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Shape resonances in K-shell photodetachment of small size-selected clusters:
Experiment and theory
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K-shell photodetachment of size-selected B,™ and B3~ cluster anions has been measured and calculated. The
experimental absolute photodetachment cross sections exhibit bound resonances below threshold and two
shape resonances above the K-shell threshold. Similar results were obtained for all of the cationic products
observed, B* and B,* from B,~, as well as B*, B,*, and B3 from B3~. The overall agreement between
measured and calculated photodetachment cross sections is very good. However, the theoretical study yielded
additional bound resonances not observed in the experimental data.
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I. INTRODUCTION

Valence electron ionization studies in atomic, molecular,
and cluster anions have been a quite prolific field of research
for about 4 decades [1-3] using lasers. Because of the excess
of negative charge compared to the neutral parent, electron
correlation effects assume a prominent role in anions. Their
investigations represent therefore an ideal testing ground for
the ability of theoretical methods to model correlation phe-
nomena. In general, compared to neutral systems or positive
ions, studies on negative ions can potentially provide new
information about electronic-structure and photoprocesses
dynamics. Unlike neutral atoms and positive ions where the
long-range Coulomb potential, proportional to 7! dominates,
in negative ions the attached electron moves in the field of a
short-range potential (proportional to r~*), leading thus to
very different responses to electromagnetic radiation excita-
tion in atoms [1], molecules [2,3], and clusters [4,5]. For
example, in contrast to an infinite number of bound states
supported by the long-range Coulomb potential for neutrals
or positive ions, due to the short range binding potential,
negative ions have only a finite number of states, often lim-
ited to only the fine structure of a single term. However, all
negative ions possess unstable excited states which are em-
bedded as resonances in the continuum associated with the
free electron and the atom.

Inner-shell photodetachment studies of negative ions,
however, have only recently been accessible as a result of
improvements in synchrotron light sources. Inner-shell in-
vestigations of anions started simultaneously recently in two
different research groups [6,7] and have triggered many new
experimental studies [8,12] and considerable theoretical at-
tention [13,15].

The behavior of the photodetachment cross sections of
anions has been studied experimentally and theoretically
[1-15] the past 4 decades in order to understand their struc-
ture and electronic decay dynamics revealed through various
types of resonance structure. The progress in understanding
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negative ions structure and dynamics is to a large extent the
result of the active interplay between experimental and the-
oretical studies [1-15] which allowed a rigorous identifica-
tion of resonances and photodetachment thresholds, provid-
ing a clear picture of the anion electronic structure and
dynamics.

Traditionally, resonances emerging from photodetachment
or electron-atom scattering were divided into two classes;
Feshbach and shape resonances are both important since they
reveal the position of the states with respect to the parent
atom. In the central-field independent-particle approxima-
tion, the atomic wave functions are determined by the attrac-
tive short range atomic potential V(r)~1/r* and a repulsive
centrifugal term ~I[(I+1)/2r% the sum of which gives an
effective potential. Depending on the shape of the effective
potential, the continuum wave function can display a reso-
nance called shape resonance [ 16—18] because the photoelec-
tron is trapped transitorily behind the centrifugal barrier.
Moreover, these resonances are usually very short lived and
should be considered as a one-electron phenomenon with
energies above the energy of the parent atom. Contrary to
shape resonances, Feshbach resonances [19,20] keep the ex-
cited electron bound for a long time compared to shape reso-
nances and are found below the parent atom.

The classification and characterization of resonance struc-
ture have thus been important to determine not only for
atomic and molecular anions [1-15] but also for neutral at-
oms and molecules in general [1-26], although the latter are
not part of the scope of this work. As select examples, shape
resonances are important in cold-atom scattering since
“knowing the energy of a shape resonance leads very directly
to an accurate scattering length for the corresponding poten-
tial” [21]. Furthermore, in the case of molecules, shape reso-
nances [22-24] have been important due to the suggestion
[25] that “the position of the resonance above threshold is
related to the size of the molecule and thus could be used as
a ruler to measure molecular dimensions” [26].

