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K-shell photodetachment of B− has been measured using the collinear photon-ion beamline at the Advanced
Light Source, Lawrence Berkeley National Laboratory, as well as calculated using two separate R-matrix
methods. The measurement of the absolute photodetachment cross section, as a function of photon energy,
exhibits three near-threshold shape resonances due to the 3S, 3P, and 3D final partial waves. A fit to the
measured data using three resonance profiles shows good overall qualitative agreement with the three partial
wave cross sections calculated using either R-matrix method. However, certain significant and unresolved
quantitative discrepancies exist between the experimentally inferred and the calculated resonance profiles.
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I. INTRODUCTION

Investigation of electron dynamics in negative ions pro-
vides valuable insight into the general problem of correlated
motion of electrons of many-particle systems such as heavy
atoms, molecules, clusters, and solids. In addition, studies of
the properties of ions are needed to understand better dilute
plasmas appearing on the outer atmosphere of stars. Photo-
excitation and photodetachment processes of negative ions
stand out as extremely sensitive probes and theoretical test
beds for the important effects of electron-electron correlation
because of the weak coupling between the photodetached
electron and the neutral target states.

Negative ions are special targets since they contain con-
fined electrons but do not exhibit Rydberg series, like neutral
targets or positive ions, because the photodetached electron
does not experience the long range Coulomb force. In fact,
negative ions often exist only because of electron-electron
correlation. The static potential seen by the outermost elec-
tron is often insufficient to bind another electron, and instead
higher order contributions are responsible for the binding of
the electron. Theoretical studies have demonstrated that it is
necessary to include both core-valence and core-core effects
since it leads to much better agreement with experiments �1�.

From an experimental point of view, inner-shell photode-
tachment experiments, unlike the numerous outer-shell stud-
ies as described in the reviews by Buckman et al. �2� and
Andersen �3�, were initiated only recently, by two indepen-
dent research groups �4,5� and were thus a relatively unex-
plored territory as of 2001. The past few years, however,
have witnessed tremendous activity in inner-shell negative-
ion photodetachment, both experimentally �4–18� and theo-
retically �19–27�. Inner-shell photodetachment studies of

light elements such as He− �8,13,15,19,23–25�, Li−

�4,5,20,26�, C− �9,18,27� and F− �14� have reported reso-
nance structure and absolute cross section behavior �see also
the recent review by Kjeldsen �28��.

In this work, we report on measurements of the resonance
structure and absolute cross sections for the K-shell photode-
tachment of B− and compare them to two R-matrix calcula-
tions. The specific process of interest is the following:
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K-shell photodetachment of B− produces a p-wave photo-
electron �p departing from a K-shell-vacancy 1s2s22p2 state
of B* that subsequently undergoes Auger decay, producing a
second, Auger electron �l and a B+ ion; the latter is detected
in the present experiment. We note that if 2p2�3P� core rear-
rangement, via interchannel continuum coupling, is ne-
glected in Eq. �1�, then only the 4P and 2P final states of B*

are populated.
The motivation for this work stems from the fact that

K-shell photodetachment cross sections of He−, Li−, and C−

showed pronounced structures such as triply excited, Fesh-
bach, and shape resonances. Here we provide additional re-
sults on K-shell photodetachment of a different light negative
ion whose atomic number lies in between those already ex-
plored, thus allowing a systematic study of resonance struc-
ture in addition to providing absolute photodetachment cross
sections. One clear qualitative difference is that three final
partial waves result from the K-shell photodetachment of B−,
compared to the single final partial wave in the neighboring
Li− �4,5,20,26� or C− �9,18,27� ions.
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II. EXPERIMENTAL METHOD

The experiments were performed using the Ion-Photon
beamline �IPB� �29� in tandem with the High-Resolution
Atomic Molecular and Optical �HRAMO� undulator beam-
line 10.0.1. at the Advanced Light Source synchrotron radia-
tion facility at Lawrence Berkeley National Laboratory. The
IPB uses the merged beams technique for tunable spectros-
copy with synchrotron radiation. Positive ions resulting from
photoionization of the primary beam ions are detected with
an energy analyzer. In the present study, B− ions were pro-
duced using a cesium sputtering ion source �SNICS II� �30�
accelerated to about 8.5 keV, and mass selected using a 60°
sector magnet. The ion beam was deflected by 90° using a
spherical electrostatic deflector to merge it with the counter-
propagating photon beam. The ions were merged collinearly
with the counter-propagating photon beam in a 29.4 cm long
energy-tagged interaction region producing photodetached
neutral B atoms and B+ ions. After passing through the in-
teraction region, the B+ ions were deflected out of the pri-
mary beam with a demerging electromagnet, then passed
through an electrostatic deflector to a microchannel plate-
based detector. The bending magnet also directed the pri-
mary B− beam into a Faraday cup to measure the ion current.
Typical final primary beam currents after shaping and spatial
trimming were about 100 nA. Only the B+ ions were de-
tected as a function of photon energy.

