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Multiple photodetachment of silicon anions via K-shell excitation and ionization
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Experimental cross sections for m-fold photodetachment (m = 3–6) of silicon anions via K-shell excitation
and ionization were measured in the photon-energy range of 1830–1900 eV using the photon-ion merged-beams
technique at a synchrotron light source. All cross sections exhibit a threshold behavior that is masked by
prethreshold resonances associated with the excitation of a 1s electron to higher, either partly occupied or unoc-
cupied atomic subshells. Results from multiconfiguration Dirac-Fock calculations agree with the experimentally
derived cross sections for photoabsorption if small energy shifts are applied to the calculated resonance positions
and detachment thresholds. Moreover, a systematic approach is applied for modeling the deexcitation cascades
that set in after the initial creation of a K-shell hole. The resulting product charge-state distributions compare
well with the measured ones for direct K-shell detachment but less well for resonant K-shell excitation. The
present results are potentially useful for identifying silicon anions in cold plasmas such as interstellar gas clouds.
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I. INTRODUCTION

Atomic anions are prototypal quantum systems for study-
ing correlation effects since the extra electron in theses
systems is bound by short-range forces. A fundamental pro-
cess that enables one to probe correlation is photodetachment
of atomic anions, i.e., the removal of one or more electrons
by absorption of a single photon. Thorough investigations
of this process have repeatedly lead to a fruitful interplay
between experiment and quantum theory, in particular, for
outer-shell photodetachment (see, e.g., Refs. [1,2] and refer-
ences therein).

The correlation between core and valence electrons can
be probed by inner-shell detachment where the valence elec-
trons are subject to strong many-electron relaxation effects
following the creation of core holes [3,4]. These effects are
strongest in the case of K-shell detachment, which can ex-
perimentally be investigated by the photon-ion merged-beams
technique using soft x-ray beams from synchrotron light
sources [5–7]. So far, K-inner-shell photodetachment has been
studied for a number of light ions comprising Li− [8,9],
B− [10], C− [11–13], O− [14,15], and F− [16].

Here we extend these studies to an atomic anion where
the outer shell is the M shell. We present experimental cross
sections σm for m-fold photodetachment of Si− ions with m =
3, 4, 5, 6 resulting in the production of multiply positively
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charged Si(m−1)+ ions. This process can be represented as

hν + Si− → Si(m−1)+ + m e−. (1)

The experimental photon-energy range of 1830–1900 eV
comprises the threshold for direct photodetachment of a K-
shell electron. Furthermore, we present theoretical results for
resonant and nonresonant Si− photoabsorption. Using a re-
cently developed theoretical toolbox [17,18], we followed in
addition the complex deexcitation cascade that sets in after
the initial K-hole creation and gives rise to photon-energy-
dependent distributions of product-ion charge states.

Apart from addressing fundamental questions in many-
body physics, the present experimental and theoretical inves-
tigations are also useful for astrophysics considering the fact
that negative ions have been identified, e.g., in the interstellar
medium [19]. In particular, they may help to improve the cur-
rent astrophysical models for the x-ray absorption by silicon
ions [20].

II. EXPERIMENT

The measurements were carried out using the photon-ion
merged-beams technique [21] at the PIPE facility (Photon-Ion
Spectrometer at PETRA III) [22,23], which is a permanently
installed end station at the photon beamline P04 [24] of the
synchrotron radiation source PETRA III operated by DESY
in Hamburg, Germany. Silicon anions were produced by a
Cs-sputter ion source [25] with a silicon single crystal as a
sputter target and a sputter potential of about 2 kV. Si− is
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known to posses long-lived metastable levels with excitation
energies of 1.36 eV and 0.86 eV and lifetimes of 22 s and
more than 5.7 h, respectively [26]. However, Si− ions pro-
duced by a Cs-sputter ion source in an earlier experiment
were found to be exclusively in their 1s2 2s2 2p6 3s2 3p3 4S3/2

ground level [27]. We assume that the same holds for the
present experiment. After acceleration to a kinetic energy of 6
keV, the ions were passed through an analyzing dipole magnet
which was adjusted such that 28Si− ions were selected for
further transport to the photon-ion merged-beams interaction
region.

