 eV. Wang and Elliott [14] obtained the three partial wave probabilities of the photoelectron and their phase differences for the two-photon direct
photoionization of atomic Rb in the range 0– 0.5 eV above
the ionization threshold. Since Rb has only a single outer
electron, the photoionization is a single electron process in
their range of energies and proceeds through direct emission of the photoelectron.
In this Letter we report the results of a polarization analysis of the visible fluorescence from the excited residual
ion following photoionization. From these measurements
we have extracted the total-angular-momentum-resolved
partial wave probabilities of the photoelectron over an extended range of photon energies. Our measurements highlight the significance of multielectron processes including
the formation of autoionizing resonances. We have also obtained the expectation value of the z component of the spin
of the emitted electrons integrated over a 4p solid angle.
The multielectron process we consider is the photoionization of Ar by circularly polarized VUV radiation from
the threshold of formation of the excited residual ionic state
Ar1 兵3p 4 关3 P兴4p 2 P3兾2 其 (35.627 eV above the Ar ground
state) to 36.650 eV. Figure 1 shows the schematic experimental setup. As previous measurements [15] with linearly
polarized radiation have shown, the spectrum in this energy range is dominated by doubly excited resonances of
Ar. We may write

o
hn 1 Ar兵3p 6 1 S0 其 ! 共Ar兲ⴱⴱⴱ ! Ar1 兵3p 4 关3 P兴4p 2 P3兾2
其 1 e2 ! Ar1 兵3p 4 关3 P兴4s 2 P1兾2 其 1 hn 0 共476.5 nm兲 1 e2 ,

where the triple stars on the intermediate resonances refer
to the possibility of having doubly excited valence electrons in Ar with additional excitation in the coupling of
the 3p 4 electrons.

The initial linearly polarized synchrotron radiation is
transformed into 99.7% circularly polarized light using a
four-reflector quarter-wave retarder we have installed on
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pressed as a linear combination of angular momentum
eigenstates for given J and Jt :
X
jc典 苷
aje jJje Jt MJt 典 ,
(1)
je

FIG. 1. Schematic of experimental setup. Circular polarization (P3 ) and linear polarization (P4 ) are measured as indicated.
The quantization axis is taken to be parallel to the photon spin
and thus flips direction when the incident photon’s helicity is
reversed.

beam line 10.0.2 of the Advanced Light Source (ALS) at
the Lawrence Berkeley National Laboratory [16]. We measure the circular polarization of the fluorescent photons at
30± with respect to the incident beam while simultaneously
determining the linear polarization of the fluorescence
emitted perpendicular to the incident beam for the same
optical transition. The fluorescence at 476.5 nm is selected
using two narrow-band interference filters (Dl 苷 0.3 nm)
in front of the two detectors which allows us to resolve
the fine-structure level of the excited residual ion and assign a total angular momentum J 苷 3兾2 to the ionic state.
When circularly polarized light of right-hand helicity is
used, conservation of angular momentum requires that the
final ion 1 photoelectron system must have a total angular
momentum of Jt 苷 1 with a projection of MJt 苷 11 onto
the quantization axis, which is taken to be the incident
beam direction. For the residual ionic state considered
here, the total angular momentum je of the photoelectron
is limited to 1兾2, 3兾2, or 5兾2 by angular momentum and
parity conservation laws. The orbital angular momentum
ᐉe of the photoelectron is similarly restricted to 0 or 2
(s or d partial waves). For the s waves je 苷 1兾2 and
for d waves je 苷 3兾2 or 5兾2. We denote the spin of the
photoelectron by se .
Since there are several allowed je values, the total wave
function of the ion 1 photoelectron system has to be ex123003-2

where the partial wave probability amplitudes aje of the
photoelectrons contain all the dynamical information about
the photoionization process. As we show in this Letter, all
three partial wave probabilities jaje j2 of the electrons emitted to a 4p solid angle can be expressed in terms of the
alignment and orientation parameters A0 共J兲 and O0 共J兲 of
the excited residual ionic state that emits the fluorescence.
We use the Fano-Macek formalism [17] to determine the
alignment and orientation parameters from the measurements of linear polarization P4 (the subscript 4 refers to
the fact that the linear polarization is measured in the plane
of symmetry of the system, i.e., in a direction perpendicular to the quantization axis) and circular polarization P3 .
The alignment and orientation parameters are defined in
Ref. [17] as
P
2
2
MJ 关3MJ 2 J共J 1 1兲兴 j具JMJ j c典j
A0 共J兲 苷
J共J 1 1兲
P
(2)
2
具Jz 典
MJ MJ j具JMJ j c典j
苷
,
and O0 共J兲 苷
J共J 1 1兲
J共J 1 1兲
where jc典 represents the state of the electron 1 ion system
and is given by Eq. (1). Moreover [17,18]
A0 共J兲 苷 2
and

4P4
h 共2兲 共P4 2 3兲

(3)

2P3 共P4 cos2 u 2 1兲
,
O0 共J兲 苷 2 共1兲
h 共P4 2 3兲 cosu

where u 苷 30± (Fig. 1) and h共1兲 and h共2兲 are constants
that depend on the initial and final states of the fluorescent
transition.
We note that the total angular momentum Jt of the ion 1
photoelectron system is shared by the residual ion and
the photoelectron with total angular momenta J and je ,
respectively; i.e., Jt 苷 J 1 je . Noting that je 苷 ᐉ e 1 se ,
we can expand jc典 in a Clebsch-Gordon series:
X
X
jc典 苷
aje
具JMJ je mje j Jt MJt 典
je

MJ mje
mᐉe mse

3 具ᐉe mᐉe se mse j je mje 典 jJMJ 典 jᐉe mᐉe 典 jse mse 典 .
Projecting jc典 onto jJMJ 典 we obtain A0 共J兲 and O0 共J兲
in terms of the partial wave probabilities jaje j2 :
ja1兾2 j2 苷

