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Abstract

We have studied simultaneous photoionization and excitation of Ar in the range of incident
photon energies between 36.00 and 36.36 eV, where the resonant production of doubly excited
neutral Ar states imbedded in the ionization continuum is dominant. By measuring the relative
Stokes parameters of the fluorescence from residual Ar+∗ (3p4 [3P] 4p) ions (2P1/2, 465.8 nm
transition; 2P3/2, 476.5 nm; 2D3/2, 472.7 nm; 2D5/2, 488.0 nm; 4P5/2, 480.6 nm; 4D5/2,
514.5 nm) we demonstrate a technique for determining individual partial-wave cross sections
in photoionizing collisions. This procedure is shown to be important in sorting out competing
dynamical ionization mechanisms, particularly with regard to resonant production of
intermediate doubly excited autoionizing states. Comparison with theoretical photoionization
cross sections demonstrates that spin–orbit coupling between different states of Ar II needs to
be accounted for in the calculations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

An important goal in the study of multi-electron dynamics
during photoionization is to delineate the specific mechanisms
that govern energy and angular momentum partitioning
between excited and outgoing electrons. Argon provides a
convenient atomic laboratory for new experimental approaches
to achieve this goal because it has no hyperfine structure,
and its fine structure is easily resolvable by fluorescence
measurements. As the intensity of synchrotron radiation
sources has improved through a second and third generation,
the detail with which photoionization processes can be
studied has steadily improved. Initial studies involving total
absorption cross sections [1, 2] have been superseded by
experiments in which final residual ion states are identified,
either through photoelectron energy analysis [3–6] or by
fluorescence detection [7–12].

Photoionization that is accompanied by electronic
excitation of the residual ion represents a rigorous test of
photoionization theory for multi-electron atoms because it
cannot occur in the independent electron picture. This is
particularly true in the energy region just above the excitation
thresholds for the various possible ionic ‘satellite’ states,
where the outgoing electron leaves the collision volume
slowly, and ionization occurs primarily through the resonant
production of doubly excited neutral states which subsequently
autoionize. An energy-level diagram [13] of the Ar II system
above 35.0 eV (from the ground state of Ar I) is shown
in figure 1. The Ar II states are Rydberg series limits of
the doubly excited autoionizing resonances. This energy
regime can yield extremely complicated spectra because of
the density in energy space of these doubly excited resonant
states. Isolation of specific dynamical mechanisms for a
given excitation/ionization channel can thus be very difficult

0953-4075/09/044008+17$30.00 1 © 2009 IOP Publishing Ltd Printed in the UK
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Figure 1. Energy level diagram of Ar II. The state energy values, relative to the ground state of Ar I, are taken from [13]. The configurations
indicated with no primes correspond to 3p4 [3P] cores; those with one prime have 3p4 [1D] cores; those with two primes have 3p4 [1S] cores.
The energy range of data discussed in this paper is in the shaded area.

under these circumstances. In this context, fluorescence
measurements as a means of identifying the specific ionic
state in the final photoionization channel have the important
advantages of relatively high energy resolution and an
independence of their detection efficiency on the emitted
electron energy, making them particularly suitable for the
study of spectral features near a given reaction threshold.
One obvious limitation of this method is the possibility of
fluorescent cascading from higher excited states of the ion.
This possibility can be eliminated by keeping the incident
photon energy below the first cascading threshold.

As third generation synchrotrons have come on line, the
possibility of making such measurements in this energy range
with resolution of a few meV—comparable to absorption
measurements [1, 2]—has been realized. More recently,
polarization analysis of the fluorescence has been shown to
have the ability to yield even finer detail about the final state of
the photoionization reaction by identifying outgoing electron
partial waves and/or the alignment and orientation of the
residual ion [8–12].

In this paper, following earlier brief reports [11, 12],
we discuss the technique for extracting electron partial-wave
cross sections from ionic fluorescence measurements. We then
present data on partial-wave cross sections for six transitions
in Ar II, concentrating on an energy range with particularly
strong, relatively isolated resonances. The six transitions
all involve photo-production of residual ionic states with a

(3s23p44p) configuration in which the 3p electrons are coupled
into a 3P core:

γ + Ar(3p6) → Ar+(3p4[3P]4p)2P
◦
1/2 + e−

→ Ar+(3p4[3P]4s)2P3/2 + γ (465.8 nm) (1)

→ Ar+(3p4[3P]4p)2P
◦
3/2 + e−

→ Ar+(3p4[3P]4s)2P1/2 + γ (476.5 nm) (2)

→ Ar+(3p4[3P]4p)2D
◦
3/2 + e−

→ Ar+(3p4[3P]4s)
2
P3/2 + γ (472.7 nm) (3)

→ Ar+(3p4[3P]4p)2D
◦
5/2 + e−

→ Ar+(3p4[3P]4s)
2
P3/2 + γ (488.0 nm) (4)

→ Ar+(3p4[3P]4p)4P
◦
5/2 + e−

→ Ar+(3p4[3P]4s)
4
P5/2 + γ (480.6 nm) (5)

→ Ar+(3p4[3P]4p)4D
◦
5/2 + e−

→ Ar+(3p4[3P]4s)2P3/2 + γ (514.5 nm). (6)

Figure 1 shows that the lowest-lying Ar II state that can
cascade into one of the upper states of interest is the
(3p4 [1S] 4s) 2S1/2 state at 36.504 eV. Thus none of our
results below this energy are affected by cascading. With
the exception of the 4P5/2 level, none of the 3p4 [3P] 4p states
are well described in an LS basis. The ‘4P5/2’ state is a very
pure quartet, but has a 3% admixture of [3P] 4p 4D [14].
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Figure 2. Experimental schematic of the interaction region within
the vacuum chamber.

We emphasize in this paper the importance of extracting
individual partial waves for the interpretation of a variety
of resonant spectral features, particularly with regard to the
dynamic processes responsible for them. Among other things,
these data provide the first unambiguous evidence in this
system for interference between two resonant production
mechanisms. In earlier work [12], we showed how electron
partial-wave cross sections for reaction (2) were affected
by non-specified magnetic interactions, in that they did not
display statistical population ratios expected in a pure LS
production scheme. (Similar non-statistical distributions of
residual Ar II fine-structure components (integrated over
partial waves) have been observed in Ar and Ne photoelectron
spectra [5, 6].) Here, we extend this picture to include
interference phenomena and discuss the possible roles played
by continuum and ionic spin–orbit couplings in terms of their
effect on the observed spectra.

2. Experiment

Our measurements were performed at beamline 10.0.1.2
of the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. A spherical-grating monochromator was
used to select ionizing photon energies between 36.0 and
36.36 eV, with resolutions between 5 and 10 meV, controlled
by entrance and exit slits on the monochromator. This radiation
had a linear polarization in the horizontal plane of the storage
ring that was >99%. Apertures and mirrors following the
exit slit from the monochromator produced a beam of roughly
circular cross section 0.5 mm in diameter that intersected the
effusive Ar target (figure 2).

Prior to entering the interaction region, the linearly
polarized synchrotron radiation traversed a four-reflector
retarder which rendered it circularly polarized. The retarder
design was based on earlier prototypes [15, 16]. We measured
the circular polarization with a Au mirror analyser to be greater
than 99% at all incident beam energies. As illustrated in

figure 2, the photon-gas collision region was observed by
optical detection systems at polar angles of 30◦ and 90◦ relative
to the incident photon propagation axis. These optical systems
comprised BK7 glass f/1.9 lenses one focal length away from
the interaction region (located by the intersection of the axes of
the ionizing photon beam and the effusive gas jet, whose needle
tip was 2 mm from this intersection), a quarter-wave retarder
(Meadowlark achromat with retardance between 0.253 and
0.244 waves over the wavelength range of interest) for the 30◦

system, linear polarizers (Sterling Optics 105 MB) that could
be rotated in situ, interference filters to select the fluorescent
transition under study, and lenses to refocus the collimated
light onto the bi-alkali photocathodes of the photon-counting
photomultiplier tubes. Ti cones whose axes were coincident
with the centre of the interaction region were used to shield
the insulating surfaces of the first focusing lens in these optical
trains. The front ends of these cones were 2.7 cm from the
interaction region. The interference filters used to isolate
transitions (1)–(6) had FWHM band-pass widths of ∼0.4 nm.
A two-layer magnetic shield with one layer internal to the
vacuum chamber and another external attenuated the ambient
magnetic field in the volume of the interaction region to less
than 0.5 μT.

