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Inner-shell photoionization of atomic chlorine
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Relative partial cross sections have been measured following photoexcitation of atomic chlorine near the Cl 2p
and Cl 1s ionization thresholds. In addition, Breit-Pauli R-matrix calculations have been carried out in the region
of the 2p thresholds, and the results are compared with experiment. Owing to angular-momentum considerations,
it was found that the resonances associated with the higher 2p−1 thresholds should be significantly wider than
the lower ones, and this is borne out in both the experimental and the theoretical results. It is shown that a large
number of resonance series contribute to the cross section, which make it difficult to untangle, and suggestions
for further work to better understand the spectra are presented.
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I. INTRODUCTION

The study of inner-shell photoionization of open-shell
atoms poses a number of challenges. From an experimental
point of view, the difficulties involve sample preparation:
creating a large enough density of free atoms to perform
a measurement, together with a large enough photon flux
[1–10]. On the theoretical side, in dealing with the removal
of inner-shell electrons, one must include the processes
that fill the resulting vacancy, radiative decay along with
participator and spectator Auger decay, to have any hope
of quantitative accuracy [11–15]. In addition, the open-shell
character leads to multiplet structures which in turn translate
to multiple inner-shell thresholds and channels; and there can
be radiationless Coster-Kronig-like transitions among these
multiplet channels. For the above reasons, most of the extant
atomic photoionization work has been done on closed-shell
systems, and mostly for outer shells. Nevertheless, the Periodic
Table is comprised largely of open-shell atoms, and, aside from
the interest in their photoionization from a basic physics point
of view, such data are also of applied importance in a number of
connections, e.g., astrophysics and aeronomy [16–18]. Note,
however, that there does exist a number of studies of open-shell
atoms; see, e.g., Ref. [19].

One of the most studied atoms is Ar, concerning photoion-
ization from both outer and inner shells [20–26]. Thus, looking
at an adjacent atom in the Periodic Table would allow us to
study a similar system and spotlight the differences in the
photoionization engendered by the existence of an open outer
shell. The Cl atom is an appropriate candidate, with outer shell
structure 3p5 as compared to the 3p6 outer shell of Ar. Thus,
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we have undertaken a combined high-resolution experimental
and theoretical investigation of inner-shell photoabsorption
of atomic Cl. Note that some lower-resolution experimental
results for photoionization in the vicinity of the 2p thresholds
have been reported [4,7,9], but none, as far as we know,
in the vicinity of the opening of the K shell. Furthermore,
there is only a single theoretical study reported of inner-shell
photoionization of Cl beyond the central-field model (which
cannot be realistic near thresholds because multiplet structure
and resonances are omitted), and this is a semiempirical
but extensive calculation based on the Fano configuration-
interaction methodology [13].

In this paper we report on high-resolution measurements
of the photoionization of atomic chlorine in the vicinity of the
L2,3 ionization thresholds, along with relativistic Breit-Pauli R-
matrix calculations. In addition, measurements in the vicinity
of the K-shell thresholds also are reported. The experimental
techniques are described in Sec. II, the data reduction is
described in Sec. III, and the theoretical methodology is
discussed in Sec. IV. Section V presents and discusses the
results and compares experiment with theory. The final section
presents a summary and conclusions.

II. EXPERIMENTAL TECHNIQUE

The experimental technique is similar to that previously
described for our measurements on atomic nitrogen [10] and
atomic oxygen [27], and those of Samson et al. [1,28]. The
measurements were performed on undulator beamline 8.0.1.3
and bending magnet beamline 9.3.1 at the Advanced Light
Source (Lawrence Berkeley National Laboratory, Berkeley,
CA, U.S.A.).

Calibration of the photon energy at the 2p edge was done
by comparison with results of Shaw et al. [29,30] using the
Cl (2p3/2)−14s molecular chlorine transition at 204.240 eV.
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FIG. 1. (Color online) Schematic diagram of the apparatus
showing the interaction region, all of the focusing and steering
elements, and the entrance and exit slits of the magnetic mass
spectrometer, I0 mesh or foil, silicon diode, the total-yield detector,
and the partial-ion-yield detector (see Fig. 2 for the gas flow tubes).

We observed a photon energy shift of 42 meV between our
molecular chlorine calibration procedure and the published
results of Caldwell et al. [7] and those of Martins [13]. We
estimated a monochromator resolution of 30 meV near 205 eV
photon energy by comparing the well-separated 4s(3D)2D5/2

atomic chlorine transition at 204.76 eV with the theoretical
lifetime of 5.3 meV [13]. Calibration at the Cl 1s edge was
performed by comparison to results of Perera et al. [31]
using the Cl (1s)−111a1 transition in CF3Cl at 2823.5 eV. We
estimated the incident radiation near the Cl K edge to have a
resolution of 0.5 eV by measuring the Cl (1s)−16σ ∗ transition
in HCl in comparison to our previous results [32].

As described previously, the experimental apparatus con-
sisted of a mass spectrometer, an ion source with suitable
lensing, and a detector [33]. The transit time for ions to
pass through the mass spectrometer is a few microseconds.
Figure 1 gives a brief overview of the instrument’s current
configuration. Photons from the beamline pass through a gold
mesh or 0.8-μm-thick aluminum foil and provide the incident
flux measurement I0. The photons enter the gas cell through an
entrance collimator which minimizes the possibility of having
scattered electrons enter the interaction region. The gas cell
has a curved extraction plate which increases the solid angle
of acceptance by focusing the ions into the lens system. The
Einzel lens system and steering plates focus and direct the ions
onto the mass spectrometer entrance slit. Ions are detected
at the exit slit of the spectrometer with a Dr. Sjuts channel
electron multiplier (type KBL-15RS-EDR). An analog signal
from a capacitance manometer was recorded simultaneously
with the ion signal to monitor target gas pressure. Finally,
the photon intensity was monitored after the gas cell with
a Si photodiode, I. The flux measurements were constantly
compared (I0/I) to ensure there was no observed spectral
structure caused by contamination of either measurement.

