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Inner-shell photodetachment from Fe− was studied in the 48- to 72-eV photon energy range using a
merged ion-photon-beam technique. The absolute photodetachment cross sections of Fe−, leading to Fe+

and Fe2+ ion production, were measured. The 3p → (3d + εd) photoexcitation in Fe− negative ions gives
rise to shape resonances. In the near-threshold region, shape-resonance profiles with l = 2 accurately fit the
single-photodetachment cross section. Simultaneous double photodetachment was also observed, resulting in an
increased Fe2+ production which obeys a Wannier law. Despite the large number of possible terms resulting
from the Fe− 3d open shell, a rough calculation using the R-matrix method qualitatively agrees well with the
experimental data.
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I. INTRODUCTION

Negative ions are a unique class of systems with properties
very different from neutral atoms and positive ions. For
example, negative ions are extremely sensitive to electron
correlation effects [1]. A comprehensive understanding of
negative ion spectra could therefore offer a more general under-
standing of correlated systems, such as certain nanostructures
and superconducting materials [2]. Negative ions also play
an important role in atmospheric physics, plasma physics,
interstellar chemistry, and many other fields [1,3]. Absolute
photodetachment cross sections for negative ions are essential
for testing the theoretical predictions dealing with many-body
effects [4,5] and are needed to model different types of
plasmas in astrophysics. Absolute photodetachment cross-
section measurements are very challenging and experimental
data for negative ions are very limited compared with the data
on neutral atoms and positive ions [2].

Throughout the universe, transition 3d metals are abundant
[6], and the interaction of 3d metal atoms and ions with
radiation is of great importance for astrophysics. Extensive
theoretical work has been performed in order to calculate the
photoionization cross sections for atoms and ions of astro-
physical relevance (see the Opacity Project [7] or the Ferrum
Project [8]). In addition, 3d metals and their compounds are of
extreme practical importance in metallurgy, magnetism, and
data storage systems [9]. The spectra of transition metals are
very complex because of the coupling of 3d electrons with core
holes and strong interaction with the underlying continua [2].
The 3d orbital retains, to a high degree, the same characteristics
in solids [10], so the atomic and ionic data could be very
useful to contribute information toward understanding intra-
and interatomic effects.
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Iron, lying at the maximum of the nuclear stability curve, is
an important astrophysically abundant element [2]. Ionization
of iron positive ions by electron impact has been extensively
studied in crossed-beam experiments [11]. Several photoion-
ization measurements with synchrotron radiation studying
3p-photoionization resonances in neutral atomic iron have
also been reported [12]. The absolute photoionization cross
section of Fe+ has been measured in a relevant energy region
for astrophysical applications (15.8–180 eV) using the merged
ion-photon-beam technique [13]. Photoionization of higher
charge states of iron has been explored theoretically as part
of both the Opacity Project [7] and the Iron Project [14].
However, the accuracies of these calculations are questionable,
as shown by a recent systematic photoionization study along
the iron isonuclear sequence [15]. Despite numerous research
activities for neutral iron and its positive ions, there are
only a few valence-shell photodetachment studies for the iron
negative ion. The electron affinity of Fe− [0.151(3) eV [16] ]
has been determined by laser photoelectron spectroscopy.
Measurements of partial photodetachment cross sections and
photoelectron angular distributions of Fe− at visible photon
wavelengths have also been reported [17].

The fundamental physics of the interaction of iron atoms
and ions with photons is interesting but difficult to analyze
in detail. Because of angular momentum coupling there are
a large number of possible terms resulting from the open
3d shell. Thus, for an accurate description of the photoioniza-
tion process, strong correlations between these terms as well as
relativistic effects have to be taken into account [2,9,10]. The
main features in the spectra of the neutral transition metals
are the “giant resonances” which appear in the vicinity of
the 3p threshold [2]. Comparing the resonances in the iron
negative-ion photodetachment cross section with the giant
resonances in neutral atoms and positive ions will allow
detailed insights into the nature of the resonances.

In this work, the photodetachment cross section for Fe− was
obtained by measuring the Fe+ and Fe2+ ion production over
the photon energy range 48–72 eV. The absolute cross sections
for the production of Fe+ and Fe2+ were measured at four
photon energies. Strong shape resonances due to the 3p → 3d
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photoexcitation were observed above the 3p detachment
threshold. In addition, simultaneous double photodetachment
was also observed, resulting in an increased Fe2+ production
which obeys a Wannier law.