At each incident photon energy, detector counts were
accumulated for a fixed time period and normalized to the
digitized signal from the downstream photodiode after a dark-
count rate had been subtracted from the raw signal. Our
relative intensity data are not corrected for diode quantum
efficiency over the energy range of our measurements; from
36.0 to 36.4 eV, this efficiency changes by less than 1%. A gas-
out background with the incident photon beam present never
differed statistically from the dark-count rates for the PMTs.
There were no systematic shifts between the normalized count
rates for data acquisition between ALS storage ring refills.

3. Theory

3.1. Extraction of partial-wave cross sections

The direct results from our measurements are the polarizations
and relative total intensities of selected, fine structure (J)
resolved fluorescent transitions. From such data, one means
of obtaining the probabilities for the production of specific
photoelectron partial waves with total angular momentum je
involves an application of the Fano–Macek [17] formalism,
later extended by Greene and Zare [18], whereby one defines
parameters that represent a measure of the magnetic sub-state
distribution of an atomic state ψ . The orientation parameter

O0 ≡ 〈Jz〉
J (J + 1)

=

∑
MJ

MJ |〈JMJ |ψ〉|2

J (J + 1)

= 2P3[P4 cos2(θ) − 1]

h1(3 − P4) cos(θ)
(7)

is proportional to the magnetic dipole moment of the
fluorescing atomic state along the incident photon axis (ẑ),
where θ is the polar angle relative to ẑ (see figure 2). The

3
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alignment parameter

A0 ≡
〈
3J 2

z − J 2
〉

J (J + 1)
=

∑
MJ

[
3M2

J − J (J + 1)
]|〈JMJ |ψ〉|2

J (J + 1)

= 4P4

h2(3 − P4)
(8)

is proportional to the zeroth component of the electric
quadrupole tensor along this axis. The orientation parameter
indicates whether the atomic state has an angular momentum
projection parallel or anti-parallel to this symmetry direction,
while the alignment parameter indicates whether its charge
cloud is prolate or oblate along the same axis. The circular
polarization P3 is measured at an angle θ = 30◦ to the incident
photon momentum (see figure 2), while the linear polarization
P4 is measured perpendicular to this momentum. The influence
of the total angular momenta of the upper J and lower state Jf

for the fluorescence is contained in the hk term

hk ≡ (−1)J−Jf

{
J J k

1 1 Jf

}
{
J J k

1 1 J

} . (9)

To make the connection between fluorescent polarization
and the photoelectron partial-wave probabilities, we denote the
final state with a specific photoelectron partial wave by

∣∣ψje

〉
,

which is produced from the initial state |J0MJ0〉 through the
action of the photon absorption operator:

∣∣ψje

〉 = Dk
q |J0MJ0〉.

Projecting onto basis states for the total angular momentum
|JtMJt

〉, ∣∣ψje

〉 =
∑

Jt ,MJt

∣∣JtMJt

〉〈
JtMJt

∣∣Dk
q

∣∣J0MJ0

〉
(10)

allows the use of the Wigner–Eckart theorem〈
JtMJt

∣∣Dk
q

∣∣J0MJ0

〉 = 〈
J0MJ0kq

∣∣JtMJt

〉〈Jt‖Dk‖J0〉 (11)

to rewrite the final state for a specific photoelectron partial
wave∣∣ψje

〉 =
∑

Jt ,MJt

|JtMJt
〉〈J0MJ0kq|JtMJt

〉〈Jt‖Dk‖J0〉. (12)

Within the dipole approximation k = 1. For circularly
polarized ionizing radiation of right-handed helicity, q = +1,
and with the atom initially in its ground state with J0 = 0 and
MJ0 = 0 the Clebsch–Gordan coefficient

〈
J0MJ0kq

∣∣JtMJt

〉
vanishes unless Jt = 1 and MJt

= +1. Therefore, the final
state for a specific photoelectron partial wave reduces to∣∣ψje

〉 = |Jt = 1,MJt
= +1〉〈Jt‖Dk‖J0〉. (13)

We can decouple the total final-state angular momentum

Jt = 
J + 
je into that for the ion 
J and the photoelectron 
je,

|JtMJt
〉 =

∑
MJ ,mje

〈JMJ jemje
|JtMJt

〉|JMJ 〉|jemje
〉, (14)

in order to rewrite the final state for a specific photoelectron
partial wave:∣∣ψje

〉
= 〈Jje‖Dk‖J0〉

∑
MJ ,mje

〈JMJ jemje
|JtMJt

〉|JMJ 〉|jemje
〉.

(15)

Here we have introduced additional labels to denote the
reduced dipole matrix element for a specific photoelectron
partial wave je and a specific fine-structure ionic state J.

For the possibility of multiple photoelectron partial waves,
we sum in order to obtain the overall final state

|ψ〉 =
∑
je

aje

∑
MJ mje

〈JMJ jemje
|JtMJt

〉|JMJ 〉|jemje
〉, (16)

where we have written aje
≡ 〈J, je‖Dk‖J0〉 to denote

the reduced dipole matrix elements, or in other words the
probability amplitudes, for a specific photoelectron partial
wave of angular momentum je. Thus, the orientation and
alignment parameters allow us to relate measurements of P3

and P4 to the magnetic sub-state distribution of the ion and
subsequently, through the angular momentum coupling of the
final state |ψ〉, to the photoelectron partial-wave probabilities
|aje

|2.
As an example, consider an excited ionic state with J = 1

2
so that

O0

(
J = 1

2

)
=

∑+ 1
2

MJ =− 1
2
MJ |〈JMJ |ψ〉|2

1
2

(
1
2 + 1

) . (17)

In this case, 3
4O0 = 1

2

∣∣〈J = 1
2 ,MJ = + 1

2 |ψ 〉∣∣2 −
1
2

∣∣〈J = 1
2 ,MJ = − 1

2 |ψ 〉∣∣2
. For an ionic state with J = 1

2 ,
the dipole operator restricts je to be 1/2 or 3/2 so that the final
state can be explicitly written as

|ψ〉 =
3
2∑

je= 1
2

aje

+ 1
2∑

MJ =− 1
2

∑
mje

〈
J = 1

2
,MJ jemje

∣∣∣∣Jt = 1,MJt
= 1

〉

×
∣∣∣∣J = 1

2
,MJ

〉 ∣∣jemje

〉

= a 1
2

+ 1
2∑

MJ =− 1
2

+ 1
2∑

mje =− 1
2

〈
1

2
,MJ , je = 1

2
,mje

∣∣∣∣1, 1

〉

×
∣∣∣∣1

2
,MJ

〉 ∣∣∣∣je = 1

2
,mje

〉

+ a 3
2

+ 1
2∑

MJ =− 1
2

+ 3
2∑

mje =− 3
2

〈
1

2
,MJ , je = 3

2
,mje

∣∣∣∣1, 1

〉

×
∣∣∣∣1

2
,MJ

〉 ∣∣∣∣je = 3

2
,mje

〉

= a 1
2

+ 1
2∑

mje =− 1
2

〈
1

2
,MJ = −1

2
,

1

2
,mje

∣∣∣∣1, 1

〉

×
∣∣∣∣1

2
,MJ = −1

2

〉 ∣∣∣∣1

2
,mje

〉

+ a 1
2

+ 1
2∑

mje =− 1
2

〈
1

2
,MJ = 1

2
,

1

2
,mje

∣∣∣∣1, 1

〉

×
∣∣∣∣1

2
,MJ = 1

2

〉 ∣∣∣∣1

2
,mje

〉
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+ a 3
2

+ 3
2∑

mje =− 3
2

〈
1

2
,MJ = −1

2
,

3

2
,mje

∣∣∣∣1, 1

〉

×
∣∣∣∣1

2
,MJ = −1

2

〉 ∣∣∣∣3

2
,mje

〉

+ a 3
2

+ 3
2∑

mje =− 3
2

〈
1

2
,MJ = 1

2
,

3

2
,mje

∣∣∣∣1, 1

〉 ∣∣∣∣1

2
,MJ = 1

2

〉

×
∣∣∣∣3

2
,mje

〉
. (18)

Therefore,〈
1

2
,MJ = 1

2

∣∣∣∣ψ
〉

= a 1
2

+ 1
2∑

mje =− 1
2

〈
1

2
,MJ = 1

2
,

1

2
,mje

∣∣∣∣1, 1

〉 ∣∣∣∣1

2
,mje

〉

+ a 3
2

+ 3
2∑

mje =− 3
2

〈
1

2
,MJ = 1

2
,

3

2
,mje

∣∣∣∣1, 1

〉 ∣∣∣∣3

2
,mje

〉
(19)

and〈
1

2
,MJ = −1

2

∣∣∣∣ψ
〉

= a 1
2

+ 1
2∑

mje =− 1
2

〈
1

2
,MJ = −1

2
,

1

2
,mje

∣∣∣∣1, 1

〉 ∣∣∣∣1

2
,mje

〉

+ a 3
2

+ 3
2∑

mje =− 3
2

〈
1

2
,MJ = −1

2
,

3

2
,mje

∣∣∣∣1, 1

〉 ∣∣∣∣3

2
,mje

〉
.