Atomic Cl was produced in a microwave discharge system
by the dissociation of molecular chlorine (see Fig. 2). The
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FIG. 2. Diagram of the gas flow tubes and microwave cavity used
for the production of atomic chlorine (see text for details).

target was commercially obtained as a 99.996% pure liquified
gas from Scott Specialty Gases, and was used without further
purification. Approximately 5% molecular dissociation was
produced when the L-shaped Pyrex flow tube surrounded by
the microwave cavity was coated with Teflon. It was further
increased to about 15% when this tube was additionally
coated with phosphorus pentoxide, and subsequently exposed
to atmospheric humidity before installing it in the vacuum
system. The remaining Pyrex tubing was coated on the inside
with Teflon. It was found that collisions with the walls of these
coated tubes strongly quenched the chlorine atoms created in
long-lived metastable states, and also reduced wall recombi-
nation effects, before the ions reached the interaction region,
leaving only ground-state atoms and molecular chlorine to
interact with the x rays [1]. Additionally, the Pyrex differential
tube was carbon coated on the outside, to keep the glass surface
from electrically charging and subsequently causing stray
electric fields inside the gas cell. The discharge products were
constrained to flow past a small orifice of 0.5 mm diameter
before entering the gas cell. An additional convectron vacuum
pressure gauge was attached to the flow tubes to monitor
the gas pressure (∼250 mTorr) during the duration of the
experimental period. The gas flow rate though the Pyrex tubing
was increased by pumping on the flow tubes with a 50 l/s
Leybold turbopump, thus maintaining a fast flow through the
glass flow tube to further reduce wall recombination effects.
We also satisfied the electron-cyclotron resonance condition
by superimposing on the microwave cavity a constant magnetic
field perpendicular to the 2.45 GHz electric field. The magnetic
field aided in confinement and electron-cyclotron heating of
the plasma. Coupled with the faster gas flow rate, this increased
the dissociation fraction to near 30%.
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FIG. 3. (Color online) A spectral comparison of microwave-on state, a mixture of atomic Cl and Cl2 (red), and microwave-off state, pure
Cl2 (blue), to visually demonstrate the subtraction procedure.

III. DATA REDUCTION

The partial-ion yields measured with the discharge on as
described above include contributions from both ground-state
atomic chlorine and molecular Cl2, differing as a function of
photon energy, whereas, with the discharge off the gas target is
composed of molecular Cl2 only. Because the spectroscopy of
molecular Cl2 is known [30], its presence provides an internal
energy calibration. The cross section σq+(E), as a function of
photon energy E for photoionization of atomic chlorine to an
ion of charge + q can be obtained from [28]

σq+(E) = Cq+
(
I q+

on − f × I
q+
off

)
, (1)

where I
q+
on and I

q+
off are normalized ion yields measured as

functions of photon energy with the microwave discharge
on or off, and Cq+ is a constant dependent on the number
density of chlorine atoms and the ion-collection efficiency
of the apparatus. Figure 3 shows two comparative samples
of these spectra, one for Cl2+ at the L edge and the other
for Cl4+ at the K edge. Relative data for single and multiple
photoionization of Cl2 [30] were used to determine values
for the constants Cq+. The parameter f = n(Clon

2 )/n(Cloff
2 ),

with n(Clon
2 ) and n(Cloff

2 ) being number densities of Cl2 with
the microwave discharge on or off, represents the fraction of
Cl2 molecules that do not dissociate in the discharge. The
value of f is empirically chosen for each fragment ion to
eliminate the molecular peaks from the measured ion yields via
a weighted subtraction [2,28]. Fortunately there is a molecular
chlorine resonance at 205.79 eV, (2p3/2)−14pσ , which does
not overlap significantly with any of the atomic transitions,
while the (1s)−15σ ∗

u resonance at 2820.6 eV plays this role
at the K edge. As noted above, the total dissociation fraction
1 − f was about 30%. Finally, the collection efficiency for
each ion Clq+ produced by photoionization of atomic chlorine
was assumed equal to the collection efficiency of the same ion
generated in dissociative photoionization of Cl2.

This procedure works extremely well at the L edge for
the Cl2+ and Cl3+ fragments, but it does not work well for
Cl+ because the cross section for creating Cl+ from Cl2 is

significantly larger than its creation from atomic Cl, and the
discharge-on spectra have slightly wider linewidths for the
lower-charged fragment ions. Likewise, Cl3+, Cl4+, Cl5+, and
Cl6+ gave better results at the K edge.

The resulting spectra were fitted with WINXAS [34] and
its near-edge x-ray-absorption fitting routines. The spectral
lines were fitted with Voigt functions, with the Gaussian
contribution to each peak held at a constant width equal to
the measured monochromator resolution, while the Lorentzian
portion of the function, which represents the lifetime of the
particular state, was allowed to vary. Arctan functions were
used to represent the ionization thresholds, with their slopes
set to the beamline resolution and their positions allowed to
vary after initially setting them using literature values [13]. The
fitted peak energies and lifetimes for the L edge are given in
Table I. The 3p and 4p transitions following K-edge excitation
are located at 2815.4(1) and 2828.6(1), and the ionization
threshold is estimated to be at 2829.2(5) eV. All errors include
standard deviations and calibration errors.