II. EXPERIMENTAL METHOD

The experiment was performed at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory, using
the High Resolution Atomic Molecular and Optical Physics
(HRAMO) undulator beamline 10.0.1 with the ion-photon
beamline (IPB), shown in Fig. 1. The IPB endstation [18] uses
the merged-beam technique for photoion spectroscopy, where
ions and photons travel collinearly in order to increase the
interaction volume between photons and the dilute ion beam.

The negative-ion beam with an energy of 8.5 keV was
produced using a cesium sputter source (SNICS II from NEC)
[19]. The magnetically mass-selected ions were deflected by
a 90◦ spherical electrostatic deflector and merged collinearly
with the counterpropagating photon beam. Inner-shell pho-
todetachment from Fe− followed by Auger decay produced
Fe+ positive ions that were steered out of the primary beam by
a 45◦ demerger magnet and detected as a function of photon
energy with an electron multiplier. The demerger magnet also
deflected the primary negative-ion beam into a Faraday cup
where typical ion currents of 20 nA were recorded after
shaping and spatial trimming of the negative-ion beam.

In this apparatus [18], the negative-ion beam with a
diameter of 5 mm overlapped the collimated photon beam
with a spatial width of 1.2 mm over a distance of about
1.5 m. However, the photon-ion interaction region was defined
by a 29.4-cm long stainless-steel cylinder. The 8.5-keV
incoming ions were kinetic energy tagged by applying a
constant potential of +0.75 kV to the interaction region. The
negative Fe− ions entering in the interaction region were thus
accelerated to 9.25 keV, and the positively charged ions Fe+

(Fe2+) resulting from the photodetachment process exited the
interaction region experiencing a second kinetic energy boost
of +0.75 keV (+1.50 keV), leaving with 10 keV (10.75 keV)
of kinetic energy. The Fe+ and Fe2+ ions formed outside the
interaction region, having a lower kinetic energy of 8.5 keV,
could then be selected against by the demerger magnet and
spherical electrostatic deflector located before the detector.
Note that only charged products can be detected with the
present apparatus. Therefore neutral Fe atoms, if any, could
not be detected.

In order to optimize the ion-photon beam overlap, two
rotating wire-beam profile monitors were used at the front and
the rear of the interaction region. In addition, the beam was
characterized by three translating-slit scanners located near
the entrance, middle, and exit of the interaction region. The
outputs through these monitors were recorded by a computer
and thus two-dimensional (2D) profiles of the ion and photon
beams were obtained. The monitors were removed from the
beam path during data collection.

The significant background signal produced by collisions
between the negative ions and the residual gas (∼4 ×
10−10 torr) or apertures in the beamline could be accounted
for by chopping the photon beam at 6 Hz and subtracting the
“photon-off ” from the “photon-on” counts. The photon energy
was scanned by rotating the spherical-grating monochromator
and translating the exit slit of the monochromator while
simultaneously adjusting the undulator gap to maximize
the photon-beam intensity. Several sweeps over the photon
energy of interest were recorded and summed in order to
improve the signal-to-noise ratio. The photon energy scale was
calibrated using accurately known [2 to 4 meV, uncertainties
are quoted to 1 standard deviation (SD) throughout] absorption
lines in He [20]. The total uncertainty in the calibrated
lab-frame photon energy was estimated to be 40 meV. By
direct measurement of the interaction bias potential and the
ion-source acceleration potentials, the beam energy in the
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FIG. 1. (Color online) Schematic of photon-ion-beam endstation beamline 10.0.1.
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interaction region was determined to be 9.25(17) keV, which
gives sufficient ion velocity to produce a significant Doppler
shift. In this experiment, the ion-frame Doppler shift is 30
to 42 meV for photon energies of 50 to 70 eV. The energy
correction has been applied to all the spectra reported herein.

III. RESULTS AND DISCUSSIONS

The absolute cross sections for photoexcitation of Fe−
leading to Fe+ production were measured for the four photon
energy points listed in Table I. The absolute cross sections σ

are calculated from the measurements of the target-ion current
I , velocity v, charge q, signal rate R, form factor F , and photon
flux � as follows: σ = (qvR)/(I�F ) [18]. The signal rate is
R = R0/(�det�electr), where R0 is the measured count rate,
�det is the detector efficiency, and �electr is the pulse detection
efficiency of the electronics. In the present experiment, the
detector efficiency �det was estimated to be 100(5)% [21] and
�electr was 97.5(20)%. Note that we include the possibility
of �det > 100% to account for possible double-counting
events arising from electronic ringing and other effects. The
total (one standard deviation) systematic instrumental error
was ±14%.

