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Electron collisions with diatomic anions
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Electron collisions with negative ions~B2
2, C2

2, O2
2, BN2, and OH! have been performed in a merged-

beams experiment at the heavy-ion storage ring ASTRID~Aarhus Storage Ring, Denmark!. Absolute cross
sections for detachment (e21AB2→AB012e2) and detachment plus dissociation (e21AB2→A01B0

12e2) are reported for energies below 40 eV. For the homonuclear ions,X2
2 (X5B, C, O), cross sections are

also presented for dissociative reactions leading to anX2 particle in the final state. The detachment process is
dominant for all investigated systems. The detachment cross section is characterized by an effective threshold
larger than the electron binding energy. The shapes of the detachment cross sections are similar for the studied
anions pointing to a common nonresonant mechanism for detachment. Also, the cross section for detachment
plus dissociation and pure dissociation show regularities pointing to a general nonresonant mechanism. Struc-
tures are observed in the detachment cross section of C2

2 and BN2 and in the dissociation cross section of B2
2

and C2
2. The structures are attributed to short-lived dianions~resonances! formed during the collision process.

The results are supported byab initio calculations, and it is inferred that electronic excitations are important in
the resonant reactions.@S1050-2947~99!05109-4#

PACS number~s!: 34.80.Dp, 34.50.Gb, 41.75.Cn
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I. INTRODUCTION

We present an experimental investigation of reactive p
cesses in electron-anion scattering using a merged b
setup at the heavy ion storage ring ASTRID~Aarhus Storage
Ring, Denmark!. The purpose of the experiments is fourfol
We aim to characterize the reaction cross sections at
energy with respect to threshold behaviors, absolute ma
tudes, and general energy dependencies. We also aim t
vestigate the formation and decay of short-lived diatom
dianions as intermediate collision complexes.

Experimentally, the cross sections have been studied
two processes involving detachment of a molecular anio

e21AB2→ HAB012e2,
A01B012e2, ~1!

where an anion (AB25B2
2 , C2

2 , O2
2 , BN2, OH2) reacts

with a free electron (e2) to produce either the neutral mo
ecule (AB0) in a detachmentreaction or two neutral atom
(A01B0) in a detachment plus dissociationreaction. For the
homonuclear molecular ions (B2

2 , C2
2 , O2

2), two dissocia-
tion reactions leading to a negative atomic ion are also c
sidered:

e21X2
2→ HX21X01e2,

X21X112e2, ~2!

whereX is either B, C, or O.
Electron-anion collisions have been studied experim

tally for both atomic@1–15# and molecular systems@16,17#.
The long-range Coulomb interaction between the incom
electron and the target anion is evidently an important pr
erty, and for weakly bound atomic anions, where the ex
PRA 601050-2947/99/60~4!/2882~18!/$15.00
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electron is bound outside an atomic core, the collision
namics has been explored in various approximations@18–
25#. For molecular systems, where the extra electron of
has valence character, the collision dynamics is not clarifi
Electron detachment is the dominating break-up reac
which makes electron-anion scattering qualitatively differe
from electron scattering on neutral or positive molecu
where dissociative reactions dominate@26,27#.

The stability, structure, and dynamics of doubly charg
anions~dianions! have been the subject of substantial expe
mental and theoretical investigations@28,29#. In this work
the formation and decay of short-lived dianions through el
tron bombardment are addressed, formally written as

e21AB2→AB22→products. ~3!

The question is whether dianionic resonances play a rol
electron-anion collisions, and if they do, what are the imp
tant decay channels?

This paper is organized as follows. First, previous the
retical and experimental work on electron-anion collisio
and dianions is reviewed and discussed. The experime
method is presented in Sec. III. In Sec. IV,ab initio calcu-
lations performed to support the interpretation of the exp
mental cross sections are described and discussed. Th
perimental results are reported together with results of theab
initio calculations in Sec. V. The paper ends with a disc
sion ~Sec. VI! and a conclusion~Sec. VII!.

II. PREVIOUS INVESTIGATIONS

A. Electron-anion collisions

Experimentally, cross sections for electron impact deta
ment from negative ions have been measured in cros
2882 ©1999 The American Physical Society
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PRA 60 2883ELECTRON COLLISIONS WITH DIATOMIC ANIONS
beam experiments for H2 @1–4# and O2 @2#. Inclined beam
techniques have been applied for electron impact detachm
from H2 @5,6#, C2 @7,8#, O2 @9,10#, and F2 @11# at inclina-
tion angles 20°@5# and 10° @6–11#. Before this study,
merged beam experiments in heavy ion storage rings h
been reported for atomic ions of H2 @12#, D2 @13#, B2 @14#,
and O2 @15#, plus two molecular ions C2

2 @16,17# and B2
2

@17#. For both atomic and molecular ions, the merged be
technique in storage rings benefits from the long storage t
~; seconds! that allows for relaxation of electronic and v
brational excitations prior to the actual cross-section m
surement, thus providing some control of the initial sta
@30#. The high beam energy~MeV! achievable in a storag
ring combined with the merged beam setup in the so-ca
electron cooler allows for cross-section measurements at
relative energies with high electron densities (;107 cm23)
and good energy resolution. The dominating process for
previously studied atomic systems is nonresonant elec
detachment@12–17#. It has been experimentally establish
that the detachment cross section is characterized by a
fective threshold two to three times the electron binding
ergy of the anion and a smooth energy dependency ab
threshold.

Several theoretical descriptions of the atomic detachm
process have been reported. Hartet al. @18# investigated gen-
eral properties of the three-body wave function outside
reaction zone and obtained a threshold law which was
pected to be valid until 0.4 eV above the energetic thresh
An experimental investigation of this threshold law is dif
cult with the available techniques since the signal-
background ratio is highly unfavorable in this region. T
importance of the effective threshold was not realized in R
@18#. Two-electron models have been applied to describe
tachment from atomic anions in classical@19# ~both the in-
coming and bound electrons are described classically!, semi-
classical @20–23# ~the incoming electron is describe
classically and the bound electron quantum mechanica!,
and full quantum-mechanical@24,25# ~both electrons are de
scribed quantum mechanically! approximations. All classica
and semiclassical models use the impact parameter for
ism where the cross section,s(E), at a given initial electron
energy,E, is written as

s~E!52pE
0

`

P~E,r!r dr. ~4!

HereP(E,r) is the reaction probability and the integration
over the impact parameter,r. The reaction probability is
hence the subject of the calculations. The physical pictur
the detachment reaction implied by the classical and se
classical approaches relies on the expansion of the elec
electron interaction to first order~the dipole approximation!:

1

uR2r u
'

1

R
1

r•R

R3 , r !R, R5uRu, ~5!

whereR is the position vector of the incoming electron a
r is the position vector of the bound electron; both are r
erenced to the center of charge of the anionic system.
first term in the expansion trivially raises the potential of t
bound electron, whereas the second term effectively act
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an electrical field on the bound electron. In essence, the
tachment reaction is pictured as electric field detachm
where the electric field is provided by the incoming electro
In the classical model by Solov’ev@19#, the detachment
probability is related to the solid angle,u0(E,r), through
which the bound electron can escape at the distance of c
est approach of the incoming electron:P(E,r)51
2cosu0(E,r). This approach was estimated to be valid f
H2 in the energy rangeE54 – 20 eV. Smirnov and Chibisov
@20# considered the energies close to threshold for H2, where
classically the bound electron cannot escape. Escape is,
ever, possible by tunneling through the potential barrier c
ated by the superposition of the potential due to the elec
field of the incoming electron and the anionic binding pote
tial. Ostrovsky and Taulbjerg@21# modified the model of
Solov’ev by introducing the concept of decay rate~i.e., ef-
fectively allowing detachment to occur at any time duri
the collision! and by assuming the classical model to be va
at smallR and the tunneling hypothesis of Smirnov and C
bisov @20# to be valid at largeR. The two regions were sepa
rated atRc;10– 13a0 for H2, depending on the model po
tential used. A semiclassical quantum wave pac
simulation of the detachment process was performed by
zansky and Taulbjerg@22#. They found projectile-induced
polarization effects and nonadiabatic features to be impor
for the detachment reaction. Linet al. @23# calculated cross
sections for H2 and O2 using close-coupling theory to de
scribe the bound electron. Lowest-order distorted wa
theory was used by Pindzola@24# to describe electron impac
detachment from H2 and O2 and reasonable agreement b
tween theory and experiment was found. However, this w
considered fortuitous since the importance of polarizat
effects was regarded as being so significant that higher-o
perturbational or nonpertubational methods may be nee
for a proper description of the problem. Finally, Robichea
@25# calculated cross sections for electron impact detachm
from H2 and B2 using aT-matrix formalism and an accurat
description of the final-state wave function with two electr
continua. With this method, good agreement between the
and experiment was obtained and some aspect of the c
sion dynamics was elucidated.