IV. THEORY

Photoionization of Cl in the vicinity of the 2p−1 inner-shell
thresholds is investigated within the framework of the R-matrix
method [35]. There, the wave function is represented by an
expansion which can be formally written as

�k = A
∑

i

�i(R)
∑

j

cijkuij (r) +
∑

α

dαkχα(R,r). (2)

Here R stands for the collective coordinates of the target
ion electrons, �i are wave functions for the various states
of Cl+, known as target ionic states in R-matrix terminology
(the outer electron’s spin and angular momenta are implicitly
coupled to this wave function), the uij (r) are basis functions
for the outer (“continuum” or “Rydberg”) electron’s orbital,
A is the antisymmetrization operator, and the coefficients cijk

and dαk are determined from variational considerations. The
N-electron target wave functions �i are linear combinations of
configurations φk [a configuration-interaction (CI) expansion]
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TABLE I. Experimental energies of major transitions of atomic Cl following Cl 2p excitation, along with their tentative identifications.
All errors in the table are standard deviations; total errors must include a calibration error of 20 meV from our use of the molecular chlorine
(2p3/2)−14sσ transition [29,30]. When possible comparison is made to [7]. N corresponds to an index number used to identify the experimental
transitions observed in Fig. 4.

Present experiment Previous experiment [7]

Energy � Energy �

N Configuration (eV) (meV) (eV) (meV)

1 4s(1P )2P1/2,3/2 203.913(2) 16 203.949 22
2 4s(3D)2D5/2 204.238(1) 8.5 204.268 16
3 4s(3D)4D5/2 204.766(2) 43 204.787
4 205.138(4) 59
5 4s(3P )2P3/2 205.618(2) 156
6 3d(1P )2D5/2 206.144(2) 25 206.147 22
10 3d(2D)2D5/2,

2S1/2,
2P3/2 206.581(2) 35 206.576 40

11 5s(3D)2D5/2 206.647(3) 47 206.640
13 4d(1P )2P3/2 206.944(5) 27 206.933
15 4d(3D)2D5/2 207.333(10) 34 207.328
16 4d(3D)2P1/2,6s(3D)2D5/2, 207.390(10) 40 207.376

3d(3D)4D1/2

17 4s(1D)2D5/2,3d(3D)2S1/2 207.448(20) 40 207.438
18 207.563(15) 32
20 5d(3D)2D5/2,

2S1/2,
2P3/2 207.732(15) 12 207.705

22 7d(3D)2D5/2,6s(3D)4D1/2, 207.806(15) 25 207.880
4d(3D)2P3/2,7d(3D)4P1/2,

8d(3D)2D5/2

23 3d(3P )2P1/2,3d(3D)2P3/2, 207.911(10) 71 207.975
9d(3D)2D5/2,

2P3/2,10d(3D)2D5/2

formed by coupled Slater determinants of atomic orbitals:

�i(R) =
∑
m

Uimφm(R) or � = Uφ. (3)

The coefficients Uim form a unitary matrix that diagonalizes
the ionic Hamiltonian within the basis �i :

〈�i ′ |H(Cl+)|�i〉 = Eiδii ′ or U†HU = E, (4)

where Hmm′ = 〈φm|H(Cl+)|φm′ 〉 and E is a diagonal matrix
of ionic eigenenergies. The χα are additional (N + 1)-electron
configurations constructed from only the target atomic orbitals,
so they are completely contained within the R-matrix “box.”
Their inclusion is necessary to compensate for the restriction
that the uij (r) are orthonormal to all target orbitals making
up the target states, thereby making the set of basis orbitals
more complete. In order to account for the broadening, due
to spectator Auger decay, of the 2p53s23p5ns,md inner-shell
photoexcited resonances, an optical potential is introduced.
This approach was shown to give excellent agreement with
experimental inner-shell photoionization spectra in Ar [36],
Ne [37], and O [38]. Fine-structure splitting of the various
levels is incorporated via the Breit-Pauli operator.

In the construction of the CI target wave functions of Cl+,
the radial orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f , 5s,
5p, and 5d were used, with the 1s and 2s being those of the
ground state of Cl+ given by Clementi and Roetti [39]. The
orbitals 2p, 3s, and 3p were optimized on the energy of the
1s22s22p53s23p5 (1P e) LS state. This was done in order to
bring the energies of 2p-hole states closer to the experimental
energies. The orbitals 3d, 4s, 4p, 4d, 4f , 5s, 5p, and 5d

were optimized on the energies of the 3s23p3(4So)3d 5Do,
3s23p3(4So)4s 5Do, 3s23p3(4So)4p 5P o, 3s23p3(4So)3d 3Do,
3s23p3(2Do)4p 3Fo, 3s23p3(4So)4s 5So, 3s23p3(4So)4p 5P o,
and 3s23p3(4So)3d 3Do, respectively, using the program CIV3

[40]. The orbitals 3d, 4s, and 4p are, therefore, spectroscopic,
while the 4d, 4f , 5s, 5p, and 5d orbitals are correlation
functions and are chosen to improve the energies of the ionic
thresholds and the ground state of Cl+. The parameters of
the various radial orbitals are presented in Table II. In the
CIV3 calculation, we retained all configurations within the
n = 5 complex that had weights greater than 0.001. The wave
functions are represented by a J-dependent CI expansion of
the form [41]

�i(JMJ ) =
K∑

j=1

bijφj (αjLjSjJMJ ), (5)

where each of the K single-configuration functions φj is
constructed from one-electron functions and αj defines the
coupling of the orbital Lj and spin Sj angular momenta to
give the total angular momentum J. The mixing coefficients
bij are obtained by diagonalizing the Breit-Pauli Hamiltonian,
here composed of the nonrelativistic term plus the one-body
mass correction, the Darwin term, and spin-orbit, spin-other-
orbit, and spin-spin operators, with respect to the basis φj .
The inclusion of mass correction, Darwin, and spin-spin terms
shifts the energy of a configuration as a whole, while the
spin-orbit and spin-other-orbit terms cause the fine-structure
splitting. Our results for the Cl+ target energies are given
in Table III. The present results compare suitably with an
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TABLE II. Cl+ radial orbitals generated using the program CIV3.
The 1s and 2s orbitals are those of Clementi and Roetti [39].