In the interaction region, where the residual-gas pressure
was in the mid-10−10 mbar range, the ion beam was coax-
ially merged with the counterpropagating soft x-ray photon
beam over a distance of about 1.7 m. Si(m−1)+ ions resulting
from multiple photodetachment [Eq. (1)] were separated from
the primary ion beam by a second dipole magnet. Inside
this magnet, a Faraday cup collected the primary ion beam,
while the charge-selected product ions were directed to the
detector chamber. Along their flight path, they first passed
through a spherical 180◦ out-of-plane deflector to suppress
background from stray electrons, photons, and ions and then
entered a single-particle detector with nearly 100% detection
efficiency [28].

Relative cross sections for m-fold photodetachment were
obtained by normalizing the count rates of Si(m−1)+ product
ions on the primary Si− ion current and on the photon flux
measured with a calibrated photodiode. The ion current in
the interaction region was up to 40 nA, and the photon flux
amounted to ∼1.3 × 1013 s−1 at a photon energy spread of
about 1.75 eV. The systematic uncertainty of the measured
cross sections is estimated to be ±15% at 90% confidence
level [22].

The photon-energy scale was calibrated by absorption
measurements at the 2p1/2 ionization threshold of krypton in
a gas-phase electron spectrometer by using the correspond-
ing threshold energy of 1729.5 eV as measured by Kato
et al. [29] as a reference. The remaining uncertainty of the
present photon-energy scale is estimated to be ±1 eV. A
detailed description of the general calibration procedure has
been provided recently [30,31].

The experimental photon-energy bandwidth could be ad-
justed by choosing the exit-slit width of the photon beamline’s
monochromator which houses gratings with rulings of 400
lines/mm and 1200 lines/mm. We used a 1200 lines/mm
grating and exit-slit widths of 1000 μm and 50 μm for low-
resolution and high-resolution measurements, respectively.

III. COMPUTATIONS

To model the photodetachment of negative ions, such as
Si−, detailed computations of their level structure need to
be combined with an efficient treatment of the subsequent
relaxation in order to account for the stepwise autoionization
and photon emission of the ions. This stepwise relaxation can
be formally described by an atomic cascade that includes ions
of the same element but in different charge states that are
connected to each other by different (decay) processes. In this
work, all calculations presented below have been performed
by means of the JAC toolbox, the Jena Atomic Calculator [17],

which supports the (relativistic) computation of atomic
structures and processes. This toolbox has now been expanded
recently to follow rather long ionization pathways. Here we
shall recall just a few details about such cascade computations,
while the numerical results will be discussed together with the
measurements in Sec. IV.

Atomic cascades often require an enormous effort to gen-
erate, combine, and simulate all data as needed for modeling
a given experiment. To analyze such cascades more systemat-
ically, JAC has recently been expanded for modeling different
cascade schemes, i.e., relaxation scenarios, including the pro-
duction of (inner-shell) excited atoms by photoexcitation,
photoionization, or other mechanisms and the stepwise decay
of the excited states via photon or electron emission [18]. Any
of these schemes starts from setting up a cascade tree, i.e., the
list of possibly contributing configurations and from selecting
all relevant (decay) steps of the cascade.

In a cascade decay, each ion of a given ensemble therefore
follows an individual relaxation pathway. Obviously, a (very)
large number of such pathways occurs in the deexcitation
of deep inner-shell holes owing to the different decay pro-
cesses that are possible and that have to be combined. For
the stepwise decay of the K-shell ionized Si− ion, for exam-
ple, we started from the 1s 2s2 2p6 3s2 3p3 configuration and
considered all autoionization and photon emission processes
to energetically lower-lying configurations, until up to five
electrons are released from the ion. For the configuration
above, this results in a total of 87 configurations and about
160,000 fine-structure transitions of the Siq+ (q = 0, . . . , 5)
atoms/ions that need to be taken into account.