All two-electron models agree that the long-range Co
lomb repulsion, i.e., the distortion of the incoming electr
path, is essential in accounting for the effective threshold
the cross section in general. The model of Solov’e
Smirnov, and Chibisov, and hence the model by Ostro
and Taulbjerg, and not easily extended beyond detachm
of a bounds-wave electron. The various classical and sem
classical theories disagree on the shape of the reaction p
ability, P(E,r) ~see, for instance, Fig. 4 of Ref.@22#!, thus
reflecting different underlying physical aspects of the deta
ment process, however still rendering cross sections in
sonable agreement with experiment. These models only
weak account of electron correlation between the incom
and the bound electrons, for instance exchange is not con
ered, and it is a fundamental problem whether a class
description of the incoming electron is valid. The fact th
significant target polarization effects are found@22,24# indi-
cates that correlation is indeed important. Thus, a
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2884 PRA 60H. B. PEDERSENet al.
quantum-mechanical description seems to be necessar
understanding the actual dynamics of electron-anion co
sions@24,25#.

A simple qualitative reaction cross section that will
used later to discuss the measured cross section can b
tained within the impact parameter formalism@Eq. ~4!# by
assuming thatP(r,E) is a square distribution:

P~E,r!5 H p
0

if C~E,r!>0
otherwise, ~6!

wherep is a constant andC(E,r)>0 is some reaction con
dition. A purely classical reaction condition that has be
applied in the case of atomic ions@13# requires the perturb
ing force of the incoming electron to exceed the bindi
force on the bound electron. The binding force in a typi
negative ion potential isEA/a, whereEA is the binding en-
ergy anda is the range of the potential. Hence, the react
condition may formally be stated as

1

D2~E,r!
2

EA

a
>0 ~ force condition!,

~7!

D~E,r!5
1

2E
1S 1

~2E!2 1r2D 1/2

,

whereD(r,E) is the distance of the closest approach at
initial energy ofE. With the condition Eq.~7!, the reaction
cross section becomes

s~E!5pp
1

Eth
2 S 12

Eth

E D ,

~8!

Eth5S EA

a D 1/2

.

A semiclassical model@31# uses the condition that the avai
able energy must exceed the energetic threshold at s
characteristic reaction distance (Rth):

E2EA2
1

Rth
2

Er2

Rth
2 >0 ~energy condition!, ~9!

whereE is the energy of the incoming electron, 1/Rth is the
Coulomb energy lost by the electron at the distanceRth , and
Er/Rth

2 is the centrifugal part of the kinetic energy. Applyin
this condition@Eq. ~9!#, the same mathematical form as E
~8! is obtained but with a different threshold:

s~E!5ppRth
2 S 12

Eth

E D ,

~10!

Eth5EA1
1

Rth
.

Both models@Eq. ~8! and Eq.~10!# imply effectively a reac-
tion zone of radius 1/Eth and Rth , respectively, which the
incoming electron must penetrate to cause detachment.
action cross sections of the forms(E)5s0(12Eth /E) are
known to reproduce the general energy dependence of
for
i-
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n
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e-

tachment cross sections for atomic ions in the threshold
gion @13–17# ~below the cross-section maximum!.

B. Dianions

Doubly charged anions~dianions! are common on sur-
faces, in crystals, and in solutions@32# where the dianion is
stabilized by the surrounding host. In the gas phase the
bility is governed by either spatial separation of the ex
electrons or by delocalization over a part of the nuclear str
ture. Potential barriers either towards dissociation in
charged fragments or towards electron emission will in g
eral exist due to the long-range repulsive Coulomb poten
superimposed with a binding potential at shorter range. S
bility, structure, formation, and decay of dianions are of fu
damental interest in experiment and theory. To characte
dianions, theory must describe the diffuse character of
outer electrons and account for electron correlation. The
namical aspects, i.e., the formation and decay, are challe
ing to electron-molecule scattering calculations due to
long-range Coulomb interaction. Recent reviews on diani
have been given by Kalcher and Fox@28# and Schelleret al.
@29#.

The formation of short-lived (t;10216– 10215sec)
atomic dianions~resonances! is a problem of controversy
both experimentally and theoretically. Structures in the
tachment cross sections were observed with an incli
beam technique for H2 @5,6# at 14.2 and 17.2 eV, and for O2

@9,10# at 19.5 and 26.5 eV. The structures had widths of;1
eV corresponding to a resonance lifetime of;10215sec. For
H2 the structures were assigned to (2s22p)2P and (2p3)2P
by Taylor and Thomas@33,34#. Schnitzer and Anbar@35#
observed a state of H22 and D22 in a tandem mass spectrom
eter, with a half-life of 2364 nsec. The assignment and th
existence of resonances (H22) were questioned on theoret
cal grounds by Robicheauxet al. @36#. They pointed to the
disagreement with a proof by Simon@37# that resonances in
any particle system that experiences only Coulomb for
cannot exist above the energy for complete disintegration
the system. For H2 the threshold for complete disintegratio
is 13.610.75514.35 eV. Further, they inferred that th
modulation of the experimental cross section is inconsis
with the unitarity of the scattering matrix if the assignme
of the resonances to be of2P character@33,34# holds true.
Finally, they used two different types ofab initio calcula-
tions: ~i! a direct calculation of the detachment cross s
tion for low values of the angular momentum usingR-matrix
methods, and~ii ! an estimate of the position of the sta
2s22p using configuration interaction in a stabilization-typ
approach. None of these calculations showed evidence
H22 resonances. The resonances calculated by Taylor
Thomas@33,34# were concluded to arise from applying a to
small basis set. More recently, merged beam experiment
the ground states of H2(1s2 1S) @12# and D2(1s2 1S) @13#
showed no structures in the cross section for detachmen
previously reported @5,6#. Recently, Sommerfeldet al.
@38,39# predicted a resonance of configuration (2p3 4S) in
H22 using the method of complex rotation to evaluate t
resonance energy~;1.4 eV above 2p2 3P state of H2! and
width ~;1.7 eV!. The absence of this resonance in t
merged beam experiments@12,13# was explained since thes
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PRA 60 2885ELECTRON COLLISIONS WITH DIATOMIC ANIONS
involved electron scattering on ground state H2(1s2 1S) and
hence the transition to the resonance is spin forbidden. M
ishita et al. @40# used hyperspherical coordinates and fou
all adiabatic potential-energy curves of symmetry4S0 to be
repulsive for H22. This conclusion was also made by Chu
@41#, who investigated the effects of channel coupling a
exchange interactions on the formation of resonances
negative ions. Experimentally, the case of electron scatte
on a 2p2 configuration was considered for B2(2p2 3P)
1e2 in a merged beam experiment@14# and no resonance
were observed.

Theoretical predictions also exist for resonance diani
of oxygen@36,42–44# and sulfur@36#, however no evidence
for resonances was seen in a merged beam experimen
O2(2p5 2P) @15#.

Stability of atomic dianions of O, F, Cl, and Br on a tim
scale ofmsec was first reported in experiments with an om
gatron mass spectrometer@45#. The formation of the dianions
was speculated to proceed through either electron-anio
anion-anion collisions occurring in the spectrometer. La
dianions of O, Te, Bi, F, Cl, Br, and I have been observ
using a Penning ion source@46#. The findings for I were later
attributed to impurities by Freeset al. @47#, and no evidence
for atomic dianions of O, F, Cl, and I was found by Spen
et al. @48# using a double-focusing mass spectrometer w
electron impact and Penning ion sources. In a tand
accelerator-based charge spectrometer, a search for a s
of atomic dianions produced in a cesium sputter ion sou
with lifetimes t>0.1m sec was performed, however no ev
dence for such species was found@49#. The mass spectros
copy techniques require that the dianions have lifetimes
the order of the transit time in these apparatuses~;1 m sec!.
Different ion sources have been applied, and some of th
may be conditioned for dianion formation and some not.
general, the formation process is not well controlled in su
ion sources. To summarize, stable atomic dianions seem
be nonexisting, however dianionic resonances cannot
completely excluded.

A search for a series of diatomic dianions of C2 and B2
with lifetimes t>0.1msec was also done using a tande
accelerator, and also in this case no evidence for such sp
was found within the experimental accuracy@50#. There are
several theoretical reports on metastable diatomic dianion
the gas phase, in particular BN22 @51–55#, C2

22 @51,56–59#,
and O2

22 @60–64#. The cross sections for electron reactio
with C2

2 was investigated in a merged beam experiment@16#
and a clear structure was reported at;10 eV and the struc-
ture was assigned to the formation of a dianionic state.
assignment of the structure was addressed by Somme
et al. @59# and it was concluded that the structure could n
be due to the lowest electronic state of C2

22.
For larger molecules there are several reports on qu

table dianions. Doubly charged anions C7
22-C28

22 with life-
times exceeding 10msec were produced by sputtering grap
ite with a 14.5-keV beam of Cs1 and observed in a double
focusing mass spectrometer@65#. C60

22 with a lifetime larger
than 1 msec was observed by laser desorption from a sur
covered with C60 molecules@66#. The stability of C60

22 was
attributed to a shape resonance resulting from the long-ra
Coulomb repulsion combined with a short-range electr
anion binding@66,67#. Similarly, the stability of C60F48
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been attributed to the Coulomb barrier@68#. The experimen-
tal conditions for production of doubly charged ions in
ion source are not well defined and hence the information
these species is limited. The question of which is the smal
stable dianion has been addressed by Boldyrev and Sim
@51#, who suggested Mg2S

22, and by Scheller and Ceder
baum@69,70#, who pointed to the metal halides,MX3

22 ~M
5Li, Na, K; X5F, Cl!, some of which has been searched f
by accelerator mass spectroscopy~AMS! studies@71#. Many
other theoretical characterizations of stable dianions h
been reported~see Ref.@28# for an overview!.