Orbital Power of r Exponent Coefficient

2p 2 7.28476 0.70274
2 12.72004 0.06182
3 2.47884 0.03055
3 6.61369 −0.00472
3 5.97974 0.28597

3s 1 16.69807 −0.01598
1 16.53109 0.11667
2 4.39075 −0.78912
2 12.26833 0.05024
3 4.14479 0.70482
3 2.30861 0.80404
3 11.85510 −0.05906

3p 2 2.01665 2.52459
2 9.11977 0.12243
3 3.60382 −1.00120
3 2.71824 −1.00016
3 2.03637 −1.59911

3d 3 2.8375752 0.2720268
3 1.2014151 0.8279294

4s 1 12.53922 0.04733
2 6.38589 −0.13826
2 0.71332 −1.26651
3 2.34017 0.75500

4p 2 6.80218 0.08557
3 2.30900 −0.32558
4 0.91874 1.03629

4d 3 5.78397 −0.01010
4 0.51295 1.25755
4 0.92788 −0.47250

4f 4 0.50173 1.00000
5s 1 13.61950 0.02481

2 5.43655 −0.11268
2 0.47084 3.26529
3 0.84030 −3.09910
3 2.83392 0.14870

5p 2 6.82329 0.05013
3 2.29310 −0.19781
4 0.52269 −1.52140
4 0.87440 1.11799

5d 3 19.64933 0.02782
4 6.47903 2.32148
4 5.04994 −1.63194

experimental determination of the energies of the 2p-hole
states of Cl+ [15]; and, for the lower states, the NIST values
[42]. The ordering of energy levels is the same in both theory
and experiment (with one possible exception), and the splitting
of the levels is generally quite close, much closer than the
absolute energies. It must be noted, however, that the present
calculation aims primarily at an accurate spectral shape for the
cross section, not absolute energies.

The fundamental reason that the 1S, 3P , and 1D 2p−1

states are higher than the 3S, 1P , and 3D states can be
discerned from the expression for the Hartree-Fock (HF)
energy. There is a large monopole exchange term G0(2p,3p)
in the nonrelativistic HF energy of each of the LS states arising

TABLE III. LSJ target-state excitation energies (in a.u.) relative
to the ground state of Cl+, calculated using the Breit-Pauli R-matrix
code with optical potential along with experimental results [15,42].

Configuration Term J Calculated Experiment

3s23p4 3P e 2 0.00000 0.00000
3s23p4 3P e 1 0.003981 0.00317
3s23p4 3P e 0 0.00571 0.00454
3s23p4 1De 2 1.84142
3s23p4 1Se 0 4.18750
3s3p5 3P o 2 11.58987
3s3p5 3P o 1 11.69053
3s3p5 3P o 0 11.74316
3s23p3(4So)4s 3So 1 14.55502
2p53s23p5 (1P e) 1 7.07962 7.16179
2p53s23p5 (3De) 3 7.08912 7.17377
2p53s23p5 (3De) 2 7.11567
2p53s23p5 (3De) 1 7.13275
2p53s23p5 (3Se) 1 7.15469 7.22085
2p53s23p5 (3P e) 2 7.17376 7.22916
2p53s23p5 (3P e) 0 7.200125 7.24775
2p53s23p5 (3P e) 1 7.20846 7.26609
2p53s23p5 (1De) 2 7.24651 7.29769
2p53s23p5 (1Se) 0 7.32005 7.35645

from the 2p−1 configuration of Cl+. The coefficient of this
term is −5 for all three of the lower-energy states and −3 for
all three of the higher-energy states, so that, all other things
being equal, one group of states is lower in energy by 2G0.
Further differences accrue owing to the F 2 and G2 terms in
the HF energy, relativistic effects which split the 3P and 3D

each into three states, and configuration-interaction effects on
each of the states. But even with all of the other interactions,
it is the HF G0 term that determines that one group of 2p−1

states is lower in energy and the other group higher.
For the collision problem, the initial and final states

are represented by the same type of Breit-Pauli R-matrix
expansion. For Cl+, eight LS target symmetries (3P e, 1De,
1Se, 3Po, 1P o, 1P e, 3De, and 3Se) were used, giving a total of
19 J levels, which include the crucial ten lowest 2p53s23p5

levels. This leads to a total of 484 configurations for Cl+ with
single electron promotions out of the 2p63s23p4, 2p63s3p5,
2p63p6, and 2p53s23p5 configurations. All (N + 1)-electron
configurations consistent with double promotions out of the
2p63s23p5 configuration were used for the description of the
various bound, resonant, and continuum states of Cl.