In this work, we report the experimental and theoretical
study of K-shell photodetachment of the size-selected clus-
ters B,” and B3~ to explore possible resonance trends in
small cluster systems. In addition, our measurements allow a
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qualitative measurement of the photofragmentation process
in both B, and B;~. The motivation for this work stems
from the fact that although there is much sophisticated mo-
lecular and cluster anions laser photodetachment work [ 1-5],
there is no information on inner-shell photodetachment and
fragmentation of cluster and molecular anions to date, apart
from a recent inner-valence photodetachment of CN~ [27].

Inner-shell photoexcitation or photodetachment offers the
unique opportunity to study clusters and molecules with site
specificity. While the interaction between photons and mol-
ecules or clusters is more intricate than the atomic case due
to the more complicated electronic structure and coupling to
nuclear motion in the polyatomic system, the site specificity
of inner-shell excitation can make the complex reaction dy-
namics tractable as was found in this work.

This investigation has an impact in many areas of physics
such as atomic, molecular, material, and astrophysics. In par-
ticular, it represents a direction in photoionization studies of
small clusters, namely inner-shell photoexcitation of size-
selected clusters. Moreover, the scalability of clusters and
cluster-size dependent studies will probe the evolution of
properties between the well-known and extensively studied
single atoms or molecules and condensed matter systems.
This makes small cluster studies unique for advancing fun-
damental understanding of the many-body problem. In addi-
tion, studies of the properties of ions are needed to better
understand the “odd” species observed in the dilute plasmas
on the outer atmosphere of stars and in interstellar space
[28].

K-shell photodetachment of B, consists of two mecha-
nisms, ionization and dissociation, leading to three possible
decay pathways:

(a) B, +hv— B," +2¢7;
(b) B, +hv—B"+B +2¢;

(¢) By +hv—B*+B +e¢".

Our experimental technique allowed for only the measure-
ment of cationic products, i.e., B,* and B*, but not of neutral
B. In addition we attempted to detect B~, but none was ob-
served. Specifically, we report here on shape resonances ob-
served in the parent B,* (from B,”) or B;3* (from B3~) and
photofragment B* or B,* ions similar to the recent measure-
ment and calculation results in the photodetachment of the
monomer B~ resulting in B* [29]. Furthermore, we report the
observation of resonances below threshold likely arising
from sequential double Auger decay of the resonant states. In
addition, we have determined absolute photodetachment
cross sections for K-shell photodetachment of B,™ leading to
the loss of two electrons due to direct double ionization or
single ionization followed by Auger decay. Moreover, pho-
todetachment scattering dynamics calculations of B,™ are
presented which use the multichannel Schwinger variational
method. The method is capable of accounting for both initial
and final-state correlation effects through a configuration-
interaction (CI) treatment of the anionic and final (neutral)
target state, and of the interchannel coupling, through a
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limited-size close-coupling (CC) expansion of the stationary
scattering wave function.

II. EXPERIMENTAL METHOD

The experiments were performed using the Ion-Photon
beamline at beamline 10.0.1 at the Advanced Light Source.
Details of the methodology to measure absolute photodetach-
ment cross sections are described elsewhere [12,30]. Briefly,
B, and B;™ ions produced using a cesium sputtering ion
source were accelerated to about 8.56 keV producing beam
currents of about 166 nA for B,™ and 27 nA for B;™ in the
interaction region. These ions are likely to be vibrationally
hot (900-1300 K). The ions were collinearly merged with
the counterpropagating photon beam in a 30 cm long energy-
tagged interaction region resulting in neutral (B, B,, and B;)
as well as cationic (B*, B,", and Bs*) products. Only the
cationic B*, B,*, and B;" ions, produced by direct double
photoionization and Auger decay, could be detected and were
measured as a function of photon energy. Although we
searched for anionic B~ fragments by reversing the magnetic
field of the dispersing magnet, we did not observe any mea-
surable signal. As for the B fragment, our present experimen-
tal configuration does not lend itself to allow the measure-
ment of neutral species. Cations produced by photode-
tachment were deflected by a demerging magnetic field and
counted using a multichannel plate based detector. The re-
sulting signals were normalized to the primary B,”/B;™ ion
beam current and the incident photon flux. We note that due
to the kinetic energy released (KER) in the fragmentation
process, fragment ions are not collected with complete effi-
ciency, and significant losses can be expected in the transport
of the ions to the detector [27]. As a result, while the re-
ported B," production cross section from B, is reliable, the
reported absolute cross sections for B* production from B,~
photodetachment are lower limits and likely underestimated.