Dynamical studies of the formation and decay of C84
22

were performed by Comptonet al. @72#. Electron attachmen
was found to occur in the ion source at impact energ
0.5–10 eV and autodetachment from C84

22 was observed
with a mean lifetime of;60 msec. Evidence for dissociativ
resonances of small carbon clusters Cn

22 n>4, formed by
laser ablation of graphite, was found using the covaria
mapping technique@73#. No evidence was found for smalle
dissociative dianion resonances. Photoelectron spectros
on dianions has recently been performed@74,75#. Wanget al.
@74# studied dianions of the type2O2C~CH2!nCO2

2 (n
53 – 10) and investigated the properties of the repuls
Coulomb barrier and the excess electron binding energy
function of the equilibrium charge separation.

III. EXPERIMENT

The present series of experiments was carried out at
storage ring ASTRID@76#. The ring is 40 m in circumfer-
ence, and has a square geometry with two 45° bending m
nets in each of the four corners. A schematic drawing of
storage ring is shown in Fig. 1. For production of negat
ions ~B2, B2

2, C2
2, O2

2, BN2, and OH2! a sputter ion
source@77# was used with various sputtering materials. T
sputtering material and the typical ion current for the diffe
ent ions are summarized in Table I. The negative ions w
preaccelerated to 150 keV, injected into the storage ring
further accelerated to MeV energies by means of a radio
quency acceleration system. The storage lifetime of the
beams was determined by collisions with the residual g

FIG. 1. Schematic drawing of the ASTRID storage ring.
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2886 PRA 60H. B. PEDERSENet al.
The gas pressure in the ring was;3310211mbar. The final
energies and storage lifetimes of the ion beams are
shown in Table I. After acceleration, the ions were merg
with an essentially monoenergetic electron beam provided
the electron cooler@78,79#. The electron current was 1–
mA at the cooling energy defined from the matching veloc
of ions and electrons. Neutral particles produced in
electron-anion collision process were detected by
60340 mm2 energy sensitive surface barrier detector loca
behind the dipole magnet following the electron cooler.
grid with transmission probabilityT57163 % could be in-
serted in front of this detector. The grid transmission w
measured with B0 particles emerging from the 2.5-MeV
beam of atomic B2. A horizontally movable 20-mm-diam
surface barrier detector was positioned inside the first
bending magnet after the electron cooler. With this detec
charged fragments from the electron-ion collision proc
were detected~see Fig. 1!. The electron cooler was operate
in a chopping mode. Thus, the electron beam was alter
ingly switched on and off at a frequency of typically 20 H
and the data-acquisition system was gated to measure
rate of particles with the electron beam on@R(X)# and off
@R0(X)# accordingly. The chopping frequency was ke
higher than the inverse vacuum response time~;10 Hz! to
ensure that the pressure was unchanged during measure
of R(X) andR(X0). The electrostatic pick-up electrodes
the interaction region of the electron cooler were biased w
21.0 V and the clearing electrodes were biased with6200
V. With these voltages, excellent agreement between the
culated and experimental value of the space-charge pote
was found. The ion current was measured with the bunc
ion beam by using a beam charge monitor@80#.

Absolute cross sections were obtained with the pres
experimental setup, since the detection efficiency of the
face barrier detector is unity for particles with MeV energ
and all particles emerging from the interaction region w
collected. The major uncertainty of the absolute cross s
tions is associated with the ion current measurement. R
tive cross sections are subject to small uncertainties. In c
sequence, absolute cross sections were measured at a
energy while cross sections as a function of energy w
measured relative to the cross section at this energy.

A. Electron target and cross-section measurement

The electron target for the electron-anion collisions is
livered by the electron cooler@78,79#. The relative electron-
ion energy is determined from

TABLE I. Characteristics of the ion beams.

Ion Sputter
material

Ion
current

Final
energy

Storage
lifetime

B2
2 50% BN150% Cu 0.5mA 4.83 MeV 1.5 sec

C2
2 C ~graphite! 5.0 mA 4.98 MeV 1.6 sec

O2
2 50% Fe3O2150% Cu 0.05mA 3.76 MeV 1.8 sec

BN2 50% BN150% Cu 0.05mA 4.80 MeV 1.6 sec
OH2 50% Fe3O2150% Cu 0.10mA 5.01 MeV 0.5 sec
so
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E5 1
2 m~n i2ne!

25F S m

Mi
Ei D 1/2

2AEe
LABG2

, ~11!

where Mi is the ion mass andEi is the ion energy. The
relative energy is negative ifne,n i and positive otherwise
SinceMi@m, the distribution of relative velocities is mainl
determined by the electron velocity distribution,f (n), and
we consider the rate coefficient:

^ns&5E ns~n! f ~n!dn, ~12!

which is the velocity-weighted cross section. The electr
velocity distribution in the rest frame of the ions is model
by a flattened Maxwellian function centered on the detun
velocity D5uni2neu between ions and electrons@78#, where
ni is the ion velocity:

f ~n!5
m

2pkT'

e2mn'
2 /2kT'S m

2pkTi
D 1/2

e2m~n i2D!2/2kTi,

~13!

wheren' and n i are the electron velocity components pe
pendicular and parallel to the ion beam velocity direction
the rest frame of the ions@the relative energy isE5 1

2 m(n'
2

1n i
2)#. The longitudinal temperature (kTi) is small because

of the compression of the longitudinal electron velocity d
tribution due to the acceleration of the electrons andkTi

;0.5– 1.0 meV@78#. The cross area of the electron bea
was adiabatically expanded@81# a factor of 6 in a decreasing
magnetic field from the gun to the interaction region and
expected transverse temperature waskT';20 meV.

The distribution in relative energy is well approximate
by a Gaussian distribution of widthdE5 1

2 kTi1kT'

1(2kTiE0)1/2, whereE05 1
2 mD2 is the detuning energy. I

is seen that the transverse temperature determines the e
resolution at low energies~,1 eV! while at higher energies
the longitudinal temperature is the more important. Abo
the threshold for detachment of all investigated systemE
.kT' , and the cross section is to a good approximat
given bys5^ns&/D.

Experimentally, the rate coefficient for a process lead
to a particle of typeX is determined as

^ns&5
R~X!2R0~X! f l

R~AB2!

n i

L0edre
, ~14!

whereR(X) is the measured rate of particles when the el
tron beam is switched on,R0(X) is the corresponding rate
when the electron beam is switched off,R(AB2) is the rate
of ions entering the interaction region,L0 (585 cm) is the
length of the interaction region,ed (51) is the detector ef-
ficiency, andre is the electron density. The factorf l5
exp(2Tch/t), where 1/Tch is the chopping frequency andt
the storage lifetime corrects for the effect thatR(X) is mea-
sured a little later thanR0(X) by the the chopping technique

In the toroid regions where the electron beam bends
merge and separate from the ion beam, the two beams ar
strictly parallel. The contributions from the toroid regions a
subtracted from the measured cross sections by an itera
analysis procedure.
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B. Separation of detachment and detachment plus dissociation

The surface barrier detectors measure the energy de
ited in the silicon material during the stopping of the inco
ing particles. Detachment events (AB0) and detachment plu
dissociation events (A01B0) cannot be distinguished on th
detector since these events deposit the same amount o
ergy. To surpass this problem, we used a method whe
grid of known transmission,T, was inserted in front of the
detector. Particles stopped by the grid will not contribute
the energy deposit and intensity will be transferred from
peak at the full energy (A01B0) to peaks of fractional en
ergies~A0 or B0!. The technique using grids to distinguis
dissociating and nondissociating events has previously b
used in a variety of studies@82–90#.

For the grid technique to work, the fragments from diss
ciation must arrive at the detector within a time shorter th
the response time of the detector~;msec! and the particles
must be separated by more than the hole diameter~55 mm!
@91# when impinging on the grid. For a diatomic molecu
dissociating into neutral atomic fragments in the elect
cooler with an angleu between the center-of-mass veloci
and the direction of dissociation, the temporal (Dt) and spa-
tial separation (Dr ) of the fragments when arriving at th
grid/detector are given by

Dt5LS mA1mB

2E0
D 1/2S DE

E0
D 1/2mA1mM

AmAmB

cosu,

~15!