The specific processes of interest are inner-shell photoex-
citation of the Cl ground state,

hν + 2p63s23p5 → 2p53s23p5ns,md, (6)

followed by two competing decay routes. First, there is
participator Auger decay

2p53s23p5ns,md → 2p63s23p4 + e−

→ 2p63s3p5 + e−, (7)

where the valence electrons ns,md take part in the au-
toionization process; the decay rate therefore scales as 1/n3

(1/m3). There is also the more important (yet less amenable
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to close-coupling studies) spectator Auger decay

2p53s23p5ns,md → 2p63s23p3ns,md + e−

→ 2p63s3p4ns,md + e−

→ 2p63p5ns,md + e−, (8)

where the valence electrons ns,md do not take part in
the autoionization process, giving instead a decay rate that
is independent of n. Spectator Auger decay is therefore
the dominant decay route as n → ∞. A constant spectator
width also leads to a smearing of higher-n resonances and a
smooth transition from the below-threshold to above-threshold
photoabsorption cross section.

In order to account for spectator Auger decay to the infinite
number of continua in Eq. (8), the R matrix is modified by
using an Auger optical potential [36], wherein the 2p−13p−1

Cl+ energies are analytically continued into the complex plane
via

E → E − i�/2, (9)

where � is the spectator Auger decay width and is com-
puted in lowest-order perturbation theory using the program
AUTOSTRUCTURE [43].

V. RESULTS AND DISCUSSION

Photofragmentation of the Cl2 molecule at the L and K

edges was reported in detail previously [30]. In the molecular
system, the total charge is shared between the fragment ions,
and ion charges from Cl+ up to Cl3+ were observed at the
L edge, and up to Cl5+ at the K edge. In the case of atomic
chlorine, ionization at the L edge produces atomic ions with
charge up to Cl3+, seen in Fig. 4, and K-edge ionization leads
to the production of ion charge up to Cl7+, shown in Fig. 5.
The ionization of atomic chlorine can be compared to the
core-equivalent Z + 1 argon atom for which ion charges up to
Ar4+ were observed at the L edge [44] and up to Ar7+ at the K

edge [45]. When a 2p electron is ejected, the only possible

FIG. 4. (Color online) Relative partial cross sections for Cl+,
Cl2+, and Cl3+ resulting from photoexcitation of atomic Cl near the
L2,3 edges. The numbers located above spectral lines correspond to
the index values N in Table I.

FIG. 5. Relative partial cross sections for Cln, n = 1 to 7,
resulting from photoexcitation of atomic Cl near the chlorine K edge.
Due to high molecular chlorine contamination, the region near 2820
is not shown for Cl+ and Cl2+. The 3p and 4p transitions are located
at 2815.4(1) and 2828.6(1). All errors are standard deviations and
include the calibration to the Cl (1s)−1 → 11a1 transition in CF3Cl
at 2823.5 eV [31], which has an estimated 0.1 eV systematic error in
photon energy.

pathway to produce singly charged ions is through LM

radiative decay; similarly, when a K-shell electron is ejected,
only KM radiative decay produces singly charged ions. In the
case of argon, radiative decay is expected to account for 11% of
the decay at the K edge and less than 1% at the L edge [46], and
the yields are quite similar for Cl. The main decay channel to
produce singly charged ions below the K threshold and doubly
charged ions above the K threshold is KL x-ray emission
followed by Auger LMM electron emission [46–48]. Recently,
Ar 1s photoionization and subsequent Auger decay have
been investigated in detail both experimentally by electron-ion
coincidence measurements, and theoretically [49,50]. Decay
pathways and lifetimes of the intermediate states involving
both radiative and nonradiative processes for Ar+ to Ar5+
have been reported. Below the L edge, singly charged ions are
produced mainly through direct LMM Auger decay. No further
decay occurs. The production of ions with charge higher than 2
is due to a primary Auger decay, KLL at the K edge [46,51,52].
The same processes and relative efficiencies are expected to
be involved in the production of multiply charged ions in
atomic chlorine. Thus, getting back to Fig. 4, Cl2+ is produced
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primarily by single one-electron 2p ionization, followed by
LLM Auger emission. Since the L-shell fluorescence yield is
so small, 2p ionization will almost never yield Cl+; Cl+ is
generated, in this energy region, by ionization of the valence
shell, which is rather small compared to 2p ionization in this
energy region, as seen in Fig. 4. The structure in the Cl+ cross
section is evidently the result of interchannel coupling with
the 2p ionization channels. The Cl3+ cross section is seen to
be roughly proportional to the Cl2+ cross section, but lower
by an order of magnitude or so, with similar resonances. This
indicates that the initial process must be 2p ionization, and,
to get to Cl3+, a double Auger LMMM process. The double
Auger rate is roughly an order of magnitude smaller than the
normal Auger rate, which is commensurate with the Cl3+ cross
section being an order of magnitude smaller than the Cl+ cross
section.

It has also been shown that the relative intensities of the
different charge states are changing rapidly with photon energy
within the first 10 eV above threshold at the K edge in argon
because of the influence of postcollision interaction [45] which
also shifts the charges from the higher charge states to the
lower charge states. This effect is also seen in atomic chlorine
where the production of the lower charge states decreases
with increasing photon energy from threshold up to ∼2840 eV
(clearly seen in the Cl3+ partial cross section in Fig. 5),
while the production of the higher charge states increases with
photon energy (see the Cl4+ and Cl5+ partial cross sections in
Fig. 5, for instance).