The 2D form factors Fz = ∫
ix�xdx

∫
iy�ydy were es-

timated based on ion i and photon � beam profiles, which
are measured by the slit scanners. The total form factor F ,
which is a measure of the quality of the overlap of the ion
beam with the photon beam, is obtained by integration of
the quadratic interpolation of these three 2D form factors
over the length of the interaction region. For an accurate
determination of the form factor, the ion-photon interaction
volume must be well defined. This was accomplished with the
+0.750(15) keV applied to the interaction region. The effective
interaction-region length of 28.3(14) cm was determined from
electrostatic simulations using SIMION 7.00 [22] and the ion
kinetic-energy acceptance of the spherical-sector deflectors
positioned just before the positive-ion detector.

The ratio of channel strengths (Fe2+:Fe+) was measured
at the same photon energies as the absolute cross sections
following the same procedure as previous experiments [23,24].
With the present apparatus, only one channel can be monitored
at any particular time. Thus, the signal rates R(Fe+) and
R(Fe2+) were recorded in rapid succession (1–4 min per
product per energy point) and the measurements were repeated
six times to verify that no significant fluctuations in the
overlap, ion current, or other such effects were present. The
ratio of channel strengths (Fe2+:Fe+) are reported in Table I.
Figure 2 shows the absolute photodetachment cross section of
Fe− to the Fe+ and Fe2+ product channels. The large circles

TABLE I. Measured absolute cross section Fe− → Fe+ and Fe2+

and ratio of channel strengths (Fe2+:Fe+) reported to 1 SD.

Photon energy Cross section Cross section Ratio of the channel
(eV) Fe+ (Mb) Fe2+ (Mb) strengths Fe2+:Fe+

49.23 0.89(13) 0.125(21) 0.141(11)
53.71 5.7(9) 0.59(10) 0.103(8)
58.24 4.5(7) 0.58(10) 0.128(10)
70.24 2.5(4) 0.69(12) 0.275(21)

Peak 1

Peak 2
Peak 3

Fe2+

3 thresholdp

Fe+

FIG. 2. (Color online) The measured photodetachment cross
section for Fe+ and Fe2+ from Fe−. The cross-section scale was
established by making absolute measurements (denoted by filled
circles) at the four energies shown.

with error bars in Fig. 2 represent the absolute-cross-section
measurements to which the spectra are normalized by using
the same method as in previous experiments [18,23,24].

Photodetachment of Fe− ([Ar] 3d74s2 4F9/2) proceeds from
the inner 3p shell via three channels. The relevant states in the
negative ion, the parent Fe atom, and the positive ion Fe+ are
presented in Fig. 3.

According to dipole-selection rules, the emitted photoelec-
tron can be either an εs or an εd electron (ε represents the
kinetic energy of the outgoing electron), and the majority
of Fe+ and Fe2+ formation probably happens in step-wise
processes that can be written schematically as

hv + Fe−(3p63d74s2 4F9/2)

→ Fe−∗(3p53d84s2)[4D,4F,4G]

↓ first step

Fe∗∗ + ephotoelectron

↓ second step

Fe+∗ + eAuger

↓ third step

Fe2+ + eAuger. (1)

The detachment may also lead to the production of neutral
Fe and possibly Fe3+, but neutral Fe cannot be detected
with the present system, and no Fe3+ ions were observed.
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FIG. 3. (Color online) Simplified energy-level diagram for Fe− and the relevant states in the parent Fe atom and positive ion Fe+ and Fe2+.
For clarity, the diagram is not to scale. The electron affinity of atomic Fe, 0.151(3) eV [16], and all other energies are reported relative to the
ground state of the negative ion Fe−. The solid lines represent the measured state energies. The dotted lines represent the ground state for the
Fe [16], Fe+ and Fe2+ [62]. The dashed lines are the theoretically calculated energies of 3p excited states of Fe+ [46].