Dr 5LS DE

E0
D 1/2mA1mB

AmAmB

sinu, DE!E0 ,

where L is the distance from the dissociation point to t
grid/detector,DE is the energy available for dissociation
the rest frame of molecules,E0 is the center-of-mass energ
in the laboratory frame, andmA and mB are the atomic
masses. In the present experiment the release energies
the order of a few eV. For the beams investigated here~see
Table I!, it is seen that the maximum~at u50°! temporal
separation between fragments will typically be a few ns
For the maximum spatial separation to match the hole di
eter, an energy of only;100 meV has to be available fo
dissociation. For isotropic dissociation in the center-of-m
system, the corresponding spatial distribution at the grid
sition is strongly peaked at the maximum separation. Th
the grid method is applicable to our studies.

To illustrate the effect of the grid, Fig. 2 shows the ener
spectra obtained from the surface barrier detector withT
571%) and without (T5100%) the grid in front of the
detector for a 4.8-MeV BN2 beam. Neutrals are produce
due to collisions with the residual gas in the ring. The inte
sity transfer from the higher to the lower peak is clearly se
when the two spectra are compared. The data in Fig. 2
consistent with a branching ratio of final products BN, B1N,
and B or N of sBN :sB1N :(sB1sN)50.58:0.12:0.30 for
collisions in the residual gas.

In the actual measurement, the rate of the fractional (R1)
and the full (R2) energy peaks is related to the cross sect
for detachment (sAB), detachment plus dissociation (sA1B),
and dissociation leading to one neutral fragment~sA or sB!
in the following way:
os-
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R1~T!5
1

N~T!
@T~sA1sB!12T~12T!~sA1B!#,

~16!

R2~T!5
1

N~T!
[TsAB1T2sA1B],

whereN(T) is a normalization factor. These equations a
solved to yield the individual cross sections.

C. Charged-particle detection

The negatively charged fragments (X2) from dissociative
reactions of the homonuclear molecules (e21X2

2→X2

1X2/X21X01e2/X21X112e2) are detected with the
horizontally movable surface barrier detector positioned
side the dipole magnet following the electron cooler~see Fig.
1!. The detector size is relatively small~20 mm diam! to fit
into the magnet gap. We investigated whether detection
charged fragments is possible by calculating the spatial
tribution of charged particles at the position of the detec
and comparing with the measured profile. To determine
distribution of charged fragments (X2) from a dissociative
reaction in the electron cooler, knowledge is required ab
~i! the distribution of the stored ions inside the electr
cooler, ~ii ! the energy available for dissociation and the a
gular distribution of dissociations fragments, and~iii ! the
path of theX2 particles in the magnetic lattice of the stora
ring from the electron cooler to the detector.

The evolution of the spatial distribution of a stored io
beam is governed by the magnetic lattice of the storage r
The propagation of the beam particles can be described u
the principles of geometrical optics~the paraxial approxima-
tion! @92#. This description is used to calculate the pha
space profile of a stored ion beam at all places in the ri
Similarly, the propagation ofX2 particles from the electron
cooler to the detector is computed by means of this form
ism @93#. We have performed Monte Carlo simulations of t
spatial distributions at the detector position of B2 particles
emerging from a stored 4.8-MeV beam of B2

2 dissociating
in the electron cooler with various release energies. The
sociation was assumed to be isotropic in the center-of-m
frame of the molecular ion. The analysis showed as an
portant result that the distribution of B2 at the detector po-

FIG. 2. Energy spectra obtained from the neutral particle surf
barrier detector with (T571%) and without (T5100%) the grid in
the front of the detector for a stored 4.8-MeV BN2 beam. Neutrals
are here produced by collisions with the residual gas. The h
energy peak at 4.8 MeV is due to impact of BN0 or B0 and N0; the
low-energy peak is due to impact of either B0 or N0 ~which are not
resolved!.
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2888 PRA 60H. B. PEDERSENet al.
sition is independent of the release energy, at least for rel
energies,20 eV. Figure 3 shows the measured B2 particle
intensity profile as a function of the horizontal position of t
movable detector for an electron energyE55 eV in com-
parison with a calculated intensity profile. The measured p
file has been fitted with a Gaussian function and this funct
has been deconvoluted with the detector profile by inve
Fourier transform@94# to compare with the calculated pro
file. The agreement between the deconvoluted and calcul
intensity profiles is excellent and;80% of the particles can
be detected with the 20-mm-diam detector. In conclusi
charged fragments from dissociative reactions leading to
X2 particle in the final state can be detected reliably with
movable 20-mm-diam surface barrier detector when the 2
loss is taken into account.

IV. AB INITIO CALCULATIONS

We have performedab initio calculations with the
GAUSSIAN94 program package@95# on the ground and the
excited electronic states of B2

q , C2
q , O2

q , and BNq, where
q50,21,22 to support the interpretation of the experime
tal results. Especially the possible existence of metast
dianions is investigated. The dynamical aspects, for insta
the coupling between discrete states of dianions and the
ous continua accessible to these, are beyond the scope o
calculations.

In ab initio calculations both the theoretical model and t
basis set chosen are important for an accurate descrip
The multireference–configuration interaction method~MR-
CI! is presently believed to be the best basis-set method
a significant part of the potential-energy surface~see Ref.
@96# for a description and further references!. Inclusion of
correlation in the theoretical model is very important f

FIG. 3. DistributionP(x) of B2 particles at the position of the
movable detector emerging from a stored 4.8-MeV B2

2 beam dis-
sociating in the electron cooler as a function of the horizontal
sition ~x! in the magnet. The dot-dashed line shows the dete
profile at horizontal positionx50. The filled points show the mea
sured beam profile for a relative electron energy of 5 eV. T
dashed line is a Gaussian fit to the measured profile and the
curve is a deconvolution of this function by the detector profile. T
open points show the results of the Monte Carlo simulation of
B2 distribution.
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small anionic systems. InGAUSSIAN94, correlation may be
included using various models, such as configuration in
action or quadratic configuration interaction theory@97# ~CI
or QCI!, Møller-Plesset many-body perturbation theory
ordern,6 (MPn) @98#, density-functional theory~DFI!, or
coupled-cluster theory@99# ~CC!. QCI and CC methods are
preferred to MPn, since electron correlation is described on
higher level with these methods than in the first orders
MPn (n,5). The applicability of DFT in describing anion
was addressed by Tschumper and Schaefer@100#, who found
that DFT significantly overestimates electron affinities. Q
and CC methods have been compared in a number of ca
lations. Wattset al. @101# showed that QCI methods ar
more sensitive to the applied basis set than CC method
calculations on the BeO molecule. Leeet al. @102# found CC
theory to be valid for a series of molecular systems ev
when nondynamical correlation is important, i.e., when
system has multireference character. In a direct compar
between CC and QCI methods applied to study CuF
CuH, Hrusaket al. @103# found CC to be superior to QCI
The main problem with using QCI methods is that sing
excitations are not described accurately compared to
methods. CC theory includes excitations of the independ
particle model wave function in a multiplicative mann
@97,104#, whereas QCI~and other CI and MPn methods! do
this additively@97#. Thus, there seem to be no cases wher
is of advantage to use QCI methods compared to CC m
ods.

Inclusion of diffuse functions in the basis set provides
more accurate description of the electron density far aw
from the nuclei, and by including polarization functions th
single-particle orbitals are allowed to change shape. We
that both polarization functions and diffuse functions are i
portant for a good description of the molecular geometry a
energy separations, an observation consistent with m
other studies, e.g., the study of CN2 by Zhan and Iwata
@105#, where diffuse functions were seen to be essentia
accounting for vertical electron detachment energies w
polarization functions were seen to be important for a corr
description of geometry and vibrational frequencies.

We used a coupled-cluster method with inclusion
single and double excitations and perturbative inclusion
triple excitations, CCSD~T!, of a single reference
independent-particle wave function~HF! and a contracted
Gaussian basis set that includes diffuse andd polarization
functions, 6 – 3111G(d). In total, this basis set includes 4
Gaussian basis functions composed of 70 Gaussian pr
tives. Excited states of other symmetries than the gro
state were calculated on the same level of theory by imp
ing excitations to the initial independent particle configu
tion. The dissociation limits were determined by summing
the calculated energies of the separate atoms.

In Table II, our calculations of neutral and monoanion
systems are compared with experiments and high-leveab
initio calculations. For most systems the calculations can
compared to experimental results@106,107,113–115#. The
present calculations generally overestimate equilibrium d
tances by<0.02 Å, dissociation energies are underestima
by 0.4–0.7 eV, and electron affinities are underestimated
<0.5 eV, while the high-level calculations are in clos
agreement with experiment. Bruna and Wright@108# per-
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ull
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TABLE II. A Comparison ofab initio calculation from this work with previous calculations and experiments on total energy~E!,
equilibrium internuclear distance (r e), vibrational frequency (ve), dissociation energy (De), and electron affinity~EA! for neutral and
monoanionic molecules. Details on the quoted calculations can be found in the references.