The photon energy was scanned using a grazing-incidence
spherical-grating monochromator, and the positive ion pro-
duction as a function of photon energy was recorded. The
high resolution photodetachment data were acquired using a
nominal photon bandwidth of 63 meV based on the mono-
chromator slit settings, while the low-resolution data were
obtained with 390 meV photon bandwidth. The photon flux
was determined by measuring the current produced from an
absolutely calibrated silicon photodiode. In order to discrimi-
nate against positive ions produced by stripping of the nega-
tive ions by background gas, the photon beam was chopped
at 6 Hz. An integrated dwell time of 2 s was spent at each
photon energy with the photons incident on the ions, and
another 2 s was spent acquiring background data with the
photon beam blocked. The photodetachment signal was de-
termined by subtracting the photons-off signal from the
photons-on signal. The resulting signal was normalized to
the primary B− ion beam and the incident photon flux. The
photon energy was calibrated against accurately known ab-
sorption lines in Ar �4s line at 244.39 eV� �31� and SF6 �two
lines at 183.4 and 184.57 eV� �32� using data from a previ-
ous run.

In order to determine absolute cross sections, it is neces-
sary to accurately measure the geometrical overlap of the ion
and photon beams. The beam profiles and overlaps were de-
termined using a series of three monitors: two rotating wire
beam profile monitors near the entrance and the exit of the
interaction region and a translating-slit scanner in the middle
of the interaction region. The outputs of each of these moni-
tors were recorded under computer control to yield the two-
dimensional profiles of the ion and photon beams. The over-
lap integral of the two beams was then determined by
interpolating the overlap measured at each of the monitors

over the entire interaction region length. All three monitors
were removed from the beam path during data collection.
Details of the methodology to measure absolute photodetach-
ment cross sections are described elsewhere �13,29�.

All the experimental data represented herein have been
Doppler corrected to obtain the ion-frame photon energy.
The total uncertainty for photon energy calibration, including
Doppler correction, is estimated to be 50 meV �uncertainties
are quoted to 1 standard deviation �SD� everywhere�.

III. THEORETICAL METHODS

Two R-matrix methods were used to compare to the ex-
perimental photodetachment measurements. One of them
was carried out with a computer program BSR �33� that we
will refer to in the remainder of the manuscript as Theory I
�ThI�. The key feature of this approach is a significant im-
provement to the target description by using compact
configuration-interaction expansions involving nonorthogo-
nal sets of term-dependent one-electron orbitals. For the
inner-core photodetachment of B−, specifically, this method
allows for the use of various 1s orbitals, thereby allowing for
relaxation effects in the 1s-vacancy states.

The close-coupling expansion included 25 bound and au-
toionizing states of neutral B derived from the 1s22s22p,
1s22s2p2, and 1s22p3 configurations, plus the 1s2s22p2,
1s2s2p3, and 1s2p4 configurations for 1s photodetachment.
Emphasis was placed on the accuracy of target wave func-
tions by using nonorthogonal orbitals. Each state �including
the initial B− state� was described by a different set of orbit-
als that were separately determined from state-specific mul-
ticonfiguration Hartree-Fock calculations �34�. The set of or-
bitals included the 1s, 2s, and 2p physical orbitals as well as
n=3 and n=4 correlation orbitals. All single and double pro-
motion configurations were used to construct the target ex-
pansions. They also included the promotion from the 1s shell
that is important for an accurate determination of the relative
position of the 1s vacancy states. Note that the initial
B�1s22s22p2 3P� state was obtained from a separate MCHF
calculation, in contrast to standard R-matrix calculations
where the initial state is usually described by the same close-
coupling expansion as is used for the final continuum states.

For the initial state, we used the same number of physical
and correlation orbitals as for the target states, and the result-
ing electron affinity of 0.276 eV closely agrees with the ex-
perimental value of 0.279723�25� eV �35�. The scattering
calculations for the final continuum states were carried out
with an R-matrix code �33�, in which a B-spline basis is used
to represent the continuum functions in the internal region.
The total �N+1�-electron function is expanded in terms of
energy-independent basis functions

�k = A�
ij

aijk�̄iBj�r� 0 � r � a . �2�

Here �̄i denote channel functions formed from the
N-electron target states included in the close-coupling expan-
sion, Bj�r� are B-splines used to describe the scattering elec-
tron, and A is an antisymmetrization operator. Note that
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there are no �N+1�-electron bound configurations included
in the expansion of Eq. �2�. Such terms are usually included
in standard R-matrix calculations to compensate for the or-
thogonality constraints imposed on the continuum orbitals.
We impose only very limited orthogonality constraints that
do not affect the completeness of the total trial wave func-
tion. Specifically, in the present work, the scattering orbitals
were constrained to be orthogonal only to the 1s and 2s core
orbitals.

The coefficients aijk in Eq. �2� are determined by diago-
nalizing the �N+1�-electron Hamiltonian inside the R-matrix
box. Using the B-spline basis leads to a generalized eigen-
value problem of the form

Hc = ESc, �3�

where H is the Hamiltonian matrix, S is the matrix of over-
lap integrals between individual B-splines, and columns of
the matrix c are eigenvectors representing the B-spline am-
plitudes. In order to ensure hermiticity of H in the internal
region, we add the Bloch operator �36�. The amplitudes of
the wave functions at the boundary, that are needed to con-
struct the R matrix, are given by the coefficients of the last
spline—the only nonzero spline at the boundary. We used
113 B splines of order 8 with a semi-exponential grid of
knots. An R-matrix radius of a=40 a.u. is used in order to
contain the bound orbitals, and the scattering parameters
were found by matching the inner solution at r=a to the
asymptotic solutions in the outer region, that were deter-
mined using the program ASYPCK �37�.