The photon energy was calibrated against accurately
known absorption lines in Ar (4s line at 244.39 eV) [31] and
SF, (two lines at 183.4 and 184.57 eV) [32]. Total uncer-
tainty for the photon energy calibration, including Doppler
correction, is estimated to be 65 meV [uncertainties are
quoted to 1 standard deviation (SD) everywhere]. The data
are corrected for the Doppler shift due to the momentum of
the 8.5 keV ions. Note that the x axis of all the presented
figures here correspond to the energy above the ground state
of the neutral, i.e., the ion-frame photon energy minus the
electron affinity of the respective atom or the molecule.

III. THEORETICAL METHODOLOGY

The stability of low-lying states of B, were studied by
Bruna et al. [33] using the multireference double configura-
tion interaction (MRDCI) method. The B,™ ground state is
described by the configuration:

X3, (10)%(10,)*(20,)*(20,)*(30p) ' (1m,)(17)°(30,)°.
(1)

Bruna er al. [33] found a large set of stable anionic states
[electron affinity (EA)>0]. The authors also provided a the-
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TABLE I. N-electron initial state and (N—1)-electron states used
in the multichannel scattering calculations for B,™.

MCCI vertical IP

State (ev)? Important configurations”
B,™ ground state
X3 0.89(30,)!(1,)?

0.05(20’u)_1(3(rg)2(1 ﬂu)_l(lwg)l
B, K-shell excited target states

49°%; 197.10 0.68(1a,)™!
0.15(10,)7'(20,) 7' (30,)?
50°%; 197.50 0.69(10,)!
0.12(1 O'M)‘l(20',1)_1(30'5,)2
51°%) 198.12 0.67(10,)"!
0.13(1¢,)7'(20,)"'(30,)*
17°%; 196.37 0.74(10,)!
0.11(1e,) " (1) (17,)!
19°4, 197.75 0.71(10,)!
0.11(1a'u)_l(Z()'u)_l(30'5,)1
0.10(10,)7" (1) (17r,)!
49737 197.04 0.70(10,)™"
0.14(15,)"'(20,)7'(30,)*
50°%%, 197.46 0.69(1c,)""!
0.12(1a'g)‘l(20'u)_l(3crg)2
0.11(10'g)"1(171',4)_1(177&,)1
51337 198.09 0.67(10,)"
0.12(1 a'g)‘l(20',1)_1(30'&,)2
11°3; 196.34 0.75(1c,)7!
0.11(1op) ™ (1) (17r,)!
1974, 197.71 0.72(10,)"!
0.11(16)"'(20,)'(30,)*
*This work.

®Sum of the squares of the coefficients of the configuration state
functions (CSFs) with the given configuration.

oretical value for the equilibrium bond length of the anion in
its ground state of 3.081 a.u. (1.630 395 A).

The multichannel Schwinger variational method with con-
figuration interaction (MCCI) we use for calculating absolute
total photodetachment cross sections of B,” has been de-
scribed at length in the literature [34]. The one-electron scat-
tering wave functions are obtained through the solution of a
Lippman-Schwinger equation where additionally orthogonal-
ity constraints between the scattering wave function and
bound molecular orbitals can be included. Dipole transition
matrix elements between initial and final state channels are
then computed using the Schwinger variational method with
Padé corrections [34]. The single center expansion technique
is used for expanding the bound and continuum orbitals [35].
Correlated wave functions for the initial (anionic B,”) and
final (neutral B,) target states are obtained through a numeri-
cal CI procedure using a set of natural orbitals obtained with
the MOLPRO quantum chemistry package [36].