Excitation of a 3p electron in Fe− leads to quasidiscrete
3p53d84s2[4D, 4F, 4G] shape resonances. In this case, the
one-electron potential produced by the short-range attraction
and the centrifugal repulsion form a barrier large enough to
trap the electron behind it. The primary decay mechanism is
tunneling through the barrier, and thus the width and strength
of the resonances are influenced by the particular form of
the potential. This resonance behavior has been reported
for other photodetachment studies such as in Li− [25–28],
B− [29–31], and C− [32–34]. In contrast, negative ions for
which the valence shell can be filled completely (or become
half full) by photoexcitation of an inner-shell electron may
exhibit Feshbach resonances due to the enhanced stabilization
[23,35,36]. Based on the above studies, and since promoting

the 3p electron into the 3d orbital in Fe− ([Ar]3d74s2 4F9/2)
does not result in filling the subshell, the formation of shape
resonances is the most likely. Indeed, three large shape
resonances dominate the photodetachment spectrum for Fe−,
leading to Fe+, as discussed below.

In order to gain a qualitative understanding of the reso-
nance phenomena occurring in the complete photodetachment
process, we performed crude calculations using the R-matrix
method [37]. Whereas an enormous amount of configuration
interaction and a large number of neutral Fe target states would
be needed to obtain any type of converged atomic description,
and relativistic effects are certainly non-negligible, we were
only concerned with the gross features of the photodetachment
process so the problem was simplified as follows: First,
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FIG. 4. (Color online) Theoretical results are shown for the
individual 4G, 4F , and 4D symmetry contributions (dotted lines)
and the total summed cross section (solid line).

all relativistic effects, including the spin-orbit interaction,
were omitted so that an LS description was valid. (We later
included relativistic effects in a separate structure calculation,
neglecting the continuum, so as to study the fine-structure
splitting of resonance states, as mentioned below.) Second, our
atomic basis consisted of a single-configuration description
for the initial Fe− 3p63d74s2 (4F9/2) ground state, the
photodetached neutral Fe 3p63d64s2 (5De) ground state, and
some of the 3p-excited Fe∗ states; namely, the 3p53d74s2

(5Go), 3p53d74s2 (5Fo), 3p53d74s2 (5Do), 3p53d74s2 (3Go),
3p53d74s2 (3Fo), and 3p53d74s2 (3Do) states. The partial and
total theoretical absolute photodetachment cross sections for
Fe− are shown in Fig. 4. By examining the partial cross sec-
tions, the dominant contribution in each partial wave is found
to be from the 3p53d74s2 (5Go) εd channel. This channel
gives rise to two 4D-shape resonances, 3p5[3d8(3P )](4D) and
3p5[3d8(3F )](4D), but only one resonance in each of the other
two partial waves 3p5[3d8(3F )](4F ) and 3p5[3d8(3F )](4G).

Tot
4D
4F
4G

4G 4F 4D

FIG. 5. (Color online) (upper panel) High-resolution (100 meV)
cross section of Fe+ ions following photodetachment of Fe− [see
Equation (1)] over a broad photon energy range. The open circles
are the experimental data. The solid lines are the results of three
shape-resonance-profile fits to the data. The cross-section scale was
established by making absolute measurements (denoted by filled
circles) at the four energies shown. (lower panel) Theoretical results
were shifted by �E = −2.4 eV in order to match the experimental
threshold position.

We have assessed that post-collision interaction (PCI)
recapture is negligible. As in the earlier cases of B− [29]
and C− [32] inner-shell photodetachment, even if recapture
does occur, only doubly excited Fe∗∗ states remain following
the departure of the intermediate Auger electron, and these
doubly excited states subsequently undergo a second Auger
decay, yielding a Fe+ ion that is detected.

In order to align the photon energies between the experi-
mentally [50.5(5) eV] and theoretically determined thresholds
a global shift of −2.4 eV has been applied to the theoretically
calculated cross sections (see Fig. 5). The resonance energies
and parameters predicted by theory and the measured values
are shown in Table II. Since we were unable to include
relativistic interactions in our R-matrix calculations, we per-
formed separate multiconfigurational Hartree-Fock (MCHF)
structure calculations, where the spin-orbit operator was
included, to obtain fine-structure-resolved resonance energies.
The resonance widths, on the other hand, were obtained
by fitting the R-matrix cross section with shape-resonance
profiles. Our crude atomic description of the resonances, using
only a single configuration, led to severe overestimates of the
resonance energies. Thus, a global shift of −9.4 eV was applied
to the theoretical resonance energies in Table II in order to align
them with the measured values.

Nevertheless, an overall qualitatively good agreement
between theory and experiment can be seen from Fig. 5. We

053404-5



I. DUMITRIU et al. PHYSICAL REVIEW A 81, 053404 (2010)

TABLE II. Details of the resonances.