The second theoretical method �ThII� is based on the stan-
dard, orthogonal-orbital R-matrix method �38� as imple-
mented in the RmaX suite of codes �39�. While this is
equivalent to the first method in principle, there are certain
practical differences between the two approaches. Most im-
portantly, the ThII method is restricted to the use of a single
set of orbitals for describing each B−, B*, and/or B state.
Thus a lot of extra configuration interaction �CI� is needed
just to account for the strong relaxation effects that exist due
to 1s, 2s, and 2p electron promotions in going from the
1s22s22p2 ground state of B− to the 1s2s22p3 intermediate
shape-resonance states of B−* to the 1s2s22p2+e− final decay
channels of B* plus an electron. The ThI R-matrix method,
on the other hand, accounts for such relaxation effects in
lowest order. Thus, we expect that the full CI wave func-
tions, and therefore the computed cross sections, are de-
scribed more accurately by the ThI method than by the
orthogonal-orbital ThII method.

For the present case, the ThII 1s, 2s, and 2p orbitals were
determined from a Hartree-Fock calculation for the B
1s22s22p�2P� state, and additional 3s, 3p, and 3d pseudo-
orbitals were determined from a MCHF calculation opti-
mized on the inner-shell excited 1s2s22p2�4P� state. All
single and double promotions from the n=2 configurations
were then included in the configuration expansion for the
same 25 states of B that were included in the first method.

Another major difference between the two theoretical
methods is that the ThII method requires additional bound-
type B− configurations in the close-coupling expansion to

compensate for the enforced orthogonality of scattering to
bound orbitals. In the present study, it was crucial to include
only those required configurations for the final 3S, 3P, 3D
symmetries, which was accomplished using a pseudoreso-
nance elimination technique �40� to choose the correct ex-
pansion of B− configurations. When this elimination was not
performed, an imbalance between the correlation in the neu-
tral and anion states occurred, and the B− resonance states
were more correlated, and therefore closer to the exact en-
ergy value, than the B states were. This gave 1s2s22p3 shape
resonances in the ThII cross section that were unphysically
much too low in energy �this same phenomenon existed in
our earlier work on C− �9��.

Both theoretical calculations were performed without the
inclusion of any relativistic effects so that total orbital and
spin angular momenta L and S are each conserved. Within
our R-matrix approaches, these can be included as first order
�in v2 /c2� corrections such as the mass-velocity, Darwin, and
spin-orbit effects �38,41�. Inclusion of spin-orbit effects,
however, requires a recoupling to an alternate scheme since
only J is a good quantum number, and this in turn leads to
Breit-Pauli R-matrix computations �38,39� that are prohibi-
tively complex when using the large CI description needed
for this highly correlated system �42–45�. The B target ener-
gies we computed in the nonrelativistic ThI and ThII calcu-
lations, compared with experiment �46�, are given in Table I.
Also tabulated are the computed and measured �35� B− en-
ergies relative to the ground B energy, and, after converting
to photon energies, we found it more meaningful to apply a
constant shift of our theoretical photon energies so that the
1s2s22p2�4P� thresholds aligned at 188.63 as this gave the
closest agreement between theoretical and experimental reso-
nance energy positions �see below�.

We have also performed ThII calculations, including
mass-velocity, Darwin, and spin-orbit relativistic interac-
tions, for the B target states and compare to ThII nonrelativ-
istic and level-resolved experimental results, where available
�see Table II�. While these effects change the energies on the
order of �0.01 eV for full-K-shell states, relatively larger
differences for the excitation energies to the K-shell-vacancy
states—roughly 0.1 eV—are found, due primarily to the
much larger velocities of 1s electrons compared to outer-
shell electrons. However, this effect is found to be roughly
the same between all singly and doubly excited B states and
the differences between the important 1s2s22p2 K-shell
thresholds are still on the order of �0.01 eV �see Table II�,
and since global shifts in photon energies are applied to both
theoretical results anyway, we conclude that the final re-
ported theoretical photodetachment cross sections vs photon
energy, adjusted so that the 1s2s22p2�4P� threshold is at
188.63 eV, is essentially unaffected by relativistic correc-
tions. We therefore proceed with our much simpler nonrela-
tivistic studies.

Referring back to the computed nonrelativistic energies in
Table I, it is seen that the singly excited 1s22s2p2 and 1s22p3

states are not described accurately by the ThII calculations,
for which the 1s, 2s, and 2p orbitals were optimized on the
full K-shell 1s22s22p configuration, and the correlation 3s,
3p, and 3d pseudo-orbitals were optimized on the
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K-shell-vacancy 1s2s22p2 configuration. This approach in
the ThII method, which is obviated in the ThI method, for
which every state is described using a separate, appropriate
set of orbitals, does not adequately describe the states with a
full 1s subshell but a 2s subshell with occupancy number of
only one or zero.

We point out that Hund’s rule �41,47�, while obeyed in
general for B configurations such as 1s22p3 and 1s2s22p2, is
not true for the 1s22s2p2 configuration since the 2S term is
lower in energy than the 2P term. This somewhat counterin-
tuitive behavior will also be seen for the B− shape resonances
in the next section when we compare our two theoretical
results to the latest absolute experimental measurements.
However, it should be noted that these same comparisons
were performed using earlier experimental results for K-shell
photodetachment of B− �48,49�. In fact, results for L-shell
photodetachment results were already presented �48� where
excellent agreement with the available experiments �50,51�

was found. From a purely angular momentum perspective,
the 1s22s2p2 L-edge is identical to the presently considered
1s2s22p2 K edge, although the dynamics of the former are
obviously different. Thus, the shape resonances seen near the
2s−1 threshold �48,51� are not the same as those near the 1s−1

threshold, as we shall see in the next section.
Last, it is seen in Table I that the ThII B− binding energy

of 0.567 eV is almost twice that of the ThI or experimental
values. This is because we choose not to eliminate additional
B− configurations only in the B− ground state symmetry
�3P�. While we could do so, we have found that a more
accurate description of the photodetachment dynamics is ob-
tained when the largest CI description possible is used for the
ground state, and the photon energy is adjusted accordingly.
In the present case, the highly correlated B− state is roughly
0.3 eV closer to the converged energy than is the B ground
state, leading to an overestimate in the relative binding en-
ergy by this amount.