(20)

Upon forming the absolute squares we obtain∣∣〈 1
2 ,MJ = 1

2

∣∣ψ 〉∣∣2 = ∣∣a 1
2

∣∣2 〈
1
2 , 1

2 , 1
2 ,mje

= − 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 1

2

∣∣2 〈
1
2 , 1

2 , 1
2 ,mje

= + 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
1

2

+
∣∣a 3

2

∣∣2 〈
1
2 , 1

2 , 3
2 ,mje

= − 3
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 , 1

2 , 3
2 ,mje

= − 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 , 1

2 , 3
2 ,mje

= + 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
1
2

2

+
∣∣a 3

2

∣∣2 〈
1
2 , 1

2 , 3
2 ,mje

= + 3
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

= ∣∣a 1
2

∣∣2
+ 1

4

∣∣a 3
2

∣∣2
(21)

and∣∣〈 1
2 ,MJ = − 1

2

∣∣ψ 〉∣∣2 = ∣∣a 1
2

∣∣2 〈
1
2 ,− 1

2 , 1
2 ,mje

= − 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 1

2

∣∣2 〈
1
2 ,− 1

2 , 1
2 ,mje

= + 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 ,− 1

2 , 3
2 ,mje

= − 3
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 ,− 1

2 , 3
2 ,mje

= − 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 ,− 1

2 , 3
2 ,mje

= + 1
2

∣∣1, 1
〉

︸ ︷︷ ︸
0

2

+
∣∣a 3

2

∣∣2 〈
1
2 ,− 1

2 , 3
2 ,mje

= + 3
2

∣∣1, 1
〉

︸ ︷︷ ︸
−

√
3

2

2

= 3
4

∣∣a 3
2

∣∣2
. (22)

Therefore
3
4O0 = 1

2

∣∣〈J = 1
2 ,MJ = + 1

2

∣∣ψ 〉∣∣2

− 1
2

∣∣〈J = 1
2 ,MJ = − 1

2

∣∣ψ 〉∣∣2

= 1
2

(∣∣a 1
2

∣∣2
+ 1

4

∣∣a 3
2

∣∣2) − 1
2

(
3
4

∣∣a 3
2

∣∣2)
= 1

2

∣∣a 1
2

∣∣2 − 1
4

∣∣a 3
2

∣∣2
. (23)

Imposing the normalization condition
∣∣a 1

2

∣∣2
+

∣∣a 3
2

∣∣2 = 1
yields ∣∣a 1

2

∣∣2 = 1
3 + O0

(
J = 1

2

)
(24)

and ∣∣a 3
2

∣∣2 = 2
3 − O0

(
J = 1

2

)
. (25)

This example involves only the orientation parameter
since the alignment parameter is identically zero for a state
with J = 1

2 . From equations (21), (22), (24) and (25) one
can obtain the fractional probabilities of individual MJ states
within the excited ion. These probabilities are proportional to
Oo(J) plus a constant.

For the case of an ionic state with J > 1
2 there are

three photoelectron partial waves possible with different
total angular momenta je; the additional linear polarization
measurement along with the corresponding alignment
parameter for this case provides the additional equation to
extract all three partial-wave probabilities. The most general
form of these equations was given in [18]. After revising
those equations to account for the different (Fano–Macek)
convention used in the present study, and also after correcting
the third of equation (54) of [18] for a typographical error in the
sign shown for the orientation term, the general relationship is
given by

σ(J ; je = J + 1) = 5J

3(2J + 1)
A0(J )

− (2J + 3)J

2J + 1
O0(J ) +

2J + 3

3(2J + 1)
, (26)

σ(J ; je = J − 1) = 5(J + 1)

3(2J + 1)
A0(J )

+
(2J − 1)(J + 1)

2J + 1
O0(J ) +

2J − 1

3(2J + 1)
(27)
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and

σ(J ; je = J ) = − 5
3A0(J ) + O0(J ) + 1

3 . (28)

Note that for an initial target state with zero angular
momentum J0 = 0, as is the case here, the angular momentum
transfer jt of [18] reduces simply to the photoelectron total
angular momentum je.

3.2. Theoretical calculations

Photoionization cross sections for Ar have also been obtained
theoretically using the ab-initio R-matrix approach [19],
which was extended to use multi-configuration Hartree–Fock
(MCHF) orbitals for the description of residual states of
Ar II [20]. A detailed description of how photoionization
cross sections are determined in LS-coupling has been given
previously [21, 22]. However, as mentioned above, none of the
final Ar II states studied here, apart from the 4P◦

5/2 level, can be
described well in LS-coupling. We have therefore incorporated
the spin–orbit splitting of the individual Ar II states in the
present calculations through an LS-to-jj frame transformation
[19, 23, 24]. In addition, spin–orbit interactions between
different states in the 3p4(3P)4p configuration cannot be
neglected. We have thus added a second frame transformation
to take spin–orbit interactions between Ar II levels into account
[23, 24].

We start the calculations by determining physical 1s, 2s,
2p, 3s, 3p, 3d, 4s and 4p orbitals for Ar II using the MCHF
approach [25]. To improve the description of the Ar II states,
we also obtain unphysical 4d, 5s and 5p correlation orbitals.
Using these orbitals, we generate an extensive basis for the
description of the 3s23p5, 3s3p6, and all 3s23p4(3d,4s,4p) states
of Ar II. The photoionization cross sections are obtained using
R-matrix theory. Within the inner region, a sphere with a radius
of 13 au, we generate a basis set for Ar by combining all states
within the Ar II basis with a complete set of single-electron
continuum functions. The maximum angular momentum for
the continuum electrons is three. The initial state of Ar is given
by the eigenfunction associated with the lowest eigenvalue
with 1Se symmetry. To improve the agreement with experiment
we need the ionization thresholds in theory and experiment to
coincide, and the energies of this Ar ground state and all Ar II
thresholds are thus shifted to their experimental values.

For the final-state calculations, we include not only the
1P◦ symmetry, but also the 3S◦, 3P◦, 3D◦, 5P◦, 5D◦ and 5F◦

symmetries which are coupled to the 1P◦ symmetry (either
directly or indirectly) by spin–orbit interactions. For each of
these symmetries, we obtain K-matrices and dipole vectors
at a range of energies by matching the inner region solutions
to asymptotic solutions in the outer region. Application of
the LS-jj frame transformation gives dipole vectors and K-
matrices which include the spin–orbit interactions within the
Ar II states. Finally, the frame transformation coupling the
various levels of Ar II then gives dipole vectors and K-matrices
including spin–orbit interactions between the different Ar II
levels. From these, we can then determine the photoionization-
excitation cross section for each Ar II level.

To compare the theoretical photoionization cross sections
with those obtained experimentally, we convolve the

theoretical cross sections with a Gaussian having a full-
width at half-maximum between 5 and 10 meV, corresponding
to the respective experimental resolutions of 10 meV
for reaction (1), 8 meV for reactions (2)–(4), and 5 meV for
reactions (5) and (6). This is of particular importance for
comparison with experiment at the present photon energies.
The final states contain many overlapping Rydberg series,
and the resolution determines which Rydberg series will be
observed at a particular photon energy.

4. Discussion of results

4.1. Overview

Figure 3 (whose data were originally published in [12]) shows
the total relative intensity (in arbitrary units) of the 476.5 nm
fluorescence from the Ar+ 3p4 [3P] 4p 2P◦

3/2–4s [3P] 2P1/2

transition (reaction (2)). The lines connecting the experimental
data points of figure 3 are drawn to guide the eye. This
intensity, I = I‖ + 2I⊥, which combines the linearly polarized
fluorescence intensities parallel and perpendicular to the
incident photon beam, is proportional to the total excitation
cross section. Figure 3 sets the context for discussion of the rest
of our data and bears some discussion. The threshold for this
simultaneous excitation/ionization reaction populating the 3p4

[3P] 4p 2P◦
3/2 state is evident at 35.625 eV, which is consistent,

given the 8 meV resolution of the data, with the spectroscopic
value of 35.627 eV obtained by Minnhagen [13]. (We estimate
an absolute energy uncertainty in all the data presented here
of ±1 meV. The estimated doubly excited resonance positions
have higher uncertainty, as discussed below.) Overlain in
figure 3 are our estimated positions of the terms corresponding
to five doubly excited Ar I Rydberg series. These were
obtained from the high-resolution absorption data of Madden,
Ederer and Codling [1], using known series limits and accepted
ranges for quantum defects [12] in the formula [26]

E(n) = Ry∞
(n − δ(l, n))2

, (29)

where δ(l, n) = (k1(l) + k2(l)/n2) and k1 and k2 are weak
functions of l. These estimated resonance positions correlate
well with the observed structure in the spectra. Parity and
angular momentum conservation restrict the orbital angular
momentum of the Rydberg electron to only those values
indicated for each of the series limits shown.