Energy|expt Width|expt Energy|theor
a Width|theor

b

Resonance (eV) (eV) (eV) (eV)

3p5[3d8(3F )]4s2 4G11/2 51.21(5)+ 0.20(4) 51.02
4G9/2 51.57(5)+* 0.22(6) 51.51 0.63
4G7/2 51.81(6)+ 0.47(8) 51.94

3p5[3d8(3P )]4s2 4D7/2 53.23(6)+ 0.46(24) 55.22 0.65
3p5[3d8(3F )]4s2 4F9/2 53.62(5)* 1.11(9) 56.84 2.25

4F7/2 57.02
4D7/2 55.07(9)* 4.32(20) 60.44 8.34

+Data shown in Fig. 6.
*Data shown in Fig. 5. The 4F9/2 and 4F7/2 resonances were not resolved in the present experiment.
aPresent multiconfigurational Hartree-Fock (MCHF) calculation to include fine-structure splitting. The reported
theoretical energies are shifted by −9.4 eV in order to match the energy of the 4G11/2 state.
bPresent R-matrix results neglecting spin-orbit splitting.

can attribute the three peaks to 3p → (3d + εd) transitions,
with the first sharper structure at about 51.6 eV represent-
ing the 3p63d74s2(4F9/2) → 3p53d84s2(4G7/2,9/2,11/2) exci-
tation, the middle structure at 53.62(5) eV representing the
3p63d74s2(4F9/2) → 3p53d84s2(4F7/2,9/2) excitation, and the
last structure with a long tail at 55.07(9) eV representing
the 3p63d74s2(4F9/2) → 3p5[3d8(3F )]4s2(4D7/2) excitation.
The peak widths were found by fitting shape-resonance profiles
[38,39] to the resonance peaks giving 1.11(9) and 4.32(20) eV
for the second and third peaks, respectively, in Fig. 5 (see
Table II). The theoretical fine structure splitting 4F9/2 − 4F 7/2

is 174 meV and, given the 1.11(9) eV experimental width of
these two peaks combined, the broad natural linewidth does
not allow these two resonances to be resolved.

The energy separation of the 4G and 4F peaks (first
two peaks in Fig. 5) is 2.045(30) eV, slightly lower than
the value of 2.78(70) eV determined from the M2,3-shell
Auger and autoionization spectra of free Fe atoms [40].
Three similar structures shifted at higher photon energy
(57.4, 60.6, and 62.7 eV) and with a larger splitting between
peaks were observed in isoelectronic neutral atomic Co [41].
The 3p-photoionization cross section of atomic Fe presents
only two broad resonances at 53.5 and 56.2 eV [41]. The
absolute photoionization-cross-section data for the positive
ion Fe+ in the 3p → 3d region [13] and the present data
for Fe− exhibit a strong resemblance. The Fe+ → Fe2+
single-photodetachment cross section similarly presents three
broad structures around 53.5, 57.0, and 57.5 eV. The Fe+
→ Fe3+ double-photoionization cross section presents a
strong perturbation near the lowest Fe2+ 3p−1 threshold
(∼67 eV), showing that the interaction between simultaneous
and sequential double photoionization is strong [13].

A. Single photodetachment threshold region

The near-threshold photodetachment cross section of Fe−
was obtained by measuring the positive ion production for
Fe+ in the photon energy range from 50.5 to 53.5 eV with
a photon energy resolution of 100 meV and is shown in
Fig. 6. Fe+ production above the 3p threshold is dominated by
the photodetachment of a single electron followed by further
autoionization.

In photodetachment from a negative ion, the near-threshold
cross section can be described by the Wigner threshold law
[42]: σ ∼ (hν − εthr)l+1/2, where hν is the photon energy,
εthr is the threshold energy and l is the angular momentum
of the photoelectron. This threshold law has been verified in
countless valence-shell detachment experiments [1]. Recent
work with He−(1s), S−(2p) [23], and Pt−(4f) [43] has shown
that the Wigner threshold law is also valid in inner-shell
detachment and p-, s-, and d-wave detachment laws were

4G11/2
4G9/2

4G7/2
4D7/2

Peak 2

Peak 3

Sum

FIG. 6. (Color online) (upper panel) High-resolution (100 meV)
cross section of Fe− leading to Fe+ over the photon energy range of the
first structure shown in Fig. 5. The open circles are the experimental
data. Dotted curves are the best fit shape-resonance profiles of the
second and third structures in the large photon energy range (see
Fig. 5). (lower panel) The same data with this underlying shape-
resonance profile from the higher-energy resonances subtracted. The
solid lines are the result of four shape-resonance-profile fits to
the data.