TABLE I. Computed and measured bound energies of B− and B �in eV�.

Relative to ground-state B Theoretical photon energies Shifted 1s2s22p3�4S� to 188.63 eV

LS term ThIa ThIIa Experiment ThIb ThIIb ThIc ThIIc

1s22s22p2�3P� −0.276 −0.567 −0.280d 0.000 0.000 −0.128 −0.461

1s22s22p�2P� 0.000 0.000 0.000 0.276 0.567 0.148 0.107

1s22s2p2�4P� 3.545 3.391 3.579e 3.821 3.958 3.693 3.498

�2D� 6.126 6.513 5.933e 6.402 7.080 6.274 6.620

�2S� 7.871 9.023 7.880e 8.147 9.590 8.019 9.129

�2P� 9.195 9.824 8.992e 9.471 10.392 9.343 9.931

1s22p3�4S� 12.008 12.152 12.038e 12.284 12.720 12.156 12.259

�2D� 12.167 13.197 12.374e 12.443 13.764 12.315 13.303

�2P� 14.640 15.575 13.782e 14.916 16.143 14.788 15.682

1s2s22p2�4P� 188.482 188.523 188.758 189.091 188.630 188.630

�2D� 190.719 190.801 190.995 191.368 190.867 190.907

�2P� 190.914 190.957 191.190 191.524 191.062 191.063

�2S� 192.001 192.286 192.277 192.853 192.149 192.392

1s2s2p3�4S� 193.949 193.649 194.225 194.216 194.097 193.755

�4D� 194.107 194.174 194.383 194.741 194.255 194.281

�4P� 195.423 195.918 195.699 196.485 195.571 196.024

�2D� 197.469 197.316 197.745 197.883 197.617 197.422

�2P� 199.030 199.124 199.306 199.692 199.178 199.231

�2D� 199.879 200.210 200.155 200.778 200.027 200.317

�4S� 200.176 200.300 200.452 200.867 200.324 200.406

�2S� 201.586 201.999 201.862 202.566 201.734 202.106

�2P� 201.646 202.182 201.922 202.750 201.794 202.289

1s2p4�4P� 204.179 203.909 204.455 204.477 204.327 204.016

�2D� 205.860 205.569 206.136 206.136 206.008 205.675

�2P� 206.547 206.003 206.823 206.570 206.695 206.109

�2S� 209.973 209.527 210.249 210.095 210.121 209.634

aRelative to B�1s22s22p�2P��, ThI and ThII unshifted.
bPhoton energy relative to B−�1s22s22p2�3P��, ThI and ThII unshifted.
cSame as b, but ThI �ThII� shifted by −0.13 �−0.36� eV.
dReference �35�.
eReference �46�.
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TABLE II. Computed ThII nonrelativistic �LS� and semirelativistic �IC� B energies compared to singly excited experimental �46� values.
Also listed are the scaled differences �E�EIC−ELS−0.052, where the 0.052 eV represents the average energy difference �i=1

8 �Ei
IC

−Ei
LS� /8 due to a relativistic shift between half-full-K-shell and full-K-shell energies for the important 1s2s22p2 levels.

LS term J level LS IC NIST �E

1s22s22p�2P� 1/2 0.000 0.000 0.000
3/2 0.002 0.002

1s22s2p2�4P� 1/2 3.391 3.396 3.580
3/2 3.397 3.580
5/2 3.398 3.581

�2D� 3/2 6.513 6.520 5.934
5/2 6.520 5.934

�2S� 1/2 9.023 9.030 7.881
�2P� 1/2 9.824 9.831 8.992

3/2 9.833 8.993
1s22p3�4S� 3/2 12.152 12.166 12.039
�2D� 3/2 13.197 13.211 12.374

5/2 13.211 12.374
�2P� 1/2 15.575 15.589 13.775

3/2 15.589 13.787
1s2s22p2�4P� 1/2 188.523 188.581 0.005

3/2 188.582 0.007
5/2 188.585 0.009

�2D� 3/2 190.801 190.860 0.006
5/2 190.860 0.007

�2P� 1/2 190.957 191.013 0.004
3/2 191.016 0.007

�2S� 1/2 192.286 192.345 0.007
1s2s2p3�4S� 3/2 193.649 193.716
�4D� 1/2 194.174 194.242

3/2 194.242
5/2 194.242
7/2 194.243

�4P� 1/2 195.918 195.986
3/2 195.986
5/2 195.986

�2D� 3/2 197.316 197.384
5/2 197.384

�2P� 1/2 199.124 199.193
3/2 199.193

�2D� 3/2 200.210 200.281
5/2 200.281

�4S� 3/2 200.300 200.372
�2S� 1/2 201.999 202.069
�2P� 1/2 202.182 202.253

3/2 202.253
1s2p4�4P� 5/2 203.909 203.988

3/2 203.990
1/2 203.991

�2D� 3/2 205.569 205.648
5/2 205.649

�2P� 3/2 206.003 206.081
1/2 206.084

�2S� 1/2 209.527 209.442
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IV. RESULTS AND DISCUSSION

The experimental data generated from two different ex-
perimental runs are shown in Fig. 1. They depict the absolute
cross section for 1s photodetachment of B− as a function of a
broad photon energy range �187–195 eV� at a resolution of
390 meV. The two filled circles represent absolute cross sec-
tion measurements and all the other data �empty circles�
shown in this figure have been scaled to these two points.
The cross section at 192.25 eV is 3.04±0.70 Mb and corre-
sponds to the average of five measurements while the one at
194.26 eV with a value of 1.88±0.43 Mb is the average of
two measurements. Our uncertainty in the measurement of
absolute cross sections is about 23% which is typical for
merged ion-photon beam experiments �11–13�.