E ~a.u.! r e (Å) ve ~cm2! De ~eV! Te ~eV! EA ~eV! Ref.

B2
0 3Sg

2

MRD-CI/basis I 249.2889 1.59 1025 2.754 1.80b @108#
CCSD~T!/6– 3111G(d) 249.27957 1.61 1024 2.58 1.77 This work

Experiment 1.59 1051.3 3.1 @107#

B2
2 4Sg

2

MRD-CI/basis I 249.3549 1.6304 1010 4.21a 0 @108#
CCSD~T!/6– 3111G(d) 249.34456 1.6438 995 4.36 This work

2Pu MRD-CI/basis I 1.5637 1097 3.58 0.63 @108#
CCSD~T!/6– 3111GD(d) 249.32233 1.5818 1066 3.75 0.61 This work

C2
0 1Sg

1

MR-CI/@5s4p3d2 f 1g# 1.248 1803 6.22 @109#
CCSI ~T!/PVQZ 275.855232 1.242 1864 6.29 3.09 @110#

CCSD~T!/6– 3111G(d) 275.74787 1.2589 1819 5.78 2.92 This work
Experiment 1.243 1855 6.32 3.27 @107#

C2
2 2Sg

1

CCSD~T!/PVQZ 275.968855 1.267 1799 8.42 @110#
CCSD~T!/6– 3111G(d) 275.85529 1.2847 1772 7.73 This work

Experiment 1.268 1781.2 8.45 @106#

O2
0 3Sg

2

MR-CI/@5s4p(311)d2 f 1g1(sp)# 1.21 1558 5.065 @111#
CCSD~T!/6– 3111G(d) 2150.0449 1.2114 1599 4.58 0.03 This work

Experiment 1.208 1580 5.214 0.39 @112–115#

O2
2 gP2

CCSD(T)/6– 3111G(d) 2150.046 1.354 1128 3.7 This work
Experiment 1.347 1073 @113#

1.341 1089 4.23 @114#

BN0 1S1

MRD-CI/6s5p3d1 f 1.283 1660 6.9 3.13 @116#
CCSD~T!/6– 3111G(d) 279.2299 1.277 1691 6.32c 2.82 This work

Experiment 1.281 1712

BN2 2S1

MRD-CI/6s5p3d1 f 1.291 1709 7.12 @116#
CCSD~I!/6– 3111G(d) 279.33365 1.289 1694 6.76 This work

aThe electron affinity is given as the energetic differences between the minimum of the neutral and anion potential-energy curve
difference in zero point vibrational energy is ignored.
bThe recommended values for B2

2 areEA~B2
0!52.00 eV andDe~B2

2!54.80 eV@108#.
cWe find the 1S1 state to be 3.93 eV below the ground-state dissociation limit B(2P)1N(4S); however, the state is expected to correla
with B(2P)1N(2D) @117#. The excited-state limit is positioned 2.389 eV above the ground-state limit@118#.
x
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formedab initio calculations on the ground and several e
cited electronic states of B2

q (q50,21) using the multi ref-
erence single and double configuration interaction~MRD-CI!
method and different basis sets. Eight bound states of2

2

were reported, the ground state being4Sg
2 and the lowest

doublet being of2Pu symmetry. Our calculation compare
well with these calculations with respect to energies and
ometry. BNq (q50,21) have been studied by many autho
see Refs.@116,117# for an overview. The present calculatio
agrees well with a recent MRD-CI study by Brunaet al.
@116#.
-

e-
;

Overall, the calculations on neutral and single negativ
charged systems compare reasonably well with experim
and otherab initio calculations. The underestimation of th
dissociation energy is also seen in other studies and prob
arises from the assumption that the dissociation limit can
found by summing up the free atom energies. The overe
mation of the equilibrium internuclear distances is presu
ably a basis-set effect as seen by comparing the present
culation with the expanded basis-set calculation of Watts
Barlett@110# for C2

2. Also the systematic underestimation
electron affinities is seen in other calculations@108#.
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TABLE III. Comparison ofab initio calculation from this work with previous calculations on equilibriu
internuclear distance (r e), vibrational frequency (ve), and energy with respect to the monoanionic syst
@DE5E(X2

2)2E(X2
22)# for the ground states of the studied dianions.

r e (Å) ve ~cm21! DE (eV) Ref.

B2
22 1Sg

1

CCSD~T!/6– 3111G(d) 1.58 1059 24.0 This work

C2
22 1Sg

1

HF/4-31G 1.271 @52#

RHF/4-31G 1.271 @56#

LCAO-MO-SCF/doublez 1.297 @57#

HF/6-31G* 1.263 1998 @57#

MP2/6-31G* 1.30 1716 @57#

MP2/6-311G(d) 1.293 1737 22.96 @51#

see Ref.@59# 23.0 @59#

CCSD~T!/6– 3111G(d) 1.29 1717 23.9 This work

O2
22 1Sg

1

FSGO 1.490 216.9 @61#

SD-CI 1.64 615 26.68 @64#

CCSD~T!/6– 3111G(d) 1.62 507 27.22 This work

BN22 1Sg
1

HE/4-31G 1.304 @52#

HF/6-31G* 1.291 1781 @53#

MP2/6-311G* 1.325 1528 22.93 @51#

MRD-CI/basisA8 1.30 1752 24.560.2 @55#

CCSD~T!/6– 3111G(d) 1.31 1585 23.8 This work
on
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The present calculations of the ground states of diani
are compared to previous studies of dianions in Table
The 1Sg

1 closed-shell ground state of C2
22 has been consid

ered in many approximations@51,56–59,73#. In the most re-
cent study, this state was described by Sommerfeldet al.
@59# using a complex absorbing potential together with
multireference configuration interaction wave function.
resonance position of;3 eV above the ground state of C2

2

and a width of;0.5 eV towards single electron detachme
were reported and a schematic potential energy curve
drawn. The exact position of the resonance was not de
tively determined and may possibly vary from 2.8 to 4.0 e
The present calculation predicts the ground state of C2

22 to
be;3.8 eV above the ground state of C2

2. Potential-energy
curves for the ground state and one excited3Sg state of C2

22

were presented by Mathuret al. @73# using a method similar
to the present one. The present calculation agrees on
ground-state calculation but finds the excited state to be
3Pu symmetry rather than3Sg symmetry @119#. Also for
O2

22, many calculations exist for the closed-shell grou
state@60–64#. A high-level potential-energy curve compute
with the symmetry-adapted cluster configuration interact
method~SA-CI! for O2

22 (1Sg
1) was presented by Nakatsu

and Nakai@64#, who found the dianion to be energetical
6.68 eV above the ground state of O2

2 with a local potential-
energy minimum at 1.64 Å. The present calculation pred
the ground state of O2

22 to be 7.2 eV above the O2
2 ground

state and to have an equilibrium distance of 1.62 Å. T
ground state of BN22 has been considered on various lev
of theory@51–49#. The stability of the ground state of BN22
s
I.

t
as
i-
.

he
of

n

s

e

was described in detail by Brunaet al. @55#. As seen from
Table III, the present calculation is in good agreement w
this high-level study.

In general, the dianion calculations presented here ag
with previous calculations for the ground states of BN22,
C2

22, and O2
22 on both geometrical and energetic aspec

The calculations are expected to be accurate within 0.5–
eV for the relative energy around the equilibrium geomet
Potential-energy curves from the calculations will be p
sented along with the experimental results in Sec. V.

V. RESULTS

A. B2
2

The upper part of Fig. 4 shows the cross sections
detachment and detachment plus dissociation obtained
B2

2. Both the cross section for detachment and for deta
ment plus dissociation exhibit a smooth behavior as a fu
tion of energy. Pure detachment, which is the dominat
process, has an effective thresholdEth

expt;3.5 eV and a maxi-
mum cross section of 1.2310215cm2 around 16 eV, while
the detachment plus dissociation channel has an onset
4.5 eV and reaches a plateau of 0.3310215cm2 at E
;15– 20 eV. The lower part of Fig. 4 shows the cross s
tion for dissociation that leads to detection of B2. Collisions
with the residual gas in the ring contribute little to this cha
nel and it is readily detected even though it is two orders
magnitude smaller than the detachment channel. The di
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ciation cross section has an onset near 2.1 eV and sho
pronounced peak structure centered around 5 eV wit
width of 3–4 eV.