053404-6



INNER-SHELL PHOTODETACHMENT FROM Fe− PHYSICAL REVIEW A 81, 053404 (2010)

observed, respectively. However, the presence of a shape
resonance near threshold, as in the case of Fe−, significantly
distorts the spectrum. This has been observed in a number of
valence studies [38,44,45], and also in inner-shell studies in C−
[32,33] and B− [29]. In previous studies, it was observed that
a modified shape-resonance profile described near-threshold
resonances very well in inner-shell processes [29,32,33]. This
profile follows that first suggested by Peterson et al. [38,39]
and successfully used in valence detachment studies. For a
shape resonance i near the threshold, we have

σ fit(hν) = σ0 + Ai

[
(hν − εthr)

(εi − εthr)

]l+ 1
2 �i/2π

(hν − εi)2 + (�i/2)2
.

(2)

Here, hν is the photon energy, εthr is the threshold energy,
l is the orbital angular momentum of the photoelectron, εi is
the energy of the resonance, �i is the corresponding natural
(Lorentzian) width, σ0 is the total cross section at the threshold
energy, and Ai is the amplitude factor [29]. For the 3p
photodetachment of Fe−, the photoelectron can leave with
l = |10 ± 1| = 0 or 2 (i.e. as an s or a d wave).

The large region of experimental data shown in Fig. 5
was fit using the sum of three modified shape-resonance
profiles with l = 2 in order to model the observed structures.
Results of this fit, which are shown by the solid thin green
lines in the top panel of Fig. 5, were then used to model
the signal in the 3p-threshold region. The tails of these two
large underlying resonances, represented by the dashed green
lines in the top panel of Fig. 6, could be subtracted from
the data in order to isolate the resonances in the 3p-threshold
region, as shown in the lower panel of Fig. 6. The resulting
near-threshold data was then fit with the sum of shape-
resonance profiles (l = 2), which reproduce the resonances
very well (see lower panel of Fig. 6). The details of the
results from the fit are presented in Table II. Note that four
shape-resonance profiles are used since, given the initial state
3p63d74s2(4F9/2) and 3p53d84s2(4G5/2,...,11/2) final states,
the �J selection rules allow three excitations: 4F9/2 →
4G7/2, 4F9/2 → 4G9/2, and 4F9/2 → 4G11/2. The fourth
resonance arises from the 4F9/2 → 4D7/2(3p5[3d8(3P )]4s2)
excitation, and the energy for this resonance is predicted to
be about 2-eV higher than the measured value (see Fig. 5).
The theoretical calculation predicts the order of the different
J states as shown in Fig. 3. The measured splitting of almost
all terms is smaller than calculated, see Table III.

B. Simultaneous double-photodetachment threshold

In the present experiment, no distinction can be made
between the different final states of the detected Fe+ or Fe2+
ions, and thus the data shown in Fig. 2 represent the sum of all
the partial cross sections. Below about 57 eV, the signal for Fe+
and Fe2+ product channels shows no qualitative difference; this
is evidence that both charge states in this region are sampling
the same process (i.e., the initial 3p photodetachment) and
are simply formed via different decay routes. However, above
57 eV the Fe+ production continues to decrease monotonically
while that of Fe2+ instead increases, indicating some new

TABLE III. The fine-structure splitting for the resonances.

Term �Eexpt (eV) �Etheor (eV)

4G11/2 → 4G9/2 0.36(7) 0.49
4G9/2 → 4G7/2 0.24(7) 0.42
4G7/2 → 4D7/23p5[3d8(3P )]4s2 1.42(8) 0.92
4D7/23p5[3d8(3P )]4s2 → 4F 9/2 0.39(7) 1.62
4F9/2 → 4F 7/2 0.17
4F7/2 → 4D7/23p5[3d8(3F )]4s2 1.45(10) 3.43

*The 4F9/2 and 4F7/2 resonances were not resolved in the present
experiment.

channel may be opening for Fe2+ production, but that is blind
to Fe+ production.