We also show in Fig. 1 both R-matrix �ThI and ThII�
results that have been further convoluted with a 390 meV
Gaussian to simulate the photon bandwidth. Aside from the
expected turn on of K-shell photodetachment at the
1s2s22p2 �4P� and 1s2s22p2 �2P� thresholds at about 188.6
and 191 eV, respectively, the only other striking feature ob-
servable at this level of resolution is an apparent resonance
just above the 1s2s22p2 �4P� threshold at about 189 eV.

We can better understand the origin of these features by
partitioning, within our theoretical treatment, the total cross
section in Eq. �1� into the four partial cross sections for each
channel 1s2s22p2 �4P , 2P , 2D , 2S�+e−. These are shown in
Fig. 2 �where the dominant and more interesting 4P channel
has been further broken into its three final symmetries 3S, 3P,
and 3D�. We see that, as expected, the 4P and 2P channels
dominate, with a somewhat smaller contribution from the 2D

channel and an even smaller contribution from the 2S chan-
nel, both of which are populated via channel coupling with
the 2P channel �since the 4P channel shows a slight increase
near the 2P threshold, it also seems to couple somewhat�.

This channel coupling is enhanced in the 2D channel com-
pared to the 2S channel not because of a closer degeneracy of
the former target energy to the allowed 2P channel compared
to the latter �52�. Rather, the partial wave breakdown of each
channel reveals that while the 2D and 2S channels each con-
tribute approximately equal to the 3P partial wave, the 2D
channel also contributes to the 3D partial wave that is forbid-
den for the 2S channel, and this contribution is roughly twice
the 3P contribution. In other words, the three possible final
channels are: 1s2s22p2�2S��p�3P�,1s2s22p2�2D��p�3P�, and
1s2s22p2�2D��p�3D�, with the last amplitude being nearly
twice that of the �approximately equal� first two amplitudes.

Thus the second maximum observed in Fig. 1 at about
192 eV can now be understood, with the help of Fig. 2, as
being composed of relatively featureless continuum, or
threshold effects—the opening of the 2P photodetachment
channel together with weaker, coupled 2D and 2S channels.
On the other hand, the first maximum in Fig. 1 at about
189 eV is now seen to be composed of three obvious
1s2s22p3 3S, 3P, and 3D shape resonances with resonance
positions relative to threshold �and therefore their widths�
varying due to the geometrically different scattering poten-
tials seen by the departing photoelectron.

It needs to be pointed out that, since the two R-matrix
methods are based on a coupled-channel formalism, Auger
decay to full K-shell B �the lowest eight states listed in Table
I� is explicitly included, as is Auger decay to K-shell vacancy
B* �states nine and higher�. However, since Eq. �1� indicates
that only photodetachment to these latter, K-shell vacancy
states leads to the observed B+ production, our reported ThI
and ThII results only include the sum of partial photodetach-
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FIG. 1. �Color online� Lower-resolution �390 meV� detection of
B+ ions following K-shell photodetachment of B− �see Eq. �1�� over
a broad photon energy range. The open red circles are the experi-
mental data while the two solid red circles are absolute cross sec-
tion measurements used to calibrate the spectrum. The ThI �nonor-
thogonal basis, B-spline R-matrix results; long-dashed green curve�
and ThII �orthogonal basis R-matrix results; short-dashed blue
curve� convoluted �390 meV� results are also shown. The four ver-
tical arrows show the positions of the four B*

1s2s22p2 �4P , 2D , 2P , 2S� thresholds from the ThII calculations
�both ThI and ThII results have been aligned such that the 4P
threshold energy is 188.63 eV�.
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FIG. 2. �Color online� A partitioning, within the ThII calcula-
tions, of the photodetachment cross section in Eq. �1� into the 4P
�solid red�, 2P �dashed black�, 2D �green crosses�, and 2S �dashed-
dotted cyan� channel contributions. The 2D, 2P, and 2S channels
have been magnified by a factor of 10 for clarity whereas the domi-
nant 4P channel has been further broken into the incoherent contri-
butions from each of the three final 3D, 3P, and 3S symmetries,
indicating a separate shape resonance within each partial wave.
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ment cross sections to states nine and higher. Thus, even
though the first eight states are included in the calculation to
best predict the resonance widths, etc., photodetachment to
these same eight states �which can proceed through Auger
decay of the three shape resonances, for instance� are not
included in our reported theoretical results.