To formalize the competition of the various Auger and
photon emission processes, we distinguish within the JAC

toolbox between (so-called) cascade computations and simu-
lations [18]. While the cascade computations are performed
with the goal to calculate and compile the associated fine-
structure Auger and photon-emission rates, the simulations
then make use of these (precompiled) data in order to derive
the ion distributions or any other information that may be
needed. This distinction has been found helpful to deal with
the quite different experimental setups and observations, e.g.,
photon, electron, or ion distributions, that often can be traced
back to the same (single-step) processes.

Not much needs to be said about the detailed implemen-
tation of the cascade computations and simulations which
has been summarized elsewhere [18,32]. The major computa-
tional effort is spent on the representation of the fine-structure
levels at each step of the cascade as well as on the calculation
of the transition amplitudes. Within JAC, these are the building
blocks that enable us to formulate (and implement) all cascade
computations. Because of the complexity of atomic cascades,
the (quantum-mechanical) representation of the fine-structure
levels usually needs to be simplified by tuning the amount
of the interelectronic interactions accounted for in the cal-
culations. In the JAC toolbox, this need for simplification is
captured by an hierarchy of cascade approaches for repre-
senting all the ionic level energies and state functions. For
Si−, unfortunately, we were able to apply only the simplest of
these approaches, the so-called averaged single-configuration
approach, in which all fine-structure states are approximated
by single-configuration state functions and by just the orbitals
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FIG. 1. Overview of the measured cross sections σm for multiple [m-fold, Eq. (1)] detachment of Si− ions. The differently colored data
points represent σm for m = 3 (orange), m = 4 (magenta), m = 5 (blue), and m = 6 (green). The error bars only account for the statistical
experimental uncertainties. The black circles represent the sum σ� [Eq. (2)] of all measured cross sections σm. The dashed gray curve is the
cross section for photoabsorption of neutral silicon atoms from the compilation of Henke et al. [34]. The width of the monochromator exit slit
was 1000 μm. The distorted resonance line shapes are due to a non-Gaussian contribution to the photon-energy distribution, which becomes
noticeable at large exit-slit widths for photon energies well above 1000 eV.

from the initial configuration of the cascades. This approach
neglects all configuration mixing between the bound-state
levels and restricts the computations to just the Coulomb inter-
action among the electrons as well as a single set of continuum
orbitals for each step of the cascade [33].

Cascade computations have been performed for the pho-
toabsorption and photoionization cross sections in the region
of the 1s → 3p, 4p inner-shell excitations and 1s ionization.
In general, the size of such cascade computations increases
rapidly with (i) the number of electrons, that need to be
replaced, and (ii) the depth of the cascade, i.e., the max-
imum number of electrons that can be released and, as
outlined above, by the number of fine-structure transitions.
This increase also results in an approximate treatment of the
fine-structure representation of the ionic levels that is likely
the main reason for the discrepancies of the predicted ion
distributions, when compared with the measurements.

IV. RESULTS AND DISCUSSION

The measured low-resolution cross sections for multiple
detachment of Si− are displayed in Fig. 1. All cross sections
exhibit a rise at a photon energy of about 1835 eV which is as-
sociated with the resonant excitation of a 1s electron to higher
subshells. Two rather broad resonance features at ∼1840 and
∼1843 eV can be discerned in all four cross-section curves.
At higher energies, where the cross sections are dominated
by nonresonant direct removal of a K-shell electron, they are
structureless. The corresponding detachment thresholds are
masked by the below-threshold resonances.

The K-shell hole, that is created either by resonant
excitation or by nonresonant detachment, is filled by a cas-
cade of radiative and Auger processes, which results in
the observed energy-dependent distributions over the various
product charge states analogous to what we have observed
previously for C− [13], where C(m−1)+ product charge states

were detected for 2 � m � 6. As compared to the C− cross
sections, the present Si− cross sections are almost an order
of magnitude smaller. This follows the general trend of de-
creasing photoionization cross sections as the nuclear charge
increases. Another significant difference between C− and Si−

concerns the dominant detachment channel which is σ2 for C−
and σ4 for Si−. This can be attributed to the higher number of
electrons outside the K shell in the Si− ion which supports
many more deexcitation channels as compared to C−. In par-
ticular, the number of possibilities for autoionization increases
when going from C− to Si−.