A comparison of theory and experiment is shown in Fig. 6
for the photoionization cross section in the vicinity of the 2p

ionization thresholds. Because the initial-state (ground-state)
configuration of the Cl atom is 2p63s23p5, this can be coupled
to both J = 3/2 and J = 1/2 states, the J = 3/2 being
lower by 0.109 eV [42]; our calculation predicts 0.106 eV, in
excellent agreement with experiment. Because the experiment

FIG. 6. (Color online) Photoionization of Cl near the 2p−1

thresholds: comparison between R-matrix optical potential results
(dashed line, convoluted with a 30 meV FWHM Gaussian) and
experimental results (solid line, arbitrarily normalized to theoretical
results near 216 eV).

did not separate the J = 1/2 and 3/2 states, the calculation is
performed for both initial states and a statistical mixture of the
two cross sections was obtained to replicate the measurement.
To get the theoretical photon energies of the various 2p−1

thresholds, the theoretical ionization potential of neutral Cl
(16.79 eV) is added to the target-state energies shown in
Table III. This ionization potential is much larger than that
obtained in experiment, which is 12.97 eV [42]; this is not
surprising since our orbitals are optimized on the the 2p inner
shell. Thus, to take this into account, the theoretical result is
shifted by 2.29 eV to lower energies to match the experimental
thresholds; we emphasize that, aside from this shift, the entire
calculation is ab initio. Note further that inaccuracies in the
energies of the valence states should not have much influence
on inner-shell photoionization.

To compare with experiment, the calculated cross section
is convoluted with a 30 meV FWHM Gaussian to factor in the
experimental resolution, and the experimental results are nor-
malized to the theoretical value at 216 eV to put the measured
cross sections on an absolute basis. The comparison shows
that there is reasonably good agreement between theory and
experiment for the background (nonresonant) cross section.
In addition, above 209 eV, most of the major resonances are
reproduced in both shape and position. For energies below that
there are marked discrepancies owing primarily to inaccuracies
in the theoretical thresholds. Concerning the resonances, with
the inclusion of relativistic (spin-orbit) effects, there are 64
resonance series converging on the ten 2p−1 (2p53s23p5)
thresholds which are excited from the J = 3/2 initial state
of the Cl atom leading to the possible J = 1/2, 3/2, and
5/2 final states; 17 2p → ns series and 47 2p → nd series.
Additionally, since there is a statistical mixture of J = 1/2
and J = 3/2 initial states, there are also the 42 resonance
series arising from the J = 1/2 initial state; fewer than in
the J = 3/2 case because the J = 5/2 final states are not
accessible from the J = 1/2 initial state in a dipole transition.
Although all of the resonances arising from the J = 1/2 initial
state are also accessible from the J = 3/2 initial state, they
appear at different photon energies for the two initial states,
separated by the difference in binding energies of these states.
Thus, with a total of 64 plus 42, equaling 106, resonance series
in the energy region of the 2p−1 thresholds, making a detailed
analysis of this resonance region is a daunting task.

It is of interest to note, however, that there appear to be two
groups of resonances, broad in connection with the higher-
energy thresholds, and narrow for the lower-energy thresholds.
However this is not really an energy-related phenomenon. It
occurs for two reasons.

The first reason is that the resonances attached to the upper
three 2p53s23p5(2sc+1Lc) ionic core states of Cl+ are broader
due to their much greater spectator Auger rate �. This can be
seen by considering the expression for the rate:

� ∝ |〈2p5(2P )3p5(2P )(2Sc+1Lc)|V |2p6(1S)3p3εp〉|2,

where

V =
∑
i>j

1

rij

=
∑

λ,m,i>j

(
4π

2λ + 1

)
rλ
<

rλ+1
>

Y ∗
λ,m(�i)Yλ,m(�j ).
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Then, after applying angular-momentum algebra, the matrix element for the transition becomes∑
S1,L1

(p4 L1S1|}p5 LcSc)〈2p5(2P ){3p4(2S1+1L1)3p(2P )}(2Sc+1Lc)| V |2p6(1S)3p3εp〉,

where the (p4 L1S1|}p5 LcSc) are the coefficients of fractional parentage and, importantly, are nonzero only if S1 + L1 = even,
for this case of equivalent 3p−1 electrons. Then, applying further angular-momentum algebra, the transition matrix element
becomes ∑

S1,L1,S2,L2

(p4 L1S1|}p5 LcSc)〈2p5(2P ){3p4(2S1+1L1)3p(2P )}(2Sc+1Lc)|[2p5(2P )3p(2S2+1L2)]3p4(2S1+1L1)(2Sc+1Lc)〉

×〈[2p5(2P )3p(2S2+1L2)]3p4(2S1+1L1)(2Sc+1Lc)| V |2p6(1S)3p3εp〉

involving additional angular-momentum recoupling coeffi-
cients on the second line. Now, as indicated above, the per-
turbation which engenders the Auger decay can be expanded
in multipoles. If only the monopole (λ = 0) term, which is
just 1/r> and has no angular dependence, is considered, then
it is clear that the initial and final states in the matrix must
couple to exactly the same multiplet for each coordinate or
the matrix element vanishes. In particular, for this case, the
2p5(2P )3p(2S2+1L2) and 2p6(1S) couplings must be the same,
so that S2 = L2 = 0. This means that S1 = Sc,L1 = Lc and,
since it was shown above that S1 + L1 is even, then Sc + Lc

must be even for the monopole term to give a nonzero matrix el-
ement for the spectator Auger process, i.e., the monopole term
contributes to the spectator Auger process only for 2p excita-
tions leaving the 3P , 1S and 1D cores. The importance of this is
that an excitation leaving the ion in the other core states cannot
undergo the spectator Auger process via a monopole transition.
The matrix element is decreased by a factor of 3 owing to the
1/(2λ + 1) in the expansion, which means that the width is
lowered by an order of magnitude due to geometric effects
alone. Over and above angular-momentum geometric effects,
there are also dynamical effects due to the rλ

</rλ+1
> radial

matrix element for λ > 0. This occurs because the region con-
tributing materially to the radial transition matrix element in
(r1,r2) space is reduced significantly with increasing λ, thereby
reducing the radial transition matrix element integral. These
differences, owing to the details of the angular-momentum
coupling, are what cause three of the core states to exhibit much
wider resonances than the other three. Our calculated results
for the Cl+ inner-shell vacancy widths are given in Table IV,
where it is evident that two groups of widths are exhibited, and
these groups differ by more than an order of magnitude. Note,
however, that these are just the widths due to the spectator
Auger process and not the total widths of the states.