The particular ordering of the three shape resonances ac-
cording to their LS values may seem counterintuitive in that
Hund’s rule �47,41� is not totally satisfied—the 3S resonance
is lower in energy than the 3P resonance. However, upon
studying, within a single-configuration approximation, the
energies of the three 1s2s22p3 LS states, we find that the
difference is due to the angular factors that multiply only two
Slater integrals �41�, i.e.,

E�LS� = E0 + c1�LS�R1�1s,2p;2p,1s�

+ c2�LS�R2�1s,2p;1s,2p� , �4�

where

R��a,b;c,d� =� dr� dr�Pa�r�Pb�r��
r�

�

r�
�+1 Pc�r�Pd�r��

�5�

is the standard Slater integral �41�, Pa�r� is the radial orbital
for electron a, r� �r�� is the minimum �maximum� of r and
r�, and E0 is the LS-independent energy contribution from
several other Slater integrals. We note first of all that both the
Slater integrals in Eq. �4� are positive since the 1s
and 2p orbitals are nodeless. Second, we find that
c1�3P�=c1�3D�=− 2

3 whereas c2�3P�=0 but c2�3D�=− 6
25.

This second, negative contribution guarantees that
E�3D��E�3P� as is seen in Fig. 2. On the other hand,
c1�3S�= + 1

3 , which would tend to yield E�3S��E�3P�
�E�3D�, thereby obeying Hund’s rule. However,
c2�3S�=− 1

6 , i.e., c2�3S��c2�3D��c2�3P�, and this results in a
lowering of E�3S� relative to E�3P� and E�3D�. The net re-
sult, which now depends on the dynamics—the relative
strengths of the two �so-called exchange dipole and direct
quadrupole� Slater integrals—as well as the angular coeffi-
cients c1 and c2—is that the 3S resonance position lies in
between the 3D and 3P resonances: E�3D��E�3S��E�3P�,
as is shown in Fig. 2, contrary to Hund’s rule.

It should be pointed out that the direct and exchange
electron-electron interactions are more important in negative
ions due to the lack of a long-range monopole potential of
the neutral atom seen by the outermost electron. It is the
same reason why Hund’s rule, which is empirically based on
neutral atoms, where the direct and exchange dipole �and
higher� contributions are typically perturbations rather than
dominant, breaks down.

We find that these theoretical shape resonance features
can be fitted extremely well by three Breit-Wigner resonance
profiles with Wigner threshold law behavior. This suggests a
fitting of our experimental data as a function of photon en-
ergy E=h	 using the sum of three modified resonance pro-
files with functional form as first suggested by Peterson et al.
�53�:


 fit�E� = �
i=1

3

Ai� �E − Ethr�
�Ei

res − Ethr�	l+ 1
2 �i/2�

�E − Ei
res�2 + ��i/2�2 .

�6�

Here Ethr is the 1s2s22p2�4P� threshold energy, the orbital
angular momentum takes the value of l=1 for our p-wave
case, Ei

res are the energies of each of the three resonances, �i
are the three corresponding natural �Lorentzian� widths, and
the Ai are three separate amplitude factors. We use this alter-
nate form to normalize the second Wigner threshold term to
unity on resonance �E=Ei

res� and to normalize the energy-
integrated area under the third Lorentzian term to one, so that
the amplitude Ai represents the effective photoabsorption
strength, or area �in Mb-eV�, of each 1s→2p shape reso-
nance. This simple formula has shown excellent agreement
to numerous p-wave shape resonances both in valence elec-
tron �2,53,54� and inner-shell photodetachment �18�.

We show in Fig. 3 our higher resolution �63 meV� mea-
surements in the near-threshold region. These data were
scaled to the absolute cross section measurements, shown in
Fig. 1, and are thus displayed as an approximate absolute
cross section. The best-fit curve is shown in Fig. 3 as the red
solid curve with the green dashed curves representing the
three decomposed partial waves with spectral bandwidth ef-
fects removed. Assuming a common threshold position, a
total of 10 parameters are required for fitting the experimen-
tal data to Eq. �6�. In addition, because the observed spec-
trum is broadened significantly by the spectral resolution of
the monochromator, the fitting function in Eq. �6� is further
convoluted with a 63 meV Gaussian to simulate the spectral
bandwidth. Allowing the bandwidth to vary as a fitting pa-
rameter yields an estimated bandwidth of 62±34 meV, con-
sistent with the expected bandwidth of 63±3 meV given the
width of the monochromator slits.
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The three resonance profiles are obtained based on fits using Eq.
�6�.
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It is clearly seen that the resonance profiles, once convo-
luted with a 63 meV Gaussian, are in very good agreement
with the measured cross section. By reducing our experimen-
tal cross section into a fit involving three separate partial
wave contributions of modified resonance profile, we can use
the separate, unconvoluted, experimentally inferred profiles
to make a closer comparison with the two theoretical posi-
tions, natural �Lorentzian� widths, and strength parameters
�areas� of each shape resonance. The best-fit parameters re-
turned for the threshold positions and resonance parameters,
along with estimated total uncertainties, are listed in Table III
and compared to the theoretically determined values �all er-
rors are quoted to 1 standard deviation throughout�.

For the theoretical positions and widths, rather than fitting
to our photodetachment cross sections, we instead fit to the
trace of Smith’s time delay matrix Q �55�, which near a
resonance takes a Lorentzian form

tr�Q� = tr�iSdS†/dE� =
�

�E − Eres�2 + ��/2�2 , �7�

where S is the computed scattering matrix that is block-
diagonal with respect to the three separate partial waves 3D,
3S, and 3P. This trace is not obscured by threshold or inter-
ference effects and is essentially a pure Lorentzian profile
with a maximum of 4/� at E=Eres from which the theoreti-
cal resonance positions and widths are easily and accurately
determined. Given these accurate positions and widths, we
then fit our computed cross section for each partial wave to
the functional form of Eq. �6� to obtain the strengths �or
areas� Ai.