Decay of a Fe− 3p−13d84s2 shape resonance by au-
todetachment of the 3d electron leaves the system in the
Fe 3p−13d74s2 state. Calculations of Fe+ term energies
carried out by Berrington and Ballance [46] have determined
the energy levels of interest above the Fe2+ limit, which
are reproduced in Fig. 3. The main formation of Fe+ can
be explained through simple Auger decay to Fe+ 3d54s2, Fe+
3d64s1, or Fe+ 3d7. However, these states lie below the
Fe2+ ground state, so further autodetachment is not possible.
Sequential Auger decay cannot produce Fe2+, and production
of this ion must proceed through a three-electron process,
such as a simultaneous double Auger decay or an Auger-plus-
shakeup process populating the higher lying doubly excited
states followed by a second autodetachment process. How-
ever, simultaneous multielectron photodetachment could also
lead to the formation of Fe2+.

Simultaneous double photodetachment is a highly corre-
lated process in which two electrons are simultaneously ejected
from the negative ion following the absorption of a single
photon. The sequential double-photodetachment process is a
two-step process involving the formation of an intermediate
core-excited state of the Fe atom which rapidly decays into
the two-electron detachment continua, resulting in Fe+ ions.
The reaction can be written as

hν + Fe−(i) → Fe∗(j ) + e−,

(1) Fe∗(j ) → Fe+∗(f ) + e−,

(2) Fe∗(j ) → Fe+∗
(f ) + e− → Fe2+∗(f ) + e−,

(3) Fe∗(j ) → Fe2+∗(f ) + e− + e−.

The initial state i is the 3p63d74s2 ground state of Fe−. The
intermediate state is an atomic Fe core-excited state [Fe∗ (j )],
mainly 3p53d74s2. In general, a core-excited Fe atom may
produce neutrals that are not detected in the experiment. As
previously mentioned, however, recapture of the photoelectron
from PCI effects leaves Fe in an autodetaching state, resulting
in the formation of Fe+, and radiative decay is expected to be
insignificant compared with the efficient Auger decay process.

In case (1), the Auger process leaves Fe+ in the final state
f , which is the ground state (3p63d64s) or some excited
state that does not subsequently autodetach (e.g., 3p63d7

or 3p63d54s2). Shake-up processes are also possible, in
which case other doubly excited states may be formed (e.g.,
3d64p, 3d54s4p, 3d64d, 3d54s5s, 3d54s4d, etc.).
Some of these states may decay into an Fe2+ state, which is
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depicted by case (2). Finally, case (3) depicts the formation of
Fe2+ by double Auger decay of the Fe∗ state. The measured
ratio of Fe2+:Fe+ production over the photon energy interval
51–57 eV is 9.34(12)% (when the background is correctly
accounted for, see below). This is consistent with the range
observed in other systems (see, e.g., He− [47] and S− [24]).
The resonant structures observed in the measured cross
sections here are therefore very likely associated with these
sequential processes (shape resonances, by their nature, decay
by a single-electron tunneling process).

In the simultaneous process, two electrons are simultane-
ously detached from the Fe− ion and the reaction can be written
as

hν + Fe−(i) → Fe+∗(j ) + 2e−,

Fe+∗(j ) → Fe2+(f ) + e−.

The initial state i is the 3p63d74s2 ground state of Fe−. The
intermediate state j is an excited state of the Fe+ ion that can
decay to either the ground state or an excited final state f of
the Fe2+ ion.

Usually, the cross section for the sequential process is much
larger than the cross section for the simultaneous process [48].
For example, the calculated background double-ionization
cross section is up to 10% of the total in Fe+ and 20% in
Fe [46]. Kjeldsen’s experiment [13] shows that for Fe+, double
ionization contributes only about 2% of the single-ionization
cross section in the 3p → d region.

To further understand the spectrum, it is of interest to
remove the resonant structure from the Fe2+ channel in order to
more easily see the underlying continuum. Assuming that both
the Fe2+ and Fe+ signals are primarily due to the sequential
process, as indicated by their very similar cross section (at
least below 57 eV), we can use the Fe+ signal to estimate
the simultaneous process in Fe2+. To do this, we first remove
the background signal arising from photodetachment to lower-
lying states in order to isolate the 3p-detachment cross section.
For Fe+, this background is almost entirely due to the double
photodetachment of valence electrons to the Fe+ 3d64s, 3d7,
and 3d54s2 states. A power-law fit to the below-threshold
Fe+ signal returned a power of −4.3(1.7), consistent with the
theoretical value for single-electron detachment of −4.5 [49].
A slightly sloped line was sufficient to describe the Fe2+
background. The modeled backgrounds (shown in Fig. 7 as
dashed lines) were subtracted from the measured Fe+ and Fe2+
data. The resulting Fe+ signal was then scaled by a factor of
0.0934(12) to match the magnitude of the Fe2+ cross section
over the photon energy interval (51 to 57 eV) of the resonance.
This scaled signal is the estimated sequential-process cross
section in Fe2+, and can be subtracted from the total measured
Fe2+ cross section in order to effectively isolate the signal
resulting from double photodetachment (the simultaneous
process) with subsequent autodetachment to Fe2+. A clear
threshold for this process can be seen in Fig. 7.