But this is not the entire story, for there is a second
reason why the resonances attached to the upper three
2p53s23p5(2sc+1Lc) ionic core states of Cl+ are broader. Using
an analysis similar to the discussion for the spectator-Auger
transitions, one can show that the 2p → ns,nd resonances
corresponding to the higher-energy 2p−1 cores can autoionize
to the lower 2p−1 cores of the same orbital angular momentum
Lc, predominantly via a monopole exchange (spin-flip) tran-
sition, e.g., 2p53s23p5(1S)3d → 2p53s23p5(3S)εd. But this
monopole transition is forbidden between cores of different

Lc, which is why energetically allowed transitions between
3D and 1P cores are narrow. In any case, the existence of this
monopole term in the rates between cores of the same Lc

causes the resonances attached to the upper three core states
(1S, 3D, and 1P ) to be broader than those attached to the lower
three (3S, 1D, and 3P ); the lower resonance series do not have a
lower-lying monopole transition continuum to which they can
decay. Note that the broadness of these spin-flip transitions for
the 2p−1 Auger transitions was pointed out previously [13].

As mentioned, the broad resonances are associated with the
higher thresholds and are concentrated in the higher-energy
region of Fig. 6. However, the lowest one or two resonances
in a series converging to one of the higher thresholds might
well be at much lower energy. This is seen in Table I, where
the major resonances whose positions can be determined
experimentally are shown, although, owing to the number and
density of resonances, it is not entirely clear that the resonances
derived from the experimental spectrum are each, in fact,
single resonances, as opposed to two (or more) overlapping
resonances. Note that this was also the conclusion of the earlier
theoretical study (see Table 4 of Ref. [13]). In any case, in
this table, the resonance labeled N = 5 at 205.618 eV is the
only very wide one listed. It must be a 2p → 4s resonance
associated with the lowest even Sc + Lc “wide-resonance”
core state, the 3P2. This is in agreement with the results of the
earlier theoretical study [13]. In connection with this earlier
calculation, there are several resonances identified as being
connected to odd Sc + Lc core states that are found to be wide,

TABLE IV. Auger decay widths of the 2p53s33p5(2Sc+1Lc) Cl+

ionic states, computed using AUTOSTRUCTURE and neglecting fine-
structure effects.

Sc + Lc = odd
Term � (meV)

2p53s23p5 (1P ) 7.2
2p53s23p5 (3D) 5.2
2p53s23p5 (3S) 2.0

Sc + Lc = even

Term � (meV)
2p53s23p5 (3P ) 173.9
2p53s23p5 (1D) 163.4
2p53s23p5 (1S) 147.8
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FIG. 7. (Color online) Theoretical photoionization cross sections
(unconvoluted) of Cl in the J = 3/2 ground state for production of
each of the ten 2p−1 states of Cl+. Note the difference in the scales
of the various channels.

in contradiction to the present analysis. We believe that either
these transitions are strongly mixed with resonances connected
to even Sc + Lc core states, or they are simply misidentified.

It is difficult to obtain a detailed picture from the total pho-
toionization cross section owing to the plethora of resonances.
To ameliorate this difficulty somewhat, the partial theoretical
cross sections for leaving the Cl+ ion in the ten possible 2p−1

states are shown in Fig. 7 for transitions from the initial 2P3/2

state of the Cl atom. Although these partial cross sections
are considerably simpler than the total cross section, they are
still quite complicated. The energy position and width of each
resonance are properties of the resonance, i.e., they are the
same in all photoionization channels, but the shapes of the res-
onances are very channel dependent as is evident from Fig. 7.
The strength of each resonance also can differ quite a bit from
channel to channel owing to the variation of decay rates to the
various channels, again evident in Fig. 7. That there are over-
lapping resonance series is not really possible to discern from
the total cross section, but examples can be seen in the partials.
For example, in the 210 eV region of the 3D2 cross section, a
series of narrow resonances leading up to one threshold can be
seen on the back of the lowest member of a very broad reso-
nance series. A similar situation occurs just below 212 eV in the
1P1 cross section, but this cannot be seen clearly owing to the
scale of Fig. 7. It is important to note that the sum of these 2p−1

channel cross sections does not add up to the total cross section;
the total cross section is the sum of these channel cross sections
plus the sum of the cross sections of the channels leading to the
2p63s23p4, 2p63s3p5, and 2p63s23p34s states of the Cl+ ion.