The complex structure of this spectrum is not surprising,
given the large number of doubly-excited states that can be
accessed in this energy range that autoionize into the final ionic
state. The dynamical processes leading to the production of
the Ar II 3p4 [3P] 4p 2P◦

3/2 state are complicated by the fact
that the photoelectron leaves, over this energy range, with at
most ∼1 eV, meaning that post-collision interactions will be
very important.

Despite its complicated structure, cross sections for
photoionization of Ar with the excitation of the 3p4(3P)4p
2P◦ state were obtained with encouraging accuracy by van
der Hart and Greene [22], albeit with some discrepancies in,
e.g., the region near 35.76 eV. These cross sections were
obtained within an LS-coupling approximation, and under
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Figure 3. Total fluorescent intensity for reaction (2) (476.5 nm; Ar II 3p4 [3P] 4p 2P◦
3/2 — [3P] 4s 2P1/2). The experimental data (open

circles) are normalized to theory (solid line) of this work at the energy of the peak of the Ar I (3s23p4) [1S] 4s 2S 8p resonance at 36.163 eV.
The vertical lines show the positions of resonant doubly excited autoionizing states of Ar I: (1) 3p4 [1D] 3d 2F5/2 np; (2) 3p4 [1D] 3d 2F5/2 nf;
(3) 3p4 [1D] 3d 2F7/2 nf; (4) 3p4 [1S] 4s 2S1/2 np; and (5) 3p4 [1D] 4p 2P1/2 ns (see the text). The experimental resolution and convolution
width of theory are 8 meV.

the assumption of a 60 meV photon-energy resolution. The
present experiments have significantly better resolution, and
in figure 3, we thus present our new theoretical cross sections
convoluted with a 8 meV photon-energy resolution. They
have been obtained following the LS-to-jj frame transformation
discussed above, and thus include spin–orbit mixing of the
different Ar II levels. Considering the fact that the present
spectrum contains many overlapping Rydberg series, the
theoretical cross sections are in quite reasonable agreement
with experiment.

The data shown in figure 3 are dominated by (1) an
obscured Rydberg series of resonances between 35.85 and
36.0 eV, most likely a combination of resonances from the
three [1D]3d 2F series shown in figure 3, (2) a number of fairly
well-isolated, prominent features between 36.0 and 36.35 eV,
and (3) a second apparent partial Rydberg series between 36.34
and 36.46 eV, most likely belonging to the [1S]4s 2S Ar II series
limit, with a significant background just below and above
36.4 eV. Both Rydberg series ((1) and (3) above) appear to
be made up of symmetric peaks, to the extent that they are
resolved. The nature of the background underlying these
series is not readily identifiable. In [22], the lower-energy
background between 35.7 eV and 36 eV is attributed to ‘the
Rydberg series leading up to the 2Se threshold’ (series label
‘4’ in figure 3). Another possibility is that the background is
simply the unresolved structure of the doubly excited Rydberg
series labelled ‘1’, ‘2’ and ‘3’ in figure 3 with the 7p [1S]4s
2S (Rydberg series (4)) term at 36.02 eV being observed as a
window resonance. We will discuss this issue in more detail
below.

The prominent maxima at 36.16, 36.25, and 36.30 eV
are clearly the 8p, 9p and 10p members of the [1S]4s 2S
n′p series. It is interesting to note that of all the 3s23p4 nl,
n′l′Ar∗∗ Rydberg series identified by Madden, Ederer and
Codling [1] and by Baig et al [2], this is the only one with
nl = 4s. Most importantly, the 8p, 9p and 10p resonances
display a clear asymmetry reminiscent of a Beutler–Fano
profile, indicating interference with other ionization pathways
with nearly constant amplitude over the energy width of
the resonance. It is the nature of this interference that
we are most concerned with in the current work. Finally,
the double-humped peaks at 36.07 and 36.11 eV, seen as a
single maximum in the theoretical spectrum, are not readily
identifiable in terms of the Rydberg series shown in figure 3,
but will also be discussed further below.

4.2. The region between 36.00 and 36.35 eV

Because of the prominence, unique configuration and
asymmetric character of the resonances in the region between
36.0 and 36.35 eV, we have investigated this range in more
detail, measuring the relative intensities of the reaction
pathways (1)–(6) listed in the introduction over this energy
range. These residual ionic states were chosen because
the first four match the 3s23p4[3P] 4p 2P, 2D LS channels
investigated by van der Hart and Greene [22], and because the
last two reactions producing quartet states hold the promise of
providing additional insight into spin–orbit forces during the
photoionization/excitation process. The relative fluorescence
intensity for all six excited states of Ar II are shown in figure 4,
in conjunction with the theoretical results. Experimental
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results for both the 2P states have been published previously
[9–12]. Theoretical cross sections for the 4P◦

5/2 and 2P◦
3/2

states have also been published previously [24]. The
theoretical cross sections include the spin–orbit couplings
between Ar II states. For most of the present spectra, this
coupling has relatively little effect, affecting resonance heights
by up to about 30%. However, there are some more noticeable
effects. In the 2P◦

1/2 spectrum, the peak at 36.05 eV decreases
by a factor of two when the coupling is taken into account.

Spin–orbit coupling between Ar II states has, however,
a dramatic effect on the photoionization–excitation spectrum
for the 4D◦

5/2 symmetry. In the absence of spin–orbit mixing
between Ar II states, the maximum for the photoionization
cross section in the photon-energy range between 36 eV and
36.36 eV equals 6 kB at a photon energy of 36.08 eV. No
evidence of a Rydberg series converging to the 2Se threshold
is seen. Figure 4 shows the effect on the theoretical spectrum
when spin–orbit coupling between Ar II states is taken into
account. The Rydberg series leading up to the 2Se threshold
now appears prominently in the theoretical spectrum, in line
with the experimental observations. The main reason for this
is that the 4D◦

5/2 state of Ar II has approximately a 16%
contribution from the 2D◦

5/2 state.
As mentioned above, and with the exception of the 4P◦

5/2

data (reaction (5)), the [1S] 4s 2S np Rydberg series dominates
these spectra. This dominance is somewhat counterintuitive,
since this series autoionizes to the observed Ar II states, a
process that must involve the 3p electrons, since the 3p4 core
changes from 1S to 3P coupling. Therefore, the autoionization
process proceeds predominantly via an interaction whereby the
4s electron is ejected in combination with a symmetry change
of the core. The outer electron is a spectator experiencing
a sudden change in the potential. The transition amplitude
thus includes an overlap between the np orbital before and
the 4p orbital after autoionization. A second gross feature of
the data is the qualitative similarity between the 2P and 2D
spectra. This applies both to the theoretical and experimental
spectra. Within the former, the most important difference is the
appearance of a resonance at 36.27 eV in the 2P◦

1/2 spectrum,
which is absent in the 2P◦

3/2 spectrum. This suggests that spin–
orbit interactions wield some influence on the photoionization
process for allowed channels in LS-coupling.