The measured relative cross sections were put on an abso-
lute scale by matching the sum cross section

σ� =
6∑

m=3

σm (2)

with the absorption cross section of neutral silicon atoms [34]
which is also displayed in Fig. 1. Apparently, this cross section
represents the energy dependence of the experimental cross
section very well except for the energies where resonances
occur. In order to bring σ� to the same scale, all cross sec-
tions σm were multiplied by the same appropriate factor. As
shown explicitly for C− [7], where independently absolute
cross sections were experimentally determined [13], this pro-
cedure is valid if one can safely assume that σ� represents
all significant absorption channels. This assumption appears
justified since the behavior of the cross sections σm suggests
that the unmeasured single and double detachment channels
and the higher detachment channels with m > 6 are negligi-
ble. The single-detachment channel could not be measured
since our experimental setup is only capable of measuring
charged product ions. Moreover, the measurement of the
(weak) double-detachment channel was severely hampered by
a large background from collisions of Si− with the residual
gas such that meaningful results could not be obtained within
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a reasonable amount of time. Measurements of the multiple-
detachment cross sections for m > 6 were not attempted.

The nonzero cross sections below 1835 eV are due to
direct detachment of an L-shell electron and the subsequent
(multiple) autoionization. In this energy range, the sum cross
section σ� agrees, as mentioned above, well with the cross
section for photoabsorption of neutral silicon atoms. This is
also the case for energies above 1855 eV which are beyond
the threshold for the direct detachment of a K-shell electron.
For neutral silicon this threshold has been predicted to be at
1838.9 eV [34] (dashed line in Fig. 1). For Si−, the corre-
sponding steplike cross-section features are masked by the
resonances that occur immediately below these thresholds.

In order to obtain more detailed experimental infor-
mation on the photodetachment resonances we performed
additional cross-section measurements with higher resolution
as compared to the measurements shown in Fig. 1. These
high-resolution measurements are displayed in Fig. 2. The
statistical uncertainties of σ3 are comparatively large because
a substantial background contributed to the measured signal
in this channel. Such a background was largely absent in the
other scrutinized channels. In all measured cross sections,
the strongest feature is a comparatively narrow resonance at
∼1838.4 eV with an experimental width of 0.55 eV. A second,
broader resonance feature at about 1842.4 eV with a width of
2–3 eV is visible in the cross sections for fourfold, fivefold,
and sixfold detachment. The relative strength of this feature,
when compared to the narrower one, increases with increasing
product-ion charge state.

A double-peak structure was similarly observed in the mul-
tiple photodetachment of C− [13], where the first resonance
was attributed to a 1s → 2p excitation to the 1s 2s2 2p4 4P
term and the second, broader resonance peak was attributed
to higher excitations to 4P terms mainly of the 1s 2s2 2p3 3p
configuration. In analogy, one might therefore assign the
1s−1 3p4 4P term to the first K-shell excited resonance of Si−

and a blend of several 4P terms associated with 1s → 4p
excitations to the second resonance peak. Our calculations
confirm this expectation, though one should keep in mind
that they only provide a coarse orientation on the positions.
For any negative ion, the calculated levels result from strong
configuration interactions.