Using these partial cross sections, we have performed
some analyses of the resonance series. As a general rule,
in the absence of near-degeneracy of resonances converging
to different thresholds (of which there are many), all of the
2p → ns resonances that we can pick out exhibit quantum
defects in the range of 1.80 to 1.90 for the higher resonances
in each series; similarly, for the 2p → nd resonances, the
quantum defects for the higher members of the various series
are 0.2 to 0.3. For the resonances of lower principal quantum
number, 4s, 5s, and 6s, along with 3d and 4d, the quantum
defects tend to get progressively larger with decreasing n.
This phenomenon, the variability of the quantum defects for
the lowest members of a resonance series, is not peculiar
to the present case, nor is it associated with overlapping
series of resonances, but it is a general characteristic of
Rydberg resonance series [53]. However, using the range
of quantum defects noted, resonances (or resonance series)
can be separated into ns and nd series. For example, using
the quantum defects inferred, we find that the broad series
of resonances in the region of 213 eV are the 2p → nd

series leading up to the highest 2p−1 threshold, 1S0. These
resonances are indicated by the experimental results, but not
seen very clearly. The calculation shows them to be broad and
very asymmetric in the total cross section. However, in the
3P0 partial cross section (Fig. 7) these resonances are quite
symmetric owing to a very low background cross section,
and their energies can, thus, be picked out easily. Specifically,
above the 1D2 threshold (which lies just below 212 eV), are
found the 5d, 6d, 7d, and 8d members of the series with
quantum defects of 0.28, 0.26, 0.23, and 0.19, respectively.
Clearly the 3d and 4d members of this series lie below the
1D2 threshold and their shapes are obliterated by the other
resonances in this energy region. Note that characterizing a
resonance by its quantum defect with respect to a particular
threshold carries with it implicitly the designation of the
resonance, so that is much more utilitarian than simply listing
the resonance energy.

There is also a series of relatively broad resonances leading
up to the 1D2 threshold that are easy to pick out in the
3P1 channel. Resonances from 5d to 10d are identified with
quantum defects of 0.27 and 0.22 for the first two, and 0.20 for
the rest of the series. The fact that the higher quantum defects
are essentially constant means that we can predict the positions
of all of the higher members of this resonance series using
simple quantum defect ideas. In addition, the broad resonances
leading up the the 3P1 threshold, around 210 eV, are 2p → ns

resonances leading up to that threshold; these resonances
appear to have been designated as nd resonances in Ref. [13],
but the quantum defects of the present calculation indicate
that they are misidentified in the earlier work. Although both
of these resonance series are indicated experimentally, as seen
in Fig. 6, they are not well defined enough to fit with a Fano
profile to extract the detailed position and width; thus, they
are not included in Table I. It is only with the comparison of
theory and experiment that these resonances are identified. In
any case, looking at the 3D2 partial cross section, the 7s and
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8s members are identified with quantum defects of 1.86 and
1.82, respectively, which is strong evidence that they cannot
be nd resonances.

In the energy region below these two series, a region that
is dense with resonances, it is quite difficult to compare
experiment and theory in great detail. Table I shows the 16
experimental resonances that can be picked out with some
accuracy out of the hundreds that are part of the spectrum;
most of these resonances have been dealt with adequately in
the earlier theoretical work [13], so they will not be discussed
further here. However, the partial cross sections, which make
it easier to pick out resonance series, do clearly show that
the resonances leading up to the higher-energy thresholds
are much wider than the lower ones, in accordance with
the earlier discussion. In other words, the detailed calcula-
tions demonstrated exactly what the general considerations
predicted.

VI. FINAL REMARKS

Experimental photoionization cross sections for atomic
chlorine in the vicinity of the 2p and the 1s thresholds
have been measured, and Breit-Pauli R-matrix calculations
have been performed in the region of the 2p excitations. We
believe that the experimental results are the most accurate
to date on the inner-shell photoionization of Cl, and the
theoretical results are the most accurate essentially ab initio
theoretical cross sections to date. It was shown that, owing to
angular-momentum geometry, the resonances associated with
the higher 2p−1 thresholds (1S, 3D, and 1P ) should be much
wider (decay much faster) than the resonances associated with
the lower thresholds. This prediction is borne out both by
the detailed theoretical calculations and by the experimental
data. Note that, although the conclusions concerning resonance
widths are applicable only to the present case (including the
other halogen atoms), the method of analysis, i.e., looking
at the possible multipolarities of Auger transitions allowed
by angular-momentum considerations, should be generally
applicable to inner-shell photoionization.

Agreement between theory and experiment was seen to
be reasonable, thereby indicating that most of the important
physics was included in the present calculations. That the
theoretical results had to be shifted by 2.29 eV to reasonably
match the experimental cross section is an endemic problem
with R-matrix calculations, particularly for inner-shell calcu-
lations where the orbitals are optimized for the inner-shell

hole states, rather than for outer-shell excitations. Also, the
experimental results were relative, and were normalized to
theory at one energy; if a different energy were chosen to
normalize, the comparison with theory could have been rather
different. For example, if the experimental cross section is
lowered by about 15%, then there is quite excellent agreement
in the resonance range around 210 eV. Furthermore, in addition
to getting the ordering of the 2p−1 thresholds right, it is
of importance to get the relative energies of the thresholds
correctly as well, since the whole pattern of resonance
structure is crucially dependent upon these relative energies;
accurate experimental determination of these thresholds via
photoelectron spectroscopy or by some other means is, thus, a
high-priority item.

It was also shown that there is a huge number of resonance
series embedded in these data, and in many energy regions
the overlapping of the various series precluded the possibility
of easy characterization, particularly from the experimental
data. Looking at the various 2p−1 partial cross sections,
more detail was revealed. In that connection, in order to
make a truly detailed comparison of experiment and theory,
in addition to the experimental photoionization spectroscopy
results presented herein, both photoelectron spectroscopy
to determine the partial cross sections of the individual
2p−1 photoabsorption channels, along with Auger electron
spectroscopy to pin down the branching ratios from a given
excitation to the various final channels, would be very helpful
to untangle all of the many facets of this extremely complicated
spectrum.
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