For the ground4Sg
2 state of B2

2, the energetic threshold
for dissociation is expected around 4.8 eV@108#. The reason
for the lower threshold observed in the experiment may
twofold. First, the ions may be rovibrationally excited fro
the ion source. The rovibrational excitation does not relax
radiative emission since the dipole moment is zero for hom
nuclear diatomic molecules and the vibrational lifetimes m
exceed seconds. Second, other electronic states of B2

2 may
be present in the ion beam. Brunaet al. @108# predicted three
quartet and five doublet states of B2

2 bound with respect to
the ground state of the neutral molecule. Only the lifetim
for optical decays from the highest bound quartet state w
considered; however, the higher states were predicted t
strongly intercoupled and hence decay to the lowest qua
or doublet state by optical electronic transitions will effe
tively be allowed. However, the lowest doublet state,2Pu ,
which is positioned; 0.6 eV above the ground4Sg

2 state
~see Table II!, can only decay by a forbidden transition an
the lifetime of this state may exceed the time scale of t
experiment~; 5 sec!.

The peak structure in the dissociation channel is attribu
to the process leading to B21B0 since the energetic thresh
old for B21B1 is considerably higher,De(B2

2 4Sg
2)

1IP~B0!54.818.289513.089 eV @108,120#. To investigate
the origin of the structure, the results of theab initio calcu-
lation on B2

q (q50,21,22) are shown in Fig. 5. The lowes
states of B2

22 are of 1Pu and 1Sg
1 symmetry and are;5 eV

above the ground3Sg
2 state of B2. There are several excite

states of B2
22 in the region where the structure appears

the dissociation cross section. The resonances are all a
the dissociation limit of B2

2. The structure in the dissociatio
cross section is thus attributed to the formation of a diani

FIG. 4. The cross sections obtained withB2
2 for detachment,

detachment plus dissociation, and dissociation as a function of e
tron energy. In the upper part of the figure, the full curve show
reaction cross section,s5s0(12Eth

expt/E), with Eth
expt53.5 eV. The

error bars show relative uncertainties; the absolute detachment
section was measured atE515 eV to be a cross section of (1.
60.8)310215 cm2.
s a
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B2
22, during the collision process:e21B2

2→$B2
22%

→B21B01e2. Especially the lowest states of B2
22 exhibit

favorable overlap of nuclear wave functions with the grou
4Sg

2 state of B2
2 while the excited states have better overl

with the excited2Pu state. From the width of the structure
the lifetime of the dianion ist;É/G5(1 – 2)310216sec.

B. C2
2

The experimental results obtained with C2
2 are shown in

Fig. 6. Pure detachment is the dominating process. The
tachment cross section has an effective threshold of;7.0 eV
~the electron affinity of C2 is 3.269 eV@121#! and exhibits a
structure near 10 eV. A nonresonant cross sections5s0(1
2Eth

expt/E) @Eq. ~8! or Eq. ~10!# has been fitted to the smoot

c-
a

oss

FIG. 5. Potential-energy curves for selected states of B2
0, B2

2,
and B2

22 obtained on the CCSD~T!/6– 3111G(d) level of theory.

FIG. 6. The cross sections obtained with C2
2 for detachment,

detachment plus dissociation, and dissociation as a function of e
tron energy. In the upper part of the figure, the dashed line show
reaction cross section,s5s0(12Eth

expt/E), with Eth
expt57.0 eV. The

open squares show the cross section for detachment with the
tion cross section subtracted, and the full curve is a fit to this cr
section with s5s0 /@(E2Er)

21G2/4# ~Er510 eV and
G52.1 eV!. The error bars show relative uncertainties; the abso
detachment cross section was measured atE513 eV to be a cross
section of (2.560.5)310216 cm2.



b
t

w

h
h
e

s
, b
m

ra

-

ss

d
cia
e

m

a
n
of
iss
in

C

th
ue
th

he
-
ith

the
of

but
s of
ob-
tate
ui-

sec-
and
ad-
e

eV
teau
ed.

in-
7.0
ner-
is

ches
tely
d

h to
r
the

ra-

lec-
s a

2892 PRA 60H. B. PEDERSENet al.
part of the cross section. The peaklike structure marked
open squares in Fig. 6 shows the cross section when
nonresonant cross section is subtracted. The peak is
fitted with a Lorentzian profiles5s0 /@(E2Er)

21G2/4#
with Er510.0 eV andG52.1 eV (t;3310216sec).

The detachment plus dissociation channel~final C01C0!
is characterized by a smoothly rising cross section wit
threshold at;12 eV. For comparison, the energetic thres
old is 9.72 eV@122#. No structures are observed in the d
tachment plus dissociation channel.

In the dissociation cross section~final C21C0!, a peak
structure is observed at approximately the same energy a
peak in the detachment cross section, i.e., around 10 eV
with a width of 3–4 eV. The threshold for dissociation fro
the ground state of C2

2 is D058.33 eV@122# while the ob-
served threshold is about 5 eV. The C2

2 ion can be vibra-
tionally excited in the measurement. In particular, the vib
tional levelsv.2 of the ground state of C2

2 decay on a time
scale of milliseconds@123,124# due to an interelectronic cou
pling between the groundX 2Sg

1 and the first excitedA 2Pu

state of C2
2, while the lifetime of lower vibrational levels

exceeds 5 sec@123#. Since the effective threshold in the cro
section for detachment is not lower than expected~see the
discussion section!, only a small part of the beam is expecte
to be in higher vibrational states. The fact that the disso
tion cross section has a threshold lower than the energ
threshold indicates that the dissociation cross section
have a strong vibrational dependence.

The structures in the cross sections for detachment
dissociation are attributed to the formations of dianio
(C2

22) during the collision process. The different widths
the structures in the cross section for detachment and d
ciation could be evidence of different dianionic states be
involved in the reactions.

Potential-energy curves for C2
q (q50,21,22) are

shown in Fig. 7. The closed-shell1Sg
1 ground state of C2

22

is positioned around 3.8 eV above the ground state of2
2

and there are excited states of C2
22 of Su symmetry at;6.3

eV and ofPg symmetry at;7.6 eV. From the presentab
initio calculation, it is inferred that the structures seen in
detachment and the dissociation cross sections may be d
resonant electron capture into a dianionic state during

FIG. 7. Potential-energy curves for selected states of C2
0, C2

2 ,
and C2

22 obtained on the CCSD~T!/6– 3111G(d) level of theory.
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collision. However, the dianionic state is probably not t
ground state of C2

22, and hence electronic excitation is in
volved in the electron-capture process. This is in accord w
a theoretical study@59# addressing the structure in the C2

2

detachment cross section, where it was concluded that
structure could not be due to the lowest electronic state
C2

22. It is an open question which states are involved,
the present calculation demonstrates that excited state
C2

22 exist in the energy range where the structures are
served and the nuclear overlap to those from the ground s
of C2

2 is favorable, all states having nearly the same eq
librium internuclear distance.

C. O2
2

The upper part of Fig. 8 shows the measured cross
tions for detachment and detachment plus dissociation,
the lower part shows the cross section for dissociation le
ing to final O2. For O2

2, only relative cross sections wer
obtained.

The effective threshold for detachment is seen at 4.5
and the cross section reaches smoothly a broad pla
around 20 eV, after which a declining tendency is observ
The energetic threshold for detachment is 0.451 eV@113#.

The cross section for detachment plus dissociation
creases monotonically above the effective threshold at
eV and over the entire investigated energy range. The e
getic threshold for detachment plus dissociation
De(X

2Pg)1EA(O)54.0911.4655.55 eV@114,125#.
The dissociation cross section opens at 2.5 eV and rea

a maximum at 10 eV, after which it decreases approxima
as E21/2. The threshold for dissociation from the groun
vibrational level is 4.09 eV@114#. Vibrational excitation in
the O2

2 beam is not expected to be significant forv.3,
since higher vibrational states can vibrationally autodetac
the ground state of O2

0 @126# on a time scale much faste
than the time scale of this experiment. In consequence,
low threshold for dissociation is evidence of a strong vib

FIG. 8. The cross sections obtained with O2
2 for detachment,

detachment plus dissociation, and dissociation as a function of e
tron energy. In the upper part of the figure, the full curve show
reaction cross section,s5s0(12Eth

expt/E), with Eth
expt54.5 eV. The

error bars show relative uncertainties.
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tional dependence of this cross section.
Figure 9 shows the calculated potential-energy curves

O2
0, O2

2, and O2
22. The closed-shell1Sg

1 ground state of
O2

22 is positioned 7.2 eV above the ground state of
O2

22. Two states ofPu symmetry were identified at highe
energies, however they were not bound potential-ene
curves. Even though dianionic states are present in the
culations, no evidence of resonances is seen in the c
section either for detachment or for dissociation. The nuc
wave functions of the anion and dianion have poor overl
and hence a capture reaction from the ground state of
anion would involve electronic to vibrational energy transf
a process that is probably much weaker than a direct e
tronic process.

D. BN2

Figure 10~a! shows the measured cross sections for
tachment and detachment plus dissociation. The detachm
cross section shows a smooth behavior with an effec

FIG. 9. Potential-energy curves for selected states of O2
0, O2

2,
and O2

22 obtained on the CCSD~T!/6– 3111G(d) level of theory.