Figure 3 shows the comparison between the sum of the
experimental cross sections from Fig. 2 and our theoretical ab-
sorption cross section. The individual theoretical resonances
are represented by Voigt line profiles with a Gaussian width
of 0.05 eV that accounts for the experimental photon-energy
spread. The calculated Lorentzian width of virtually all these
resonances amounts to 0.57 eV. It is determined mainly by the
KLL Auger transition that fills the core hole and it is about
15% larger than the K-level width of neutral silicon [35].
An energy shift of −1.3 eV was applied to the theoretical
resonance positions in order to line these up with the experi-
mental peak positions. This shift is within the uncertainty of
the theoretical resonance energies. In order to achieve the best
possible agreement between theory and experiment, a shift
of similar magnitude was applied to the calculated thresh-
old energies for direct K-shell detachment resulting in the
values 1842.5 and 1843.3 eV for the 1s−1 3p3 (4S) 5S2 and
1s−1 3p3 (4S) 3 S1 levels in neutral silicon, respectively. Apart
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FIG. 2. High-resolution cross sections σm for m-fold (m = 3–6)
photodetachment of Si− ions in the energy region of the near-
threshold resonances. The width of the monochromator exit slit was
50 μm.

from some obviously not quite correct relative line strengths,
the general agreement between experiment and theory is very
satisfying considering the complexity of the problem un-
der study. Furthermore, we point out that, at energies above
∼1846 eV, our theoretical cross section for photoabsorption
of Si− agrees excellently with the absorption cross section
for photoabsorption of neutral silicon [34]. This supports our
earlier assumption that the presence of the extra electron in
Si− does not influence the cross section for direct inner-shell
detachment.

In Fig. 4(a), the outcome of our cascade calculations,
i.e., the distribution of product-ion charge states q = m − 1
resulting from m-fold photodetachment (stars in Fig. 4), is
compared to the corresponding experimental values

fq = σq+1/σ�. (3)
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FIG. 3. Comparison between the high-resolution experimental
sum cross section σ� (sum of the cross sections displayed in Fig. 2)
with the present theoretical absorption cross section (full line). The
short-dashed line represents the contribution by direct detachment of
a single L-shell or K-shell electron to the absorption cross section.
As in Fig. 1, the long-dashed curve is the cross section for photoab-
sorption of neutral silicon atoms [34].

The behavior of these charge-state fractions can be qual-
itatively understood as follows. The cross sections below
∼1837 eV, i.e., below the first K-shell excitation energy are
mainly due to L-shell detachment and the subsequent autoion-
ization that fills the L-shell hole. Over the narrow displayed
energy range below 1837 eV, the branching ratios for the
production of the various final charge states are virtually con-
stant. Therefore, all partial cross sections σq+1 have a similar
progression as functions of photon energy and, thus, also the
fractions fq. This changes when a K-shell hole is created
by excitation or direct detachment. The subsequent Auger

0.01

0.1

1

1830 1840 1850 1860 1870 1880 1890 1900
2

3

P
ro

du
ct

-io
n

fr
ac

tio
n

f q

q=3

q=4

q=2

q=5

(a)

q

M
ea

n
ch

ar
ge

st
at

e
q

Photon energy (eV)

(b)

FIG. 4. Experimental (small filled circles with error bars) and
theoretical (large stars) Siq+ product-ion fractions [Eq. (3), panel (a)]
and mean charge state q = ∑

q q fq [panel (b)].

processes that fill the K-shell hole significantly influence the
branching ratios giving higher weights to the higher charge
states. This is apparent for the 1s → 3p resonance at about
1838 eV where the fraction f3 rises to above the fraction f2.
A similar behavior also occurs (less drastically) at the K-shell
detachment-threshold energy of ∼1841 eV.

At energies above ∼1880 eV, the distribution results al-
most exclusively from direct detachment of a K-shell electron
and the subsequent Auger cascade that produces the vari-
ous product-ion charge states. The calculated fractions are
of the correct orders of magnitude. For individual charge
states the theoretical fractions deviate from the corresponding
experimental values by factors of up to 2. However, these
uncertainties average out when the mean product-ion charge
state is considered [Fig. 4(b)].