Of the three calculated parameters—the position, width,
and strength—the least accurate is typically the overall posi-
tion as given by the 1s→2p photon energy between the
B− 1s22s22p2 ground state and the B−* 1s2s22p3 shape-
resonance state. Therefore, in order to align photon energies
between the experimentally inferred and theoretically deter-

mined thresholds, we applied global shifts in total photon
energies by −0.13 eV for the ThI results and by −0.36 eV for
the ThII results in order that both theoretical 1s2s22p2�4P�
thresholds are shifted to 188.63 eV—consistent with the ex-
perimentally inferred value of 188.6�−0.2

+0.1� �see Table III�.
It is immediately evident that the ThII results require a

much larger global shift in photon energy in order to align
the threshold properties. This is primarily due to the overly
converged energy of the B− 1s22s22p2 state, relative to the B
and B* states, by −0.277 eV, when using the ThII orthogonal
basis, as discussed above. But even the ThII 3D and 3P shape
resonance positions, relative to the 1s2s22p2 threshold posi-
tions, were initially found to be about 0.1 eV lower than that
observed �or calculated by ThI�; this was especially problem-
atic for the 3D resonance since it initially straddled threshold.
We therefore artificially shifted the ThII 1s2s22p3 shape
resonances by +0.1 eV relative to the 1s2s22p2�4P� threshold
in order to give correct relative resonance positions �includ-
ing an above-threshold 3D position� for better comparison of
resonance widths and strengths.

A comparison between our individual experimental fits
and the two R-matrix results, resolved into each final partial
wave, is shown in Fig. 4, and the various extracted resonance
parameters are listed in Table III. We note that the resonance
strengths A in Table III do not behave as would be expected
based on statistical weighting �2S+1��2L+1� alone. Rather,
as is the case in general �56�, the relative probabilities are
complicated expressions derived from Racah algebra and
only reduce to �LS� statistical probabilities under certain av-
eraging procedures. For the present case of photoexcitation
from one LS term �3P� of the 1s22s22p2 configuration lead-
ing to three separate LS terms of the 1s2s22p3 configuration,
statistical weighting is not obeyed.

We first address the computed and inferred resonance po-
sitions. Any computational error in a resonance position can
affect the resultant widths and/or strengths in two ways, be-
cause �i� the shape-resonance width varies as approximately
�E−Ethr�3/2 �53� so resonances predicted to be too high �low�
in energy relative to threshold will have widths that are un-
physically too small �large�, and �ii� a resonance that
straddles threshold �or indeed falls below threshold� contrib-
utes only partially �or not at all� to the K-shell-excited chan-
nels. This is why the ThII results were artificially shifted
relative to threshold—to filter out these dynamic threshold
effects on the final computed cross section. Thus the ThII
resonance positions, as described above, are seen to be inac-
curate both in absolute photon energy by 
0.4 eV and in
relative energy by perhaps 
0.1 eV. On the other hand, the
more reliable ThI positions were shifted by only
0.1 eV—still twice the estimated experimental uncertainty.
Once this shift of 0.1 eV, whose value was determined by
aligning all the resonance features, was applied, the ThI 3D
and 3S resonance positions were found to be in quite good
agreement with the experimentally inferred values, as seen in
Table III. In fact, the experimentally determined differences
in resonance positions have smaller uncertainties since the
overall photon energy calibration uncertainty is eliminated,
and we obtain experimental differences �in eV� of 3S− 3D
=0.313±0.013, 3P− 3D=0.46±0.08, and 3P− 3S

TABLE III. B− 1s2s22p3 shape resonance parameters. Experi-
mental line positions include photon energy calibration uncertainty.

ThI ThII Expt. fit

Ethr �eV� 188.63a 188.63a 188.6�−0.2
+0.1�

�3D� Eres �eV� 188.73 188.73b 188.72±0.05

� �eV� 0.056 0.071 0.037±0.020

A �Mb-eV� 1.80 1.32 1.14±0.28

�3S� Eres �eV� 189.02 189.03b 189.03±0.05

��eV� 0.178 0.165 0.071±0.022

A �Mb-eV� 4.00 3.10 1.92±0.48

�3P� Eres �eV� 189.22 189.22 189.17±0.13

� �eV� 0.528 0.536 0.26�−0.10
+0.26�

A �Mb-eV� 1.82 1.60 1.92±0.52

aBoth theoretical results have been globally shifted in photon en-
ergy to give this same threshold value �see text�.
bThese two ThII resonances were artificially shifted by +0.1 eV
relative to threshold �see text�.
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=0.14±0.09, compared to the ThI values of 0.29, 0.49, and
0.20, all within about one standard deviation.

The experimentally inferred 3P position has the largest
energy uncertainty of the three resonances and is determined
to be 189.17 eV, or 0.08 eV lower than the ThI value. This is
mainly because the higher-resolution experimental data
cover only the energy region h	189.36 eV, which roughly
equals the ThI resonance position. Thus, the right half of the
resonance, as predicted by ThI, is absent in the experimental
data and could tend to favor a fit 3P resonance position to-
wards a lower energy. The absence of higher-energy experi-

mental data also increases the uncertainty in the experimen-
tal resonance width. There is also a large uncertainty in the
narrow 3D experimental width of 0.037 eV due to the mask-
ing effect of the broader 63 meV spectral bandwidth used in
the experiment. Given these rather large uncertainties, the
ThI widths for the 3D and 3P resonances are in agreement
with the experimental values.