The theoretical data can be used to estimate the importance
of spin–orbit interactions within individual Ar II states on
the photoionization spectra, and the importance of spin–orbit
coupling between the Ar II states. The 4P◦

5/2 state has a
contribution of about 3% from 4D◦

5/2 and 0.15% from 2D◦
5/2

[14]. This latter contribution could lead to the [1S] 4s 2S np
Rydberg series, but its small magnitude means that it cannot be
observed. On the other hand, the 4D◦

5/2 state has a contribution
of about 15% from 2D◦

5/2 and 1% from 4P◦
5/2. The large

contribution from the 2D◦
5/2 state leads to the pronounced

[1S] 4s 2S np Rydberg series. The agreement between theory
and experiment thus gives a rough gauge of the importance
of spin–orbit interactions on the photoionization processes, as
well as information on the nature of the important spin–orbit
interactions.
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Figure 4. Relative total fluorescent intensity for reactions (1)–(6)
(open circles) normalized to the absolute theoretical calculations of
this work (thin smooth lines) at the energy of the peak of the Ar I
(3s23p4) [1S] 4s 2S 8p resonance maximum at 36.163 eV, except for
reaction (5) which is normalized at the peak of the experimental
data. The lines labelled ‘7’–‘11’ indicate the Rydberg series Ar I
(3s23p4) [1S] 4s 2S np with n = 7,8,9,10, and 11 at 36.021, 36.162,
36.249, 36.306 and 36.348 eV, respectively. These energies are those
measured in the absorption data of [2], with an uncertainty of about
1 meV. The four labelled resonances correspond to states whose
energies are inferred from the positions of other members of the
same series in absorption measurements [1, 2], with a corresponding
uncertainty in energy of ∼25 meV due to the extrapolated fit and
uncertainty in the quantum defects corresponding to these series
(equation (29)). These states are: (A), (3s23p4) [1D] 4p 2P3/2 6s
(36.091 eV); (B), (3s23p4) [1D] 3d 2P3/2 5p (36.112 eV); (C),
(3s23p4) [1D] 4p 2P1/2 6s (36.165 eV); and (D), (3s23p4) [1D] 4p
2D3/2 6s (36.232 eV). The experimental resolution and convolution
width of theory are 10 meV for reaction (1), 8 meV for reactions
(2)–(4), and 5 meV for reactions (5) and (6), respectively.
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4.3. Interference effects

We now consider these data in the context of interference
phenomena involving both ‘direct’ ionization (in which no
double excitation of the neutral target occurs), and resonance
phenomena. We will refer to an ‘outgoing channel’ as a
specific fine-structure state of the residual ion in conjunction
with an outgoing electron having partial-wave quantum
numbers lj. The intensity data we have considered so far
is an incoherent sum over the various partial waves. On the
other hand, a given outgoing channel amplitude is a coherent
sum of both direct and resonant processes. There is only one
direct process, but any doubly excited states that autoionize to
the final channel and that can be excited within their natural
widths may also contribute coherently to the light we see from
the residual ion. A three-path interference of this type can be
written as

γ + Ar →
⎧⎨
⎩

Ar∗∗(1)

Ar∗∗(2)

Ar∗+(3) + e−

⎫⎬
⎭ → Ar∗+(3) + e−, (30)

where the numbers in parentheses refer to specific states of
Ar∗∗ or Ar∗+.

The question now arises, how important in these data is
the direct process, and to what extent do the various amplitudes
of the different paths interfere with each other? We note that
a clear distinction with respect to interaction times can be
drawn between the prominent resonances in our data and any
direct photoionization process. Resonances with a width of
∼10 meV decay in about 0.1 ps, whereas an electron directly
liberated by a photon with an energy 0.6 eV above the threshold
for the production of a given residual ionic state takes ∼1 fs to
escape the atom. A review of all data published to date for Ar II
satellite fluorescence [7–12] reveals that with the exception
of the 2S np resonances in the energy region considered in
figure 4, there are no manifestly asymmetric peaks. We
assume that an asymmetric peak reminiscent of a Beutler–Fano
profile is indicative of some kind of interference, whether it
be between two resonant states (one of which may be quite
broad with a phase that varies slowly with energy), between
a resonant state and a direct process, or some combination of
the two. A series of reasonably symmetric peaks or features
may either represent obscured evidence of interference or
simply a series of unresolved non-interfering (because of their
separation in energy) resonances. We restrict this discussion to
satellite fluorescence; Ar absorption spectra generally indicate
asymmetric ‘Beutler–Fano’-like profiles, but represent such a
large number of direct background and resonance channels that
a simple interpretation of any features of this type is virtually
impossible.

Theoretical estimates of the direct production cross
sections for the 3p4 (3P) 4p states imply that they should
be much less important in this energy range than resonant
processes [22, 27, 28]. Indeed, there is no readily identifiable
‘smooth’ underlying background in any of these spectra, with
the possible exception of the reactions (1) and (2) 2P spectra
above 36.26 eV, and the reaction (6) 4D5/2 spectrum above
36.07 eV. In principle, one could argue that both 2D spectra
also have a small direct background component over the entire

energy range of figure 4. Having said this, a zeroth-order
description of the photoionization process resulting in excited
satellite states in this energy regime is that it occurs almost
exclusively by resonant double excitation of the ground-state
target. (This is in contrast with, e.g., the Ar photoelectron
spectra of Canton-Rogan et al [5] taken below the 3s−13p4

threshold at 29.2 eV, which is dominated by the direct process.)
Thus the only clear evidence for interference effects in these
spectra is that of the 2S np series interfering with other broad
resonances.

The classification of other resonances in this energy range
is difficult. While the 2S 8p, 9p, 10p and 11p resonances
are sharp and prominent, with what resonances are they
interfering to produce the asymmetric profiles we observe?
In addition, why is the 2S 7p resonance not in evidence (see
below)? Using the assignments provided by Madden, Ederer
and Codling [1], and using their estimated quantum defects
to extrapolate to lower-n resonances, we infer that the [1D]
3d 2P3/2 5p resonance (labelled B in figure 4) should occur
in the vicinity of 36.11 eV. Another resonance, observed but
unidentified in [1] but assigned by us as the [1D] 4p 2P3/2 6s
resonance (labelled A), should exist at about 36.09 eV. Other
features, unobserved in [1] or [2] but extrapolated from series
elements they did observe, are the [1D] 4p 2P1/2 6s (label C)
and [1D] 4p 2D3/2 6s (label D) resonances at 36.165 and
36.232 eV respectively. Since the four labelled resonances
have outer electrons with relatively low principal quantum
number, they can be reasonably expected to be broader than
those associated with the 2S (n > 7)p series. We find no other
experimental evidence in the literature for other resonances in
this energy range.

Van der Hart and Greene [22] predicted a broad feature
in the vicinity of 36.05 eV in both the 2P and 2D state data,
which they assigned as a [1D] 4p 2P 6s resonance. Using
the extrapolation procedure discussed above, this now seems
more likely to be a 4p 2P fine-structure doublet at 36.091 eV
(2P3/2; label A) and 36.165 eV (2P1/2; label C). We see a
substantially similar feature in the 2P data only, but with a
central local minimum at 36.09 eV, our proposed position for
the A resonance. (Weak corresponding features of these local
maxima at 36.065 and 36.11 eV can be seen in all of the other
spectra in figure 4). The current theoretical results continue to
yield a broad, unbifurcated feature between 36.06 and 36.1 eV
in both the 2P and 2D spectra. The predicted relative strengths
of this feature in the 2P and 2D spectra agree well with
experiment. There would thus appear to be three possibilities
in the region between 36.00 and 36.14 eV. There may be two
fairly broad interfering resonances centered at about 36.09 eV,
with the A and B assignments, one of them acting as a window
resonance. Alternately, the A and B features may actually
be separated and centered at ∼ 36.07 and ∼ 36.11 eV. Finally,
an extremely broad, strong resonance centered at ∼ 36.04 eV,
with a width of ∼ 0.6 eV may exist. If this is the case the 2S
7p resonance is in fact evident as a deep window resonance
(seen most clearly in figure 3), and slight perturbations of
the broad resonance may be caused by the A and B features.
Interference between this big resonance and the higher 2S
8p, 9p and possibly 10p resonances could then explain the
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asymmetries of these latter peaks. On the other hand, it is not
possible to rule out some interference between the 2S n > 8
resonances with a fairly flat direct-process background at
energies greater than ∼ 36.2 eV, except in the case of the 9p
resonance in the 4P spectrum; this strongly asymmetric profile
is probably due to the interference of this resonance with the
(broad) D resonance. The 2S 9p resonance is characterized by
shapes that are quite similar to Beutler–Fano profiles, except
in the 2D3/2 spectrum, where a small dip at 36.233 eV would
appear to be caused by the label-D resonance. Finally, we note
that while the 2S n = 8 and 9 resonances could be characterized
by roughly similar Beutler–Fano ‘q’ shape parameters in the 2P
data, this shape changes significantly for n = 10. (The use of
quotation marks about the Beutler–Fano shape parameter will
be discussed below.) This is attributed in [22] to interference
with a [1D] 3d 2D 4f resonance. However, no resonance in this
series has been observed experimentally.