We attribute the discrepancies between the experimental
and theoretical fg values to the approximations that we had to
apply for making the cascade computations tractable (see also
Sec. II). The product-ion distributions in our computations are
quite strongly affected by the thresholds for the subsequent
Auger processes. Because we could only accommodate an
averaged single-configuration approach, the fine structure is
poorly taken into account and does not describe all the ioniza-
tion channels properly. Very likely, this is the main reason that
the theoretical predictions for f2 and f4 are underrated. In the
future, we hope to advance our cascade simulations, although
this will require some major developments and tests for some
simpler system with, say, Z < 10. In the present cascade
model, the ion fractions f0 and f1 are very tiny and cannot
be compared directly with the experimental data. Moreover,
the current cascade model does not predict any ions in the
q � 6 channels. More accurate predictions for the higher
product-ion charge states will also require the incorporation
of simultaneous double-detachment processes, either during
the initial detachment and/or the subsequent decay (see, e.g.,
Refs. [36,37]).

Below the threshold for K-shell detachment, the distri-
bution of product charge states depends on the individual
K-shell excited core-hole levels. Computationally, this is
even more demanding than the calculation of the cascades
that follow the direct K-shell detachment, since the core-
excited configurations then contain one more electron as
compared to the core-ionized configurations. We have per-
formed one such calculation for the 1s−1 3p4 configuration.
The resulting product-ion fractions (stars at ∼1839 eV in
Fig. 4) compare less well with the experimental ones. The
fractions f3 and f4 are underestimated by more than a fac-
tor of 2 resulting in a significantly too small mean charge
state.

V. SUMMARY AND CONCLUSIONS

The present joint experimental and theoretical study of
multiple photodetachment of the silicon anion via K-shell
excitation and ionization extends our previous work with light
ions (see Ref. [7] and references therein) to an atomic system
with a partly occupied M shell. This additional valence shell
challenges experiment and theory alike. The experimental
challenge arises from the fact that K-shell detachment cross
sections decrease with increasing nuclear charge. The cross
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section for the direct detachment of a 1s electron is an order
of magnitude smaller for Si− as compared to C−. The photon-
ion merged-beams method as implemented at the PETRA III
synchrotron successfully proved capable of meeting this chal-
lenge, with the high photon flux from the XUV beamline P04
and the high product selectivity of the PIPE setup being the
key assets [23].

The present theoretical calculations were mainly chal-
lenged by the strong correlation effects that govern all anions
and by the complexity of the deexcitation cascades following
after the initial creation of a K-shell vacancy. In particular,
the presence of the M-shell places additional demands on
the cascade calculations as compared to our earlier stud-
ies with light negative ions that have been summarized in
Ref. [7]. The large amount of levels and transitions to be
followed in such calculations requires a systematic and con-
sistent approach as now offered by the recently developed JAC

toolbox [17,18].
The measured cross sections for net triple to sixfold pho-

todetachment exhibit a threshold for direct photodetachment
of one K-shell electron. This threshold is masked by reso-
nances associated with 1s → 3p and 1s → 4p excitations in
the language of single-particle excitations. The calculated res-
onance positions agree with the values from a high-resolution
measurement by less than 2 eV. While the calculated relative
resonance strengths agree reasonably well with our measure-
ments, they leave room for improved theoretical approaches.
The same is true for the fractions of the product ions as
obtained from the cascade computations. These turn out to
be more reliable for the deexcitation cascade that follows
direct K-shell detachment than for the one that evolves after
1s → 3p excitation.

The statistical quality of the present data is somewhat lower
as compared to a recently published and similarly compre-
hensive study on multiple photodetachment of C− ions [13].
This is partly due to the already mentioned reduced cross
section but also due to a lower photon flux which varies with
photon energy such that it rapidly decreases at energies above
1000 eV. Since C−([He] 2s2 2p3) and Si−([Ne] 3s2 3p3) have
analog open-shell structures, one might expect similarities in
the progression of the detachment cross sections. Indeed, the
double-resonance structure at the K-shell detachment thresh-
old is common to both species. However, additional small
resonances at higher energies, that were discovered in the
C− triple-detachment channel, could not be detected in any
of the measured Si− photodetachment channels within the
present level of statistical uncertainty. Finally, we would like
to mention that the experimentally derived and calculated
cross sections for Si− photoabsorption might be useful for
identifying silicon anions in cold cosmic gas clouds by their
characteristic x-ray absorption pattern.
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