Several multiconfigurational self-consistent field (MC-
SCF) calculations following a restricted-open Hartree-Fock
(ROHF) calculation on the X *3 . ground state of B,™ have
been performed in order to select the optimal set of molecu-
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lar orbitals to be used in the subsequent scattering calcula-
tions. The augmented correlation-consistent valence triple
zeta basis set (aug-cc-pVTZ) of Dunning was used [37].
With this basis set, we obtained a SCF energy of
—49.17 136 789 a.u. at the equilibrium bond length of the
anion of 3.081 a.u. [33]. The natural orbitals used in the
numerical CI procedure were obtained after a MCSCF cal-
culation with all the orbitals listed in Eq. (1) included in the
active space, with the exception of the core B s orbitals,
which were excluded but optimized. The MCSCF energy ob-
tained was —49.245 304 88 a.u.

The numerical CI calculations were performed with all
the electrons active, with an active space as given by Eq. (1).
Restrictions were imposed on the number of excitations to
virtual orbitals in such a way that a maximum of two-
electron excitations were allowed for the computation of the
B,™ ground state, and only single excitations were allowed
for the CI expansion of the final B, neutral target states. The
bound molecular and scattering orbitals were partial-wave
expanded up to [,,=60.

Assuming the validity of the Koopman’s picture, a hole in
either the 1o, or 1o, orbital of B,™ gives rise to ten terms
which are listed in Table I. For each of the target states, Table
I lists the calculated vertical CI ionization (detachment) po-
tential (IP) along with the principal configurations. A close-
coupling (CC) expansion of the stationary scattering wave
function restricted to K-shell single-hole channels would in-
volve a ten-channel calculation. In order to keep the size of
the CC expansion tractable only a subset of neutral target
states which have a large (>0.06) spectroscopic intensity
factor (SIFs) were retained in the CC expansion. The target
states included in the multichannel scattering calculations
were the 49 328_, 17 52g_, 49 32,[, and 11 52,4‘ states. We
additionally included the ground state of B, for the purpose
of a qualitative analysis of the occurrence of resonances be-
low threshold, giving a five channel (5-MCCI) scattering cal-
culation.

IV. RESULTS AND DISCUSSION

Experimental absolute photodetachment cross sections of
B* and B," from B,” taken at low photon resolution
(390 meV bandwidth) in the region of the B ls ionization
threshold are shown in Fig. 1. Also shown in the figure (top
spectrum) are B* data (filled black circles) resulting from
Auger decay of 1s photodetachment of atomic B~ [29] to
allow comparison with the 1s photodetachment of B,~. The
blue squares in the B, spectrum correspond to absolute
cross section measurements used to scale the spectral data.
The three spectra are vertically offset with respect to each
other for presentation. From Fig. 1, one can observe a very
close similarity between the two dimer spectra B,”—B,*
and B,”— B™* and a close correspondence with atomic spec-
trum, B~— B*. Absolute cross sections of 0.445 (86) Mb,
0.396(81), and 0.463 (93) correspond to the average of sev-
eral measurements at 187.318, 192.732, and 196.241 eV, re-
spectively. The uncertainty in these measured absolute cross
sections is about 23%, which is typical for merged ion-
photon beam experiments [6,10]. Furthermore, branching ra-

042709-3



BERRAH et al.

12 -_ T # T T T T _-
10F ﬂ .
= ) ]
Z 8¢ # ]
= + 4
8 E
D -
Q F g
w L
i 4
@) )
0 WO Bt b b ]

185 190 195 200 205
Ton-frame Photon Energy - Electron Affinity [eV]

FIG. 1. (Color online) K-shell photodetachment of B~ (top spec-
trum [29]), and B,™ (middle and bottom spectra). Energies have
been shifted by the respective electron affinities of the target ions.
The middle spectrum corresponds to the B* fragment while the
bottom one corresponds to the B, parent. Note that KER effects
result in significant losses of the B* fragment and these cross sec-
tions are likely underestimated. (See text for details.)

tio measurements [11] between B* and B,* ions allowed ab-
solute scaling of the B* data. Note that both spectra have
been shifted in energy by their respective electron affinities
(0.28 eV for B [38] and 2.0 eV for B, [33]) as indicated by
the x-axis label resulting in the alignment of the prominent
peaks in the spectrum. The first peak in the atomic B~
—B™* cross section curve corresponds to three unresolved
shape resonances (not resolved with the 390 meV photon
bandwidth used here) just above the 152s22p>(*P) threshold,
while the second broad structure corresponds to the expected
turn-on of the K-shell photodetachment at the 152s*2P*(*P)
threshold [29].