25A0 共J兲 1 30O0 共J兲 1 4
,
24

(4a)

5A0 共J兲 2 3O0 共J兲 2 1
,
3

(4b)

ja3兾2 j2 苷 2
and

ja5兾2 j2 苷

5A0 共J兲 2 18O0 共J兲 1 4
.
8

(4c)

123003-2

VOLUME 88, NUMBER 12

PHYSICAL REVIEW LETTERS

In Fig. 2 we present the experimental measurements as
a function of the ionizing photon energy: Fig. 2(a) shows
the relative total intensity (polarization summed) of light
observed at the top detector, perpendicular to the incident
beam. The vertical bars represent the position of doubly
excited Ar states obtained from known series limits and accepted ranges of quantum defects [19–23]. The complex
structure of the fluorescent intensity is clearly correlated
to the positions of the doubly excited Rydberg states of
Arⴱⴱ . In the energy regions where only one or two Arⴱⴱ
states are present, the fluorescent intensity exhibits a classic Fano profile. For example, the cross section is nearly
zero at 36.146 eV and a maximum at 36.164 eV displaying the characteristic Fano profile shape. In the region of
35.84 to 36.15 eV many levels of Arⴱⴱ are present and are
interacting with the continuum to give a complex intensity
spectrum.
For our photon energy range cascades from higher
excited Ar1 states are negligible. There are only four
other excited states of Ar1 within 1 eV of the threshold

FIG. 2. (a) The relative total intensity of fluorescence observed perpendicular to the beam. The vertical lines show
the known doubly excited states of Ar: (1) 3p 4 关1 D兴3d 2 F5兾2
np series starting with n 苷 8, (2) 3p 4 关1 D兴3d 2 F5兾2 nf series
starting with n 苷 6, (3) 3p 4 关1 D兴3d 2 F7兾2 nf series starting
with n 苷 6, (4) 3p 4 关1 S兴4s 2 S1兾2 np series starting with n 苷 6,
(5) 3p 4 关1 D兴4p 2 P1兾2 ns series starting with n 苷 6; (b) linear
polarization measured perpendicular to the beam; (c) circular
polarization measured at 30± with respect to the beam. Error
bars represent 1 standard deviation in statistical uncertainty.
The experimental resolution is about 8 meV.
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o
of formation of the state (3p 4 关3 P兴4p 2 P3兾2
) that produce
o
4 3
and
the fluorescence we observe. The 3p 关 P兴4p 2 S1兾2
o
4 3
4
3p 关 P兴4p S3兾2 states are both odd and their decay to
o
another odd state (3p 4 关3 P兴4p 2 P3兾2
in our case) is dipole
0
forbidden. The states labeled 3d 2 F5兾2,7兾2 have 1 D cores.
Core-changing radiative decays (from 1 D to 3 P for our
measurements) are again quite unlikely.
Figure 2(b) shows the linear polarization of the fluorescence measured perpendicular to the direction of the beam.
Figure 2(c) is the circular polarization of the fluorescence
measured at 30± with respect to the initial beam direction
as shown in Fig. 1.
Figure 3 shows the relative cross sections for the s1兾2 ,
d3兾2 , and d5兾2 partial waves of the photoelectron. They are
determined by multiplying the total intensity times the partial wave probabilities obtained from the linear and circular
polarization measurements using Eqs. (3) and (4). (Note
that Fig. 3 does not include 0%–5% corrections to the total
intensity due to the linear polarization variations.) The results indicate that Fano’s argument [24] that (ᐉ 1 1) partial waves (in our case d partial waves) are preferred over
(ᐉ 2 1) partial waves (s partial waves) seems to be valid
over most of the energy region studied. However, there are
energy regions where this propensity fails, for reasons that
are open to conjecture at this point.
Figure 4 shows the energy dependence of the ratio of the
d5兾2 to d3兾2 cross sections. If relativistic interactions were

FIG. 3. Relative cross sections for s1兾2 (filled circles), d3兾2
(open circles), and d5兾2 (filled triangles) partial waves of the
photoelectron. The lines are to guide the eye.
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FIG. 4. The ratio of d5兾2 partial waves to d3兾2 partial waves.
In the absence of relativistic interactions this ratio would have a
constant value of 3兾2 (dashed line) as given by the multiplicities
of the partial waves.

negligible, one would expect this ratio to have a constant
value of 1.5 as given by the ratio of their multiplicities.
Figure 4 shows dramatic deviations of the measured data
from this value. While the tendency of the cross section
ratio is to exceed the value of 1.5, there are distinct regions
(e.g., between 35.70 and 35.72 eV and between 36.26 and
36.30 eV) where the opposite is true. The cause of this
behavior is not clear to us; while the former energy range
is characterized by what appears to be a strong 2 F5兾2 nf
autoionizing resonance, there is no equivalent feature between 36.26 and 36.30 eV.
The analysis we have described provides new insight
for the correlated photon-induced breakup of this system.
At the same time, our analysis raises new questions. For
example, is there a propensity rule for the total angular momentum je of the photoelectron similar to the Fano propensity rule [24] that states ᐉ 1 1 partial waves are preferred
over ᐉ 2 1 partial waves? Why does the d5兾2 兾d3兾2 partial
wave cross section ratio become so large at certain energies? Why do certain autoionizing resonances have such
a dominating effect on the ratio of the partial wave cross
sections while others, even those in the same series, do not.
It is hoped that further experiments and calculations will
provide answers to these questions.
This work is supported by the National Science Foundation through Grants No. NSF-9731869 and No. 973520
(T. J. G.). We thank the entire staff of ALS for their dedicated work.
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