4.4. Partial-wave analysis

We now consider these data in even finer detail by using the
procedure outlined above to extract the fractional contributions
of each electron partial wave to the total fluorescence intensity.
By alternating the orientation of the linear polarizer for
the 90◦ P4 fluorescent detection system of figure 2, the
fluorescent intensity parallel I|| and perpendicular I⊥ to the
ẑ direction was measured at each ionizing photon energy.
These individual polarized intensities were normalized to the
ionizing photon flux as well as corrected for the extinction
ratio of the linear polarizer. In similar fashion, the normalized
fluorescent intensity with right- (IRHH) and left-handed helicity
(ILHH) were measured. Repeating the measurement upon
incrementing the ionizing photon energy resulted in the

P4 ≡ (I‖ − I⊥)/(I‖ + I⊥) (31)

and

P3 ≡ (IRHH − ILHH)/(IRHH + ILHH) (32)

values used to calculate individual partial-wave fractional
probabilities shown in figures 5–10. The relative intensity
I shown in figures 3–10, determined by combining individual
measurements from the P4 detector (I = I|| + 2I⊥), is
proportional, within detector efficiencies and the transmissions
of the various optical elements, to the total intensity emitted
into 4π solid angle [29]. The indicated uncertainties
associated with each data point represent 1σ counting
statistics. In the cases that error bars are not shown, the
uncertainties are smaller than the symbol used to represent
the datum. The partial-wave intensities sum to give the total
intensity.

We begin with some general comments about the partial-
wave cross sections in figures 5–10. First, the partial-wave
partitioning yields resonance features that are now more
clearly related to Beutler–Fano shapes. The best two examples
of this are narrow dip in the 2D◦

3/2 data (reaction (3)) at
36.232 eV (figure 7), and the 2S 10p resonance in the 2P◦

1/2

spectrum (reaction (1); figure 5). In the former case, we see
the dip to be due to the addition of a quasi-Lorentzian (very
large ‘q’) 2S 9p resonance in the d3/2 partial-wave data with the
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Figure 5. Top panel: relative total fluorescent intensity for reaction
(1) (465.8 nm—Ar+ 3p4 [3P] 4p (2P1/2) to 3p4 [3P] 4s (2P3/2); black
data points and connecting line) normalized to the absolute
theoretical calculations of this work (black line) at the cross section
maximum near the Ar I (3s23p4) [1S] 4s 2S 8p resonance maximum.
The resonance designations are the same as in figure 4. Lower
panels: intensity due to the individual partial waves (data points and
connecting line) with the theoretical calculations overlain (black
lines). The sum of the partial-wave intensities equals the total
intensity. The experimental resolution and the convolution width of
the theoretical calculation are 10 meV. Horizontal lines indicate
simple LS-coupling prediction for the partial-wave cross sections
(see section 4.5).

sharp dip in the asymmetric profile of the same resonance in
the d5/2 data. A weak shoulder in the d3/2 data and somewhat
more pronounced ridge in the d5/2 data, both at ∼ 36.22 eV and
both possibly due to the D resonance, complicates this picture
a bit. The oddly shaped ‘window’ resonance in the total cross
section at 36.30 eV (figure 5), suggested in [22] to be caused by
the interference of the 2S 10p and [1D] 3d 2D 4f doubly excited
states, is now seen to be simply the summation of the ‘q’ = 0
and ‘q’ = infinity 2S 10p resonances in the two partial waves.
Having said this, the 2S 10p resonance is obviously interfering
with something in at least the d3/2 channel. Whether this is
a smooth direct-channel background or a broad [1D] 3d 2D
4f resonance, as is suggested in [22], is unclear. Indeed, a
4f resonance would be expected to be extremely broad given
its low n-value and the significant overlap between 3d and 4f
orbitals. We will discuss the former possibility more below.

The second qualitative result of the partial-wave
partitioning is the strong variation in their fractional intensities.
This is shown qualitatively in table 1 for the two most
prominent resonances in the energy range under study, the
2S 8p and 9p features. In both cases, the s and g partial waves
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Figure 6. Data equivalent to that in figure 5 except for reaction (2):
476.5 nm—Ar+ 3p4 [3P] 4p (2P3/2) to 3p4 [3P] 4s (2P1/2). The
experimental resolution and the convolution width of the theoretical
calculation are 8 meV.

Table 1. Relative strengths of the [1S]4s 2S 8p and 9p doubly
excited resonances.

Partial waves

State s1/2 d3/2 d5/2 g7/2

8p

2P1/2 0.05 0.95
2P3/2 0.05 0.25 0.7
2D3/2 0.05 0.3 0.65
2D5/2 0.1 0.9 0
4P5/2
4D5/2 0.05 0.9 0.05

9p

2P1/2 0.2 0.8
2P3/2 0.1 0.3 0.6
2D3/2 0.1 0.6 0.3
2D5/2 0.04 0.95 0.01
4P5/2 0 1 0
4D5/2 0.03 0.95 0.02

are strongly suppressed. This is expected for the g-waves
because of the low outgoing electron energies in this photon
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Figure 7. Data equivalent to that in figure 5 except for reaction (3):
472.7 nm—Ar+ 3p4 [3P] 4p (2D3/2) to 3p4 [3P] 4s (2P3/2). The
experimental resolution and the convolution width of the theoretical
calculation are 8 meV.

energy range. There does not seem to be any systematic effect
for situations which are ‘parity favoured’ in which the residual
ion and the outgoing partial wave have j values differing by
one, versus the ‘parity unfavoured’ case, in which the two j-
values are the same [8, 18]. In the case of the 8p resonance,
the parity-favored situation prevails with 2,4P residual ions;
the opposite occurs with 2,4D ions. For the 9p resonance, the
D-state propensity holds, while the P-state case is mixed.
Interestingly, the relative intensities of the 8p and 9p d-wave
intensities flip depending on the j of the residual D-state ions.
The partial-wave intensities we observe are consistent with
the fluorescence angular distribution measurements made by
Mentzel et al [8] in the cases of reactions (2)–(5).

4.5. Angular momentum coupling considerations

Some elementary theoretical considerations cast light on the
situation presented in table 1. If we have no spin–orbit
coupling in the initial state, and none in the final state except for
an infinitesimal amount that produces the spin–orbit splitting
of Ar II energy eigenstates, it is possible to enumerate expected
constraints on the relative strengths of the different partial-
wave channels. In this picture, there are two fundamental
amplitudes for photoexcitation of the Ar 1Se

0, namely to excited
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Figure 8. Data equivalent to that in figure 5 except for reaction (4):
488.0 nm—Ar+ 3p4 [3P] 4p (2D5/2) to 3p4 [3P] 4s (2P3/2). The
experimental resolution and the convolution width of the theoretical
calculation are 8 meV.

continuum states of two types:

hv + Ar
[1Se

0

] → {
Ar+[2Sc+1LcJc

]
+ e[εs or εd]

}(1Po
1

)
. (33)

In other words, the photoexcitation produces in LS-coupling
only three alternative excited complexes having 1Po

1 character,
and whose relative strengths depend on the dynamics of
the photoionization process. These three reduced dipole
matrix amplitudes have the following structure: C

(
2Lcεl

) =
〈{(Lcl)Ltot(Scs)Stot}Jtot = 1‖r(1)‖(00)J0 = 0〉, where

CPs = C(2Poεs)

=
〈{

(10)1

(
1

2

1

2

)
0

}
1 = 1‖r(1)‖(00)J0 = 0

〉
, (34)

CPd = C(2Po, εd)

=
〈{

(12)1

(
1

2

1

2

)
0

}
1 = 1‖r(1)‖(00)J0 = 0

〉
, (35)

and

CDd = C(2Doεd)

=
〈{

(22)1

(
1

2

1

2

)
0

}
1 = 1‖r(1)‖(00)J0 = 0

〉
. (36)

In the absence of resonance physics, one can determine the
partial-wave amplitudes in terms of these three C amplitudes
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Figure 9. Data equivalent to that in figure 5 except for reaction (5):
480.6 nm—Ar+ 3p4 [3P] 4p (4P5/2) to 3p4 [3P] 4s (4P5/2). The
experimental resolution and convolution width of theory are 5 meV.
Experimental data are normalized to the theoretical cross section at
the experimental data maximum near the 9p resonance.

by carrying out a Wigner–Racah LS-jj recoupling, i.e. by
transforming from the |{(Lcl)Ltot(Scs)Stot}Jtot = 1,Mtot = 1〉
representation to the |{(LcSc)J (ls)je}Jtot = 1,Mtot = 1〉
representation, using the Wigner 9j coefficient

〈(Lcl) Ltot (Scs) Stot|(LcSc) J (ls) je〉(Jtot)

= [Ltot, Stot, J, je]1/2

⎧⎨
⎩

Lc l Ltot

Sc s Stot

J je Jtot

⎫⎬
⎭ , (37)

where the notation [x, y, . . .]1/2 stands for
[(2x + 1)(2y + 1) . . .]1/2. This results in the following
expressions:

C
(2Po

J εs 1
2

) = C(2Poεs)

〈
(10)1

(
1

2

1

2

)
0

∣∣∣∣
(

1
1

2

)
J

(
0

1

2

)
1

2

〉(1)

=
⎧⎨
⎩

−
√

1
3 , J = 1

2 , je = 1
2√

2
3 , J = 3

2 , je = 1
2 ,

(38)
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Figure 10. Data equivalent to that in figure 5 except for reaction (6):
514.5 nm—Ar+ 3p4 [3P] 4p (4D5/2) to 3p4 [3P] 4s (2P3/2). The
experimental resolution and the convolution width of the theoretical
calculation are 5 meV.