To aid in the interpretation of the photodetachment of B,~,
we compare the sum of the cationic production (B,"+B")
with the 5-MCCI calculations of photodetachment cross sec-
tion leading to neutral B,. This qualitative comparison is
reasonable, since all K-hole excited states of B, are autoion-
izing states which will quickly decay to B,". The comparison
between experimental and theoretical results is shown in Fig.
2. The theoretical curve is shifted by —7.84 eV, a value ob-
tained by assuming that the first core-hole excited state of B,
(11 52; calculated to have vertical ionization potential of
196.34 eV) should have the same energy (best estimate value
of 188.5 eV) as the *P¢ state of atomic B [29]. The shift
applied to the theoretical data is quite reasonable in view of
the limited set of molecular orbitals included in the numeri-
cal CI calculations and the truncated partial-wave expansion
used. The energy shift applied compares with typical ones
applied in K-shell photoionization of small-size molecules
such as C,H, [39]. The shifted theoretical curve agrees quali-
tatively very well with the experimental data sets. Although a
strict quantitative comparison between calculated photode-
tachment cross section and measured B,* cross section is not
valid, we can still gain a qualitative understanding of the
experimental spectrum from the theoretical results. The first
two calculated spectral features below threshold are inter-
preted as due to 1o,—30, and lo,— 17, discrete excita-

g g
tions but are not observed. Another one centered at about
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FIG. 2. (Color online) Comparison between the measured two-
electron detachment (B*+B,") yields from B,™ (filled circles) and
theoretical 5C-MCCI results for B,~ single electron photodetach-
ment (solid line). The energy scale has been shifted by the electron
affinity of B,™ (2.0 eV). Note that the experimental cross section
scale ignores potential B* loss due to KER effects.

187.2 €V is interpreted as a discrete 10, — 1, resonant ex-
citation having a counterpart in the experimental spectrum.
This resonance can be observed in the positive ion formation
channel due to double-Auger decay of the excited state. Be-
cause of the significant difference in relative strengths be-
tween sequential and simultaneous double Auger processes,
this is likely a sequential decay process [40]. We should note
that agreement between calculated and experimental intensi-
ties for the below threshold features can be expected to be
qualitative at best for several reasons: (a) already in the
fixed-nuclei approximation the relevant decay channels are
not included in the CC expansion of the wave function; (b)
the features are likely further broadened by rovibrational ex-
citations of the inner-shell excited state (which were not in-
cluded in the calculation which is not sensitive to these ex-
citations), as was observed in the NEXAFS spectra of other
diatomic molecules such as CO [41] and N, [42] which have
preedge peaks that are several hundred meV wide; and (c)
there are decay channels for the below threshold resonances
that can lead to neutral products and would thus not be ob-
served in the present experiments. The broadening of the
experimentally measured resonance is also partly due to the
experimental spectral bandwidth.

Above threshold the calculated cross section exhibits two
main resonant enhancements. The peak just above the thresh-
old at about 190.8 eV is a signature of overlapping shape-
resonances in the 10, — k7, and 10, — k7, continua with a
total symmetry of II, in the 11°%, and 17°3; channels,
respectively. The calculated features have a nice counterpart
in the experimental profile. The predicted resonant peak at
about 196 eV and the shoulder at 198 eV are interpreted as
shape resonances in the 1 o,— ko, continuum with a total
symmetry of *S_in the 17 SEg‘ and 49 33, . channels which,
however, are not observed as distinct peaks in the experi-
mental spectra. Instead, the experimental cross section exhib-
its a spread out enhancement to well above threshold.
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FIG. 3. (Color online) High-resolution K-shell photodetachment
measurements of B~ (top spectrum) [29] and of B, (middle and
bottom spectra). The two structures observed are shape resonances.
The energies have been shifted by the respective electron affinities
of the target ions.