FIG. 10. Experimental cross sections for electron impact deta
ment of BN2 (X 2S1). ~a! Detachment and detachment plus d
sociation cross sections over the full energy range.~b! The detach-
ment cross section near the threshold. The dashed curve is a
the threshold region with a reaction model,s(E)5s0(1
2Eth

expt/E), with Eth
expt55.9 eV. The solid line shows a superpositio

of the reaction cross section and a Lorentzian profile,s5s0 /@(E
2Er)

21G2/4# ~Er55.6 eV andG50.4 eV!. The error bars show
relative uncertainties; the absolute detachment cross section
measured at E511 eV to be a cross section of (5.06
1.0)310216 cm2.
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threshold at; 5.9 eV and a maximum at; 27 eV. At en-
ergies just above the effective threshold, the energy dep
dency of the detachment cross section is well represente
s(E)5s0(12Eth

expt/E) @full curve in Fig. 10~b!#. The detach-
ment plus dissociation cross section has an onset around
eV and increases monotonically over the entire energy ran
The energetic threshold for detachment plus dissociatio
7.12 eV@116#.

The BN2 beam is not expected to be vibrationally e
cited. The dipole moment of this anion was calculated to
21.184 D atRe52.440 Å @116# and the lifetimes of the first
and second excited vibrational levels were calculated to
154 and 86 msec, respectively, which is much smaller t
the elapsed time between ion production and measurem
~;5 sec!.

The detachment cross section near the effective thres
is shown in Fig. 10~b!. At ;5.6 eV, a small peak structure i
observed. This structure is well represented by a Lorenz
profile, s5s0 /@(E2Er)

21I 2/4#, with a peak positionEr
55.6 eV and a width ofG50.4 eV. In energy, this structure
is close to the position of the closed-shell1Sg

1 ground state
of the BN22 dianion described by Brunaet al. @55#. They
predicted that a valencelike resonance1S1(5s2p4) lies
4.560.2 eV above the2S1(5s2p4) ground state of BN2,
and that this state is stable towards dissociation by 2.70
To describe the decay of this resonance, singlet states (1S1)
originating from electron configurations 5sp4ns ~shape
resonance! and 5s2p3npp ~Feshbach resonance! were con-
sidered. In Ref.@55#, it was concluded that at low energie
the resonances autodetach into the BN21e2 continuum
through mixing with other singlet states of shape resona
character, i.e.,1S1(5sp4ns). The influence of triplet states
in the decay of1S1(5s2p4) was not considered by Brun
et al. @55#.

In Fig. 11, potential-energy curves resulting from t
presentab initio calculations on BN0, BN2, and BN22 are
displayed. The ground state of BN22 is positioned;3.7 eV
above the ground state of BN2, while there are states ofS
andP symmetry situated at;5.6 eV. The structure at 5.6 eV
in the detachment cross section is attributed to a resona
corresponding to BN22. The observed width corresponds

h-

to

as

FIG. 11. Potential-energy curves for selected states of B0,
BN2, and BN22 obtained on the CCSD~T!/6– 3111G(d) level of
theory.
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a resonance lifetime oft;\/G51.6310215sec. Thus, from
the presentab initio calculations it seems likely that the res
nant detachment proceeds through excited states of the
ion and not through the ground state.

E. OH2

In Fig. 12 the total cross section for detachment, deta
ment plus dissociation, and dissociation leading to a free0

is shown. Only this summed-up cross section is reported
cause the full energy (EOH) peak and the peak at 16/17EOH
were not clearly separable in the signal from the surf
barrier detector. However, the cross section is dominated
detachment, the O0 channel being hardly seen in the spect
The total cross section has an onset at;3.7 eV and increase
until 20 eV, where it reaches a plateau. For comparison,
electron affinity of OH is 1.828 eV@127#.

VI. DISCUSSION

A. Detachment

In Fig. 13, the effective threshold observed in detachm
is plotted versus the electron binding energy together w
results from previous measurements for the atomic ions2

@13# and O2 @15#. A linear fit for the atomic ions is shown
Disregarding O2

2, the effective threshold for the molecula

FIG. 12. Total cross section for detachment, detachment
dissociation, and dissociation leading to a neutral oxygen atom
electron collisions with OH2. The error bars show relative unce
tainties; the absolute cross section was measured atE520 eV to be
a cross section of (6.062.5)310216 cm2.

FIG. 13. Effective threshold in detachment cross sections vs
electron affinity. The open squares represent the present mea
ments on molecular ions while filled squares are taken from pr
ous measurements on atomic ions@13,14#. The dashed line is a
linear fit for atomic ions:Eth

expt52.2EA10.27 eV.
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systems mimics the general linear dependence of the elec
affinity as seen for atomic ions. As previously discussed,
threshold for B2

2 is lower than expected presumably due
electronic and/or vibrational excitation in the stored i
beams. The molecular thresholds are generally lower t
expected from the atomic extrapolation. The reason for
may simply be an effect of the larger spatial extent of t
molecular electronic wave functions or that some rovib
tional excitation remains in the ion beams. However, it c
also be an effect of the cylindrical symmetry in diatomic io
compared to the spherical symmetry for atomic ions. T
similarity of the atomic extrapolation and the values for t
molecular systems indicates that close to threshold the n
resonant detachment happens through a similar mecha
for both atomic and molecular ions.

The threshold for detachment from O2
2 is significantly

higher than expected from the atomic extrapolation and
reason is presumably the fact that the nuclear wave funct
of the ground states of the anion and the neutral molec
have an unfavorable overlap@115#.

The energy dependence of the detachment cross se
for the studied molecular systems is compared in Fig. 14
the threshold region, the detachment cross sections h
been fitted with a reaction cross sections(E)5s0(1
2Eth /E) @Eq. ~8! or Eq. ~10!#. The energy axis has bee
scaled with the effective threshold for each ion. To facilita
a comparison of the shape of the cross sections, these
been normalized tos0 as found from the fit to the threshol
region. For comparison, the cross section for detachm
from an atomic ion, D2 @13#, has been added. The energ
dependence of the cross section is very similar for the inv
tigated molecular systems and for the atomic systems. N
threshold, B2

2 and O2
2 have tails reaching below the effec

tive threshold while more steep increases are seen for B2

and OH2. Close to threshold, detachment probably tak
place by tunneling, which may be sensitive to the actual
structure. As for the atomic ions, atE.5Eth

expt the cross sec-
tions start to deviate and the detachment process is a
dependent on the specific target structure.

The nonresonant detachment process may proceed a
ther a one- or a two-step process:

s
or

e
re-
i-

FIG. 14. Comparison of detachment cross section for the stu
molecular anions. The energy scale has been normalized to a
fective thresholds,Eth

expt, found by fitting a reaction cross section
s(E)5s0(12Eth

expt/E), to the threshold regions of the cross se
tions. The cross sections have been normalized tos0 .
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e2~Ei !1AB2~a i !→AB0~a f !1e2~E1!1e2~E2!

→AB2~b!1e2~E1!→AB0~a f !

1e2~E2!, ~17!

whereEi , E1 , and E2 are electron kinetic energies, whil
a i , a f andb represent rovibronic states. The two-step p
cess proceeds through a resonance state of the anion. Th
however, not expected to yield pronounced structures in
cross section since the excitation process can happen a
incident electron energy above the excitation energy. T
final state of the neutral system,AB0(a f), or the intermedi-
ate anion state,AB2(b), may eventually be in dissociativ
continua, thus contributing to detachment plus dissocia
or pure dissociation. It is emphasized that the present exp
ment cannot distinguish these two reaction pathways.

To summarize, the energy scale of the detachment c
section is characterized by the effective threshold, which
pends on both the electronic binding energy and the ove
between the nuclear wave functions. The energy depend
of the cross section is similar in the studied systems,
variations are seen near threshold and towards higher e
gies. The regularity in the effective thresholds and the si
lar shapes of the cross sections indicate a common me
nism for nonresonant detachment for the studied anions

B. Detachment plus dissociation

All measured cross sections for detachment plus disso
tion exhibit a smoothly rising energy dependence fro
threshold. Near the threshold, the cross section can be re
sented by a reaction cross section of the forms5s0(1
2Eth

expt/E). In Fig. 15, these experimental thresholds for d
tachment plus dissociation are plotted versus the ene
threshold. The experimental points have been fitted wit
linear function that reproduces the general tendency.
shapes of the cross sections for detachment plus dissoci
are compared in Fig. 16. To facilitate the comparison,
energy and cross-section axes have been scaled byEth

expt and
s0 , respectively, which were found by fitting a reactio

FIG. 15. Experimental thresholds for detachment plus disso
tion vs the energetic threshold. The experimental thresholds h
been found from fitting a reaction cross section,s5s0(1
2Eth

expt/E), to the threshold regions and the error bars are estim
from the flexibility of the fitting parameterEth

expt. The energetic
threshold,Eth

theor, has been deduced from experimental data~C2
2

@122# and O2
2 @113,114#! or high-levelab initio calculations~B2

2

@108# and BN2 @116#!. The dashed line is a linear fit:Eth
expt

51.4Eth
theor22.2 eV.
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cross section to the threshold region. ForE,3Eth
expt, the

cross sections are similar while for higher energies dev
tions are seen. The similarity of the shapes of the cross
tion points to similar mechanisms for detachment plus dis
ciation.