C
(2Po

J εdje

)= C(2Poεd)

〈
(12)1

(
1

2

1

2

)
0

∣∣∣∣
(

1
1

2

)
J

(
2

1
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)
je

〉(1)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
1
3 , J = 1

2 , je = 3
2√

1
15 , J = 3

2 , je = 3
2√

3
5 , J = 3

2 , je = 5
2 ,

(39)

and

C
(2Do

J εdje

) = C(2Doεd)

〈
(22)1

(
1

2

1

2

)
0
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(

2
1
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)
J

(
2

1

2

)
je

〉(1)

=
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3
5 , J = 3

2 , je = 3
2

− 1
5 , J = 3

2 , je = 5
2

1
5 , J = 5

2 , je = 3
2√

14
25 , J = 5

2 , je = 5
2 .

(40)

Thus, in a strict LS-coupling approximation, and
neglecting g-waves, these are the only channels that would
be populated in an argon photoionization experiment in this
energy range. The pure-LS approximation would lead to the
following relationships among the branching ratios for the
different channels. The numerical values listed have been
obtained using estimated values for the three LS probabilities,
taken to equal |CPs|2 ∼= 7.5 kb,|CPd|2 ∼= 75 kb, and |CDd|2 ∼=
71 kb:

σ
[2Po

1
2
εs 1

2

] = 1
3 |CPs|2 → 2.5 kb, (41)

σ
[2Po

1
2
εd 3

2

] = 1
3 |CPd|2 → 25 kb, (42)

σ
[2Po

3
2
εs 1

2

] = 2
3 |CPs|2 → 5.0 kb, (43)

σ
[2Po

3
2
εd 3

2

] = 1
15 |CPd|2 → 5.0 kb, (44)

σ
[2Po

3
2
εd 5

2

] = 3
5 |CPd|2 → 45 kb, (45)

σ
[2Do

3
2
εd 3

2

] = 9
25 |CDd|2 → 26 kb, (46)

σ
[2Do

3
2
εd 5

2

] = 1
25 |CDd|2 → 2.9 kb, (47)

σ
[2Do

5
2
εd 3

2

] = 1
25 |CDd|2 → 2.9 kb, (48)

and
σ
[2Do

5
2
εd 5

2

] = 14
25 |CDd|2 → 40 kb. (49)

These values are indicated for the appropriate partial-wave
data in figures 5–8.

Next, if we consider the quartet states, it is of course
immediately clear that these could not have any amplitude at
all in strict LS-coupling. However, the ‘4Po

5/2’ level of Ar II
has a small amount of doublet character, with the largest
contribution by an order of magnitude being the 2Do

5/2 state,
with 0.1% total weight. Thus

σ
[4Po

5
2
εd 3

2

] = 1
25 |CDd|2 → 0.003 kb, (50)

σ
[4Po

5
2
εd 5

2

] = 14
25 |CDd|2 → 0.040 kb, (51)

and

σ
[4Po

5
2
εg 7

2

] = 0. (52)

Similarly [14], the ‘4Do
5/2’ level of Ar II has a

nonnegligible amount of doublet character, predominantly
through a state of 2Do

5/2 character with weight 15%,
giving the following expectation for a direct, nonresonant
photoionization process:

σ
[4Do

5
2
εd 3

2

] = 1
25 |CDd|2 → 0.44 kb, (53)

σ
[4Do

5
2
εd 5

2

] = 14
25 |CDd|2 → 6.0 kb, (54)

and

σ
[4Do

5
2
εg 7

2

] = 0. (55)

(These ‘quartet’ expected values are indicated in figures 9
and 10.) Thus if the initial photoabsorption step still excites
only the 1Po

1 complex (Ar+ + e−), the partial weights for the two
LS-forbidden ionic states ‘4Po

5/2’ and ‘4Do
5/2’ should have the

same partial-wave amplitudes as listed above for 2Do
5/2level,

except that they must be multiplied by the respective 2Do
5/2

admixture coefficients from [14]. Inspection of the data in
table 1 and in figures 5–10 shows general consistency with
this expected pattern for the ‘4Do

5/2’ partial cross sections.
However, this argument underpredicts the ‘4Po

5/2’ partial-
wave cross sections by 2–3 orders of magnitude. This
discrepancy might be an indication that the theoretical analysis
of [14] grossly underestimates the amount of 2Do

5/2 character
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in the ‘4Po
5/2’ state of Ar II. The only realistic alternative

interpretation could be that doubly excited resonances with
significant triplet character are being predominantly excited
in this energy range. For direct photoionization of Ar, it
is well known that continuum d electrons are ejected with
a probability around one order of magnitude stronger than
s electrons [30]; this dominance of d-wave photoionization
appears to be borne out for both resonances listed in table 1,
although the dominance is less clear for the 9p resonance
where it is only 4:1 compared to 19:1 for the 8p resonance
at least in the production of 2Po

1/2 ions. On the other hand,
for the production of 2Po

3/2 ions, the d:s ratio is closer to the
‘expected’ value, namely 9:1.

The branching ratio σ
[

2Po
3/2εd3/2

]
: σ

[
2Po

3/2εd5/2
]

is
predicted by this simple recoupling argument to be 1:9 whereas
the experimental result for 8p is 1:2.8 and for 9p it is 1:2, both
representing a major departure from this simple theoretical
expectation, which presumably reflects the breakdown of LS-
coupling in the doubly excited resonant state. On the other
hand, if one refers to the cross sections expected from this
analysis and indicated for the respective partial waves in
figures 5–10, it suggests that the theoretical expectation is
not too far off for the average branching ratio of these two
channels across the energy range depicted. This is because
the branching ratios implied by the recoupling argument
above should be approximately applicable to either direct
photoionization or to autoionization from a resonance of
predominantly 1P◦ character.

4.6. Other manifestations of spin–orbit coupling

We turn finally to the question of what qualitative physical
information we can learn from the partial-wave cross sections
with regard to spin–orbit coupling in the photo-ejection
process. It is important to note that even at this level of
detail, the partial-wave spectra we observe are not associated
with single final channels, because we do not determine
their individual magnetic quantum numbers. To determine
the (je,mje) cross sections would require electron-photon
coincidence measurements which, with the current generation
of synchrotron light sources, are not practicable with this level
of energy resolution and polarization analysis. We can thus
not extract quantitative information about Beutler–Fano shape
parameters. (This is why we use the notation ‘q’ instead of
q to refer to the resonance profiles in this paper.) Our results
do, however, provide enough detail to allow us to reasonably
speculate about the role played by various angular momentum
coupling mechanisms in these collisions.

We begin by identifying four distinct mechanisms
(figure 11) for the magnetic interactions, ignoring the usually
negligible spin–spin interactions: (i) internal spin–orbit
coupling between the electrons and the nucleus of the residual
ion, which leads to the observation of spin polarization
of the photoelectron when the fine structure of the ion
is resolved [31], and which allows us to spectroscopically
resolve fluorescence from different fine-structure states
in these systems; (ii) internal spin–orbit coupling in a
resonant autoionizing state of doubly excited, neutral atoms,

Figure 11. Spin–orbit coupling mechanisms in photoionization/
excitation (see the text).

(iii) interaction of the overall magnetic moment of the residual
ion with the magnetic field caused by the motion of the
photoelectron in the reference frame centred on the ion,
(i.e., the spin-other-orbit and orbit–orbit magnetic terms in
the Hamiltonian) and (iv) the Fano effect [32], which is the
phaseshift difference associated with the photoelectron’s own
spin–orbit interaction (this last case is analogous to Mott
scattering). To our knowledge, case (iii) has not been discussed
in the literature in the context of photoionization.

We concentrate on the last three mechanisms, since the
first is evident simply by resolving fine-structure components
in the fluorescence we observe and in the differences
between intensity or partial-wave spectra with the same spin
multiplicity and L-value, but with different J, as discussed
above (figure 4). We are particularly interested in what can
be learned from interference effects manifested in the shapes
of the resonance profiles. The 2S np resonances are unique
in this regard because at the partial-wave level they exhibit
unambiguous asymmetry. In the two other sets of partial-wave
data we have published in preliminary reports for excitation
of the (3p4 [3P] 4p) 2P◦

1/2 and (3p4 [3P] 4p) 2P◦
3/2 states

(reactions (1) and (2) respectively), none of the resonances are
asymmetric except for the 4s 2S ones in the energy range
between 36.0 and 36.4 eV. In the absence of any clear
evidence for a direct-process background, what we can say
is that the asymmetric profiles constitute clear evidence for
interference between two different autoionizing resonances
leading to the same ionic state. To our knowledge, no other
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data showing effects of this type have identified the quantum
numbers of the final channel.