However, the ThI 3S resonance width is several standard
deviations greater than the experimentally inferred width,
and there seems to be no way to explain this rather large
theoretical overestimate �by a factor of 2.5�. Likewise, the
ThI strengths Ai for the 3S and 3D resonances are greater
than the experimental values by factors of 2 and 1.5, respec-
tively. The 3P resonance strengths are in fairly good agree-
ment, although, again, due to the limited experimental en-
ergy range, the strength carries a large uncertainty.
Regardless, there is an overall discrepancy by as much as a
factor of 2 between the theoretical and experimental absolute
energy-integrated cross sections that we cannot account for.

As a final note, we address the phenomenon of
photoelectron-recapture due to post-collision interaction
�PCI� effects �57,58�. Inner-shell photodetachment experi-
ments that measure the resulting positively charged ion do
not detect such recaptured states. For instance, in K-shell
photodetachment of Li−, where Auger decay of the K-shell
vacancy Li** state yields the Li+ final states that are detected
in the experiment, there is a probability, which is unity at
threshold but quickly drops to zero away from threshold, that
the slower photoelectron can be recaptured, yielding a neu-
tral Li atom that will not be detected:

hν + 1s22s2(1S) → 1s2s2(2S)ǫp(1P )

↓

1s2ǫsǫp

ւ ց

[
Li+(1s2)

]
ǫpǫs

[
Li(1s2np)

]
ǫs

double detachment PCI recapture

By considering the reduction in detected Li+ ions because of
the alternate recapture channel yielding neutral Li atoms, the
strong 1s2s22p�1P� shape resonance just above the 1s2s2�2S�
threshold was found to be much weaker than when this PCI
effect was neglected �26�.

However, for photodetachment of B− �as with C− �9,18��,
PCI recapture effects are found to be negligible for the fol-
lowing reason: even if recapture does occur, only doubly
excited B** states remain following the departure of the in-
termediate Auger electron, and this doubly excited state un-
dergoes a second Auger decay, yielding a B+ ion anyway.
Specifically, if the photodetachment process in Eq. �1� is ex-
tended to include the possibility of PCI recapture in the Au-
ger process,
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FIG. 4. �Color online� Partial and total cross sections for photo-
detachment of B− leading to B+. The experimentally inferred reso-
nance profiles �solid red lines� and theoretical results �green crosses
for ThI results, blue squares for ThII results� are shown for �top to
bottom� the 3D, 3S, and 3P symmetries followed by the summed,
convoluted �with 63 meV Gaussians� cross sections.
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1s2s22p2
(
4P

)
ǫp

�8�
↓

1s22l2l′ǫl
(
4P

)
ǫp

ւ ց

[
B+(1s22l2l′)

]
ǫpǫl

[
B(1s22l2l′np)

]
ǫl

double detachment PCI recapture

↓

[
B+(1s22s2)ǫl2

]
ǫl

double detachment �9�

we see that the possible final states following the initial Au-
ger process �8→9� are limited to the 1s22l2l��l�4P� states
which, due to spin conservation, cannot include the
1s22s2�1S��l continua. Therefore, only the 1s22s2pnp and
1s22p2np recaptured states can be populated, and essentially
all of these lie above the 1s22s2�l2 continuum, i.e., they are
autoionizing and will eventually yield B+ ions, which are
detected, and two Auger electrons �l2 and �l. Therefore, no
further PCI reduction of the theoretical cross sections was
necessary in order to simulate the measured B+ yield.

V. CONCLUSION

The present work has explored experimentally and theo-
retically the K-shell photodetachment of a light negative ion,
B−. The experiment was able to provide absolute cross sec-
tions that could then be compared directly to two separate,
somewhat different R-matrix calculations. A detailed analysis
of the spectrum reveals three near-threshold shape reso-
nances that are each accurately described by a combination
of Wigner-threshold and Breit-Wigner Lorentzian resonance
profiles.

The main difference between our two R-matrix ap-
proaches is that the ThI method is tailored to use a suffi-
ciently large, separate basis of orbitals for each of the initial
B−, intermediate B−*, and residual B and B* �plus a free
electron� states—a so-called nonorthogonal basis approach.
The ThI results are in very good agreement with the experi-
mentally observed spectrum except for a disturbing, unre-
solved discrepancy, by several standard deviations between
the theoretically predicted and measured widths for the
1s2s22p3�3S� shape resonance and by as much as a factor of

2 in the energy-integrated resonance cross sections. The ThII
method, being limited to the use of the same orthogonal basis
to describe each of the initial, intermediate, and final states,
is clearly a less accurate description of the photodetachment
process in question, yielding resonance energy positions, in
particular, that are unphysical. Further convergence of the
ThII calculations would require additional consideration of
4l and 5l orbitals and the accompanying single- and double-
promotional configuration-interaction expansions, which
leads to a tremendously more complicated computation. And
since the overall qualitative agreement between ThII and ei-
ther ThI or experiment, for the most part, seems sufficient,
we choose not to pursue further ThII convergence.

Our measurements provide the total cross section which
does not allow direct, detailed understanding of the measured
features. Nevertheless, we have ruled out the possibility of
post-collision photoelectron recapture, which otherwise
would require a modification of the computed cross sections
to reproduce the actual near-threshold B+ positive ion yield.
In the future, more intense photon sources and higher reso-
lution photoelectron spectroscopy experiments that measure
the partial cross sections will allow better quantitative com-
parisons between theory and experiment.
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