Nonresonant mechanisms for detachment plus disso
tion that fulfill these requirements can proceed in vario
ways. One likely mechanism is a vertical transition to a d
sociative potential-energy curve of the neutral molecule, i
effectively a two-step process:

e2~Ei !1AB2~a i !→AB0~b!1e2~E1!1e2~E2!,

AB0~b!→A0~a1!1B0~a2!1DEdis, ~18!

where the first step is the fastest.Ei , E1 , andE2 are electron
kinetic energies;a i , b, a1 , and a2 represent rovibronic
states; andDEdis is the kinetic energy available for dissocia
tion. Alternatively, the process may proceed through an
ionic resonance,AB2(b), as in the two-step detachmen
process, Eq.~17!. Even though the process involves a res
nance state,AB0(b) or AB2(b), no resonance structures a
expected in the cross section since this detachment-excita
reaction may happen for all energies above threshold.
excited state@AB0(b)# can also decay to a bound state
AB0 by radiative emission and hence contribute to the p
detachment reaction, however radiative lifetimes are ty
cally of the order of nanoseconds while vibrational moti
takes place on a time scale of 10214sec. It is considered
unlikely that energy is transferred to the nuclear motion
the initial steps of the reaction since the electronic time sc
(10216sec) is much faster than the nuclear time scale.
nally, the suggested mechanism with a vertical coupling t
dissociative curve is supported by the fact that the obser
threshold for detachment plus dissociation is genera
higher than the energetic threshold.

C. Dissociation

The measured dissociation cross sections of the ho
nuclear molecules have thresholds that are lower than
energetic threshold expected from the ground vibronic s
of the ions. From the close agreement between the det
ment thresholds for molecular and atomic ions, it is inferr
that only small parts of the ion beams are vibrationally e

a-
ve

d

FIG. 16. Comparison of shapes of detachment plus dissocia
cross section for the studied molecular anion. The scales have
normalized to Eth

expt and s0 found by fitting, s(E)5s0(1
2Eth

expt/E), to the threshold regions of the actual cross sections.
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2896 PRA 60H. B. PEDERSENet al.
cited. Hence, the dissociation cross sections must hav
strong vibrational dependence with the cross section
higher vibrational levels being the larger. Experiments t
could reveal the vibrational dependence of the cross sec
either through active state manipulation@30,128# or direct
probing @30# of the state distribution are highly desirable.

The shapes of the dissociation cross sections are c
pared in Fig. 17. The energy scales have been normalize
the experimental thresholds and the cross sections have
scaled to match the same asymptote towards higher ener
While the cross sections for B2

2 and C2
2 exhibit significant

peaklike structures around 2 – 3Eth
expt, the dissociation cross

section for O2
2 has a smooth energy dependence with

maximum at;4Eth
expt. It is worth noting that all cross sec

tions match the same asymptotic behavior, thus the c
sections for B2

2 and C2
2 are essentially of the same form a

for O2
2 with a peak structure superimposed, suggesting

B2
2 and C2

2 have an extra~resonant! mechanism of disso
ciation compared to O2

2.
The mechanism for nonresonant dissociation is likely

proceed through an excited dissociative state of the nega
ion:

e2~Ei !1AB2~a i !→AB2~b!1e2~E1!,

AB2~b!→A2~a1!1B0~a2!1DEkin ,
~19!

since, as was argued for detachment plus dissociation, d
transfer of energy to the nuclear motion is probably less
vorable compared to electronic excitation.

D. Metastable dianions

Overall, the measured cross sections are slowly vary
functions of energy, except for significant structures in
cross section for detachment of C2

2 and BN2 and dissocia-
tion of B2

2 and C2
2. The structures in the cross sections f

detachment and dissociation for C2
2 occur at almost the

same energy~;10 eV! but have different widths~;2 eV for
detachment, 3–4 eV for dissociation!. For B2

2 no structure is
observed in the detachment channel. The structures in

FIG. 17. Comparison of dissociation cross sections~final X2!
for the studied homonuclear molecular systems. The energy sc
have been normalized to the experimental threshold,Eth

expt, while
the cross sections are scaled to match the same asymptote to
high energy.
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cross sections are interpreted as the formation of resona
during the collision process and the mechanism is forma
written as

e2~« i !1AB2~a i !→AB22~b!→products. ~20!

From the widths of the resonances, lifetimes of the order
t;\/G;(1 – 3)310216sec are predicted. The performe
ab initio calculations show that the dianionic states exist
the regions where the structures are observed~see Figs. 5, 7,
and 11!. For detachment of C2

2 and BN2, the relevant dian-
ions are excited with respect to the ground dianionic sta
while both the ground and excited states of B2

22 may be
important for dissociation of B2

2.
The ab initio calculations point to the existence of met

stable dianions of B2
2, C2

2, O2
2, and BN2 and the dianions

are generally unstable to single detachment (AB21e2),
double detachment (AB012e2), and dissociation (X21X0

1e2). In Fig. 18, some typical potential-energy curves fo
neutral molecule,AB0, and its negative ions are shown to
gether with some possible decay mechanisms for a diani
state. Structures are the exception rather than the rule in
measured cross sections, and in detachment the structure
superimposed on dominating nonresonant backgrou
Thus, at least two factors are important for the resonant c
ture process to be effective:~i! the penetration probability
through the repulsive Coulomb barrier~plus perhaps an an
gular momentum barrier! @66–68,129# must be nonvanish-
ing, and~ii ! the nuclear wave functions in the initial and fin
state must have a favorable overlap or the electr
vibrational coupling must be very strong. The first conditi
is supported by the observation that excited states of
dianion are important in the capture process. The sec
condition is exemplified in the case ofe21O2

2 scattering,
where no structures were observed although resonances
predicted byab initio calculations. The fact that electroni
excitation is essential for resonant electron capture to oc
is also seen in electron-cation reactions, for instance in
electronic recombination of atomic ions@130# or in the direct
dissociative recombination of possive ions@131#.

les

rdsFIG. 18. A schematic drawing of potential-energy curves o
diatomic molecule and its negative ions. The vertical arrows in
cate some decays to bound and repulsive curves of the negative
neutral systems.
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VII. CONCLUSION

The cross sections for detachment, detachment plus
sociation, and pure dissociation by electron impact for
diatomic anions B2

2 , C2
2 , O2

2 , BN2, and OH2 have been
measured for energies below 40 eV at the ASTRID he
ion storage ring. The dominating reaction for all investiga
systems is detachment~final AB012e2!. A significant char-
acter of the cross section for detachment is the effec
threshold. This depends on the electronic binding energy
the overlap of the nuclear wave functions in the initial a
final states and defines an energy scale for the process.
energy dependence of the cross section is similar in the s
ied systems, however variations are seen near threshold
towards higher energies. The regularity in the effect
threshold as a function of electron binding energy and
similar shape of the cross sections indicate a comm
mechanism for nonresonant detachment for the studied
ions. The detachment reaction may proceed either by di
detachment in a one-step process or by sequential de
ment through an excited anionic state in a two-step proc

In the process of detachment plus dissociation~final A0

1B012e2!, a threshold of a few eV in excess of the ene
getic threshold is generally observed, however no clear re
larity between the experimental and theoretical threshol
seen. The shapes of the cross sections are similar over a
energy range. Thus, common mechanisms for detachm
plus dissociation seem to be evident in the studied syste
The process is likely to proceed through a vertical transit
to a dissociative potential-energy curve of the anionic or n
tral molecular system.

For homonuclear ions, the cross sections for dissocia
reactions~final A21A01e2! indicate a strong vibrationa
dependence. The nonresonant part of the measured diss
R
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tion cross sections shows a similar decreasing behavior
wards high energy, and nonresonant dissociation is likely
proceed through excitation to a dissociative potential-ene
curve of the anion.

The formation and decay of diatomic dianions by electr
bombardment are addressed. Evidence for metastable d
ions with lifetimes of the order of 10216sec as intermediate
collision complexes is found in the cross section for deta
ment of C2

2 and BN2 and in the cross section for dissoci
tion of B2

2 and O2
2. The assignment is supported byab

initio calculations and it is inferred that electronic excitati
is important in the resonant reactions.

More work in both theory and experiment on these p
cesses is desirable. Theoretical work on the electron-an
scattering process is needed to clarify the actual mechan
underlying the various nonresonant processes. Concer
the formation of dianions, a scattering calculation wou
probably clarify the important dianionic states and the act
dynamics governing the formation and decay of these.
perimental techniques that can reveal the detailed dynam
of the reaction, for instance by measuring cross sections
selected vibrational levels or energies and angular distr
tions of the reaction fragments, are desirable.
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