In double photodetachment, two electrons emerge from
a positively charged ion core. In 1953, Wannier predicted
the variation of the double-photoionization cross section with
energy in a critical zone where the electron correlation effects
dominate [50]. Since then, much effort has gone into testing
the Wannier law and its range of validity [51]. There have been
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FIG. 7. (Color online) (upper panel) Double-photodetachment
cross section Fe− → Fe2+. The circles are the experimental data. The
dashed lines are the modeled backgrounds. For presentation purposes,
the Fe2+ signal has been magnified by a factor of 5 here. (lower panel)
Simultaneous 2-electron detachment producing Fe2+ estimated by
assuming that the Fe+ signal is representative for the single-electron
detachment signal. See text for details. The black open diamonds
represent the extracted photo-double detachment cross section and
the solid red line is the result of power law fits to the extracted
photo-double-detachment cross section.

several previous investigations of double-photodetachment
cross sections for negative ions such as H− [52], He− [5,53,54],
Li− [25,54], K− [55], Na− [56], Cl− [57], and F− [58].

The near-threshold total cross section for this double-escape
process [50,59–61] has the form

σtotal = σ0(hν − εthr)
m,

where σ0 is the total cross section at the threshold energy
and εthr is the threshold energy. For the case of double
photoionization, m is predicted to be 1.056 [48] and the
difference from unity is due to electron-correlation effects.

According to theoretical calculations [46], the Fe+ states
3d44s24p, 3d44s24d, 3d44s25s, and 3p53d64s2 lie above
the ground state of the Fe2+ ion, as shown in Fig. 3. The
formation of the first three excited states in Fe+ is less likely
since it implies correlation effects involving up to four d
electrons, while the last one involves only two electrons, a
3p and 3d electron in a knock-off-type process.

A power-law fit to the extracted double-photodetachment
signal returns a threshold position at εthr = 57.0(6) eV and
a power of m = 0.95(20), in good agreement with the
Wannier threshold law. (This error includes an estimate of our
confidence in modeling the background which we determined
by repeating the procedure using various reasonable functional
forms for the background.) The energy of the 3p53d64s2

state was calculated to be ∼66 eV [46] above the ground
state of the negative Fe− ion, ∼9 eV above the measured
Wannier threshold. Considering the difficulty of calculating
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FIG. 8. (Color online) The threshold and power returned by the
fit versus the upper limit of the photon energy range used to fit the
extracted double-photodetachment cross section. The horizontal red
lines are the estimated best values for the Wannier law fit parameters.

this highly excited state in such a complicated system, this
overestimation of the energy may be expected, and the
threshold in the Fe−→ Fe2+ photodetachment cross section
likely arises from this state. In order to determine its range of
validity, we plot the power and the threshold position returned
by the fit versus the upper limit of the photon energy range

used to fit the data in Fig. 8. A fit of the Wannier law to
the near-threshold double-photodetachment extracted signal
shows excellent agreement up to 67 eV. The fitted threshold
and power values change substantially if photon energies above
67 eV are included in the fit range, due to additional structure in
the Fe2+ cross section above the Wannier curve over the
range 67–72 eV.

IV. CONCLUSIONS

We have reported absolutely scaled inner-shell photode-
tachment cross-section data for the Fe− negative ion near and
above the 3p-excitation region. In the photon energy range
48–72 eV, the Fe− photodetachment spectrum is dominated
by shape resonances, which can be assigned to the 3p →
(3d + εd) excitation lying just above the 3p threshold. In
the near-threshold region, the single-photodetachment cross
section can be accurately fit using shape-resonance profiles
with l = 2. The Wannier law was observed and fit well
to the near-threshold region of the extracted Fe− double-
photodetachment cross section, observed in the Fe2+ produc-
tion channel. Furthermore, the absolute photodetachment cross
sections for Fe− leading to Fe+ and Fe2+ were measured at
four photon energies, providing reference data for astrophysics
and plasma physics.
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