The best example of such interference is seen in
the reaction (3) 2D◦

3/2 data for the 8p and 9p 2S resonances
(figure 7), which are symmetric in the d3/2 wave, but are
asymmetric in the d5/2 case. This is due to the differences
in the phase between these resonances and broad underlying
resonances in the d5/2 spectrum associated with the C or D
states or other, as yet unidentified resonances. Interference
with broad resonances is less evident in the d3/2 case, which
is comprised of much more symmetric features, although the
‘shoulder’ on the 2S 9p resonance in the d3/2 data may indicate
contributions from the D resonance. Interestingly, similar
behaviour is not seen (at least as obviously) in the reaction (4)
2D◦

5/2 fine-structure D-twin (figure 8). If a direct continuum
background could be unambiguously identified for the two
reaction (3) d-waves, the difference in resonance shapes would
be direct evidence for mechanism (iv), the Fano effect, in this
system. Under this assumption, the ‘half-collision’ scattering
phase [33] of the direct process is obviously different for the
two partial waves; in the d3/2 process, we see an almost pure
Lorentzian with very high ‘q’, whereas in the d5/2 case, ‘q’ ∼1.
Since resonance phases always change by π radians across
their widths, the corresponding absolute phase difference
between the two d partial-wave amplitudes is ∼ π/2 radians
at the energy where the two reactions enter resonance.

Similar phase shifting for different l partial waves is
evident in the s1/2 and d3/2 data for reaction (1) 2P◦

1/2 excitation
between 36.27 and 36.325 eV (figure 5). Since, apart from
the 2S 10p resonance, there are no resonances in this region
that have been identified previously or that are evident from
the current data, and since the 2S 10p resonance width is
significantly smaller than its separation from the 9p and 11p
terms in the same series, it is not unreasonable to take the
background in this section of the spectrum as being due to the
direct photoionization of the target. This gives particularly
clean evidence for how the direct process phase shift changes
with l, but does not provide evidence for a Fano effect.

If one can infer a direct background, mechanism
(iii) becomes relevant as well. We consider next the quartet
(3p4 [3P] 4p) 4P◦

5/2 and (3p4 [3P] 4p) 4D◦
5/2 states (reactions (5)

and (6); figures 9 and 10 respectively). Reaction (5) has
been investigated recently by Mentzel et al as well [8], and
has been considered theoretically in separate calculations
by van der Hart and Greene [24]. The formation of such
states represents an unambiguous experimental signature
of relativistic interactions because it requires a spin non-
conserving interaction. Pure dipole transitions conserve spin
in the non-relativistic limit and can only lead to an overall
excited singlet state in the continuum having Jtotal = 1 for a
target atom with Jtarget = 0 initially. Thus, spin-conserving
interactions can only form doublet states of Ar II. While the
presence of relativistic effects has been previously observed in
this system by other means [5, 8–12], the quartet states provide
a particularly direct way to study their dynamical nature, as
we will now show.

Van der Hart and Greene [24] have calculated and
replicated some of the cross section and alignment features of

quartet states measured in [8] by including in their description
of the doubly excited Ar∗∗ wavefunction the triplet, quintet,
and 1P1 states. This mixing of the triplets and quintets
with the radiatively populated 1P1 state is made possible by
the spin–orbit interaction within the intermediary Ar∗∗, i.e.
through mechanism (ii) in our list above. The formation
and subsequent decay by autoionization of an Ar∗∗ triplet (or
quintet) component can lead to quartet states of excited Ar
II. Because there is no inclusion of amplitudes for a direct
process yielding a continuum electron that involves a spin–
orbit interaction in this description, there can be no interference
effects that lead to asymmetric Beutler–Fano profiles in the
energy dependence of the quartet-state cross sections. Indeed,
the measurements of [8] give no indication of anything other
than pure Lorentzian resonance profiles, suggesting that direct
processes to the continuum have small amplitudes.

Our results for the 4P ionic states, taken with significantly
higher resolution than the data of [8] do not challenge this
picture. However, we now see clear evidence for interference
of the 2S 9p narrow resonance with a much broader resonance
which we attribute to the [1D]4p 2D3/2 6s excitation labelled D.
Since the 4p and 6s electrons interact strongly, this state will
decay rapidly, leading to a broad resonance. Reaction (6) 4D
data are qualitatively different, however. There appears here
to be either a linearly increasing background due to a direct
process starting at ∼36.12 eV, or the low-energy half of a very
broad (FWHM ∼ 0.4 eV) centered at ∼36.3 eV upon which
the 2S 8p, 9p and 10p resonances are superimposed. (We
assume that the small symmetric feature at 36.118 eV is due
to the B resonance.) Whatever the nature of the background,
the ‘q’ of the three 2S resonances changes from being large
and positive for the 8p feature, smaller but still positive for
the 9p, and smaller still in magnitude but negative for the
10p resonance. This phenomenon has been referred to as
‘q-reversal’ by Connerade and co-workers [2, 34, 35] for the
case of a Rydberg series superimposed on a broad resonance.
If the asymmetric shapes of the 9p and 10p peaks are due to
interference with a broad, unidentified resonance, the situation
is similar to that of the 4P spectrum.

We note, in this context, that a possible second example
of q-reversal might be the change of the [1S]4s2S1/2 np
resonances, labelled as Rydberg series 4 in figure 3, from
the prominent peaks of the n = 8 and 9 terms to window
resonances in the case of n = 6 and 7. This would imply a
very broad resonance, centered at ∼36.1 eV, with a full width
of perhaps 1 eV that interferes with this series. Having said
this, the distinction between a resonant interaction and direct
photoionization becomes blurred for ‘resonances’ this broad.
The decay time of such a compound would be ∼1 fs, the time
required for a prompt photoelectron to leave the interaction
region!

Since we have no experimental evidence for such a broad
resonance, however, the possibility exists that the background
is, in fact, due to a direct process. The very existence of a
direct ionization leading to a well-LS coupled quartet state
means that the spin-other-orbit coupling mechanism (iii) is
operative. This mechanism has not been observed previously
and has not, to our knowledge, been postulated prior to this.
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The picture is complicated, however, by the fact that the 4D
state populated in reaction (6) is not a pure quartet, unlike
the 4P state [14]. This means that a pure spin doublet state
(not requiring a spin-flip) can be formed in either a direct or
resonant process, and subsequently turn into a ‘quartet’ state
through either mechanism (i) or (ii). Thus, it is not possible to
obtain unambiguous evidence for spin-other orbit coupling in
reaction (6) from these data.

5. Conclusions

By combining high-resolution spectroscopy of
photoionization satellite fluorescence in combination
with complete polarization analysis of this fluorescence,
we have studied the photoionization excitation of Ar in
unprecedented detail. We have obtained unique information
about the role played by resonances in the ionization process.
Extraction of partial-wave cross sections simplifies the
fluorescent excitation spectra, yielding resonance profiles
more characteristic of Beutler–Fano interference than those
seen in the total intensity spectra. This in turn helps in the
identification of the importance of specific resonances in
the ionization/excitation process. These roles are shown to
be quite sensitive, at this level of detail, to the fine-structure
state of the residual ion; individual partial waves may exhibit
unique interference effects that can be obscured in the total
cross section. Relative cross sections determined either from
fluorescent intensity or electron emission measurements may
not exhibit a meaningful energy profile, in the sense that
one can extract actual Beutler–Fano parameters, unless it
can be shown that only one partial wave contributes to the
cross section. Our data, however, show unambiguously that
the various partial waves of the outgoing electron in a given
reaction leading to a particular final state have different phase
relationships with underlying broad (i.e., slowly varying)
resonant or direct channels.

These data provide the first evidence for the interference
between amplitudes having different pathways in the doubly
excited electron continuum that leads to the photo-production
of excited ions. Evidence for the Fano effect in Ar, as well as a
previously unidentified mechanism: spin-other-orbit coupling
in the continuum production of quartet states, is problematic,
being complicated by the possibility of interference with
resonances in the same energy regimes. However, it is
important to note that such resonances have not been identified
in this region—we only speculate as to their existence.
Until more experimental or theoretical work demonstrates
the existence or lack of such resonances unambiguously, the
question of the importance of these spin–orbit mechanisms will
remain open. It is hoped that these measurements will provide
benchmark data for theories of photoionization which include
the various effects of spin–orbit coupling in more detail.
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