To further compare and contrast the molecular (B,* and
B* from B,”) cross sections in the region of the shape reso-
nances with the atomic (B* from B~) ones, we display in Fig.
3 higher resolution K-shell photodetachment measurements
(100 meV bandwidth) of the B~ (top spectrum) and B; (B*
middle and B,* bottom spectra) anion between 187 and
190 eV. In the B"— B™ case, the two clearly observed peaks
are 1s2s%2p3 (D and °S, respectively) shape resonances
while the *P weaker resonance forms a hump to the high
energy side of the >S resonance [29]. The middle spectrum
shows the B* fragment production from B,~ photodetach-
ment over the energy range of the second structure shown in
the middle of Fig. 1 which can be assigned to the two 1o,
—km, and 1o,— km, shape resonances theoretically pre-
dicted at about 189 eV. This finding thus mirrors the atomic
photodetachment results. The lower spectrum, which shows
the B," production from B,~ photodetachment over the same
energy range, is similarly resolved into two structures, which
again we assign as to consist of the lo,—km, and lo,
— ki, shape resonances.

The close similarity between the atomic and molecular
spectra is initially rather surprising since more intricate spec-
tra might be expected from the more complicated molecular
system. However, since negative ions do not support many
bound states (due to the lack of long range Coulomb inter-
action) the similarities of the molecular spectra with the
atomic spectrum, along with their simplicity, might be under-
stood due to the fact that anion’s relaxation is different than
the neutral or ionic case which support many bound states. In
addition, K-shell photoionization or detachment is site spe-
cific, and thus produces atomiclike spectra inherently.

Similar trends are observed for the K-shell photodetach-
ment of B;™, as shown in Fig. 4, albeit with lower statistics
than that for the K-shell photodetachment of B,”. (Note
again that these are also shifted for electron affinity. The EA
of B5™ is not known and an approximate value of 2 eV has
been assumed here.) The measurements were carried out
with 400 meV photon bandwidth and the curves are further
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FIG. 4. (Color online) Comparison among K-shell photodetach-
ment of B~ (spectrum in inset, top panel) [29], B,~ (middle two
spectra in top panel), and B3~ (three spectra in bottom panel). (See
text for details.) The energies have been shifted by the respective
electron affinities of the target ions.

Gaussian-smoothed over 700 meV to smooth out statistical
variations due to the weak signal. The top panel reproduces
the results from Fig. 1 while the lower panel consists of
relative cross sections of the fragment cations resulting from
the photodetachment of B;™. The latter process produces B*,
B,*, and B;* exhibiting below threshold (~187 eV) a struc-
ture which might be due to a discrete excitation while above
threshold for each channel one can observe a structure that
may be due to a shape resonance. Thus the trimer case also
exhibits simple spectra, similar to the dimer and monomer.
Here also the broadening of the structures may be due to
vibrational excitations. Further optimization of the experi-
mental conditions will be required to increase the signal and
resolution of these spectra for further studies.

V. CONCLUSION

The present work has explored for the first time K-shell
photodetachment of small size-selected clusters; B,™ and
B;7, and compared it with the same process for the mono-
mer. The B,™ measurements have been compared with theo-
retical multichannel scattering calculations for the K-shell
total photodetachment cross section. The observed photode-
tachment cross sections exhibit a bound resonance below
threshold probably due to sequential double Auger decay and
two shape resonances above the K-shell threshold due to
single Auger decay in the detected B," parent as well as a B*
fragment produced by dissociation. The overall agreement
between measurements and calculations is good. Further-
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more, the measurements are strikingly similar to the K-shell
photodetachment of the monomer B™. A similar trend is also
observed, albeit with lower statistics, in the case of the pho-
todetachment of B;™. This work demonstrates the feasibility
of 1s photodetachment studies of small cluster anions, stud-
ies that could be applied to size-selected clusters, mono-
atomic and mixed, of other materials.
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