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Electron collisions with negative ion8, , C,~, O, , BN™, and OH have been performed in a merged-
beams experiment at the heavy-ion storage ring ASTRBrhus Storage Ring, DenmarkAbsolute cross
sections for detachmente(+AB~ —AB°+2e™) and detachment plus dissociatioe”(+AB~ —A%+B°
+2e7) are reported for energies below 40 eV. For the homonuclear Y¥ongX=B, C, O), cross sections are
also presented for dissociative reactions leading tX arparticle 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 sectiog @n@ BN~ and in the dissociation cross section of B
and G . The structures are attributed to short-lived dianigesonancesormed during the collision process.

The results are supported B initio calculations, and it is inferred that electronic excitations are important in
the resonant reactionsS1050-29479)05109-4

PACS numbse(s): 34.80.Dp, 34.50.Gb, 41.75.Cn

[. INTRODUCTION electron is bound outside an atomic core, the collision dy-
namics has been explored in various approximatidr&—
We present an experimental investigation of reactive pro25]. For molecular systems, where the extra electron often
cesses in electron-anion scattering using a merged beahas valence character, the collision dynamics is not clarified.
setup at the heavy ion storage ring ASTRWarhus Storage Electron detachment is the dominating break-up reaction
Ring, Denmark The purpose of the experiments is fourfold. which makes electron-anion scattering qualitatively different
We aim to characterize the reaction cross sections at lofrom electron scattering on neutral or positive molecules
energy with respect to threshold behaviors, absolute magnivhere dissociative reactions domings,27).
tudes, and general energy dependencies. We also aim to in- The stability, structure, and dynamics of doubly charged
vestigate the formation and decay of short-lived diatomicanions(dianionsg have been the subject of substantial experi-
dianions as intermediate collision complexes. mental and theoretical investigatioh®8,29. In this work
Experimentally, the cross sections have been studied fdhe formation and decay of short-lived dianions through elec-
two processes involving detachment of a molecular anion: tron bombardment are addressed, formally written as

~ ~ (AB%+2e7, e”+AB” —AB? —products. ®)
& +AB —{ a0t B0+ 2e, @)

The question is whether dianionic resonances play a role in
where an anionAB =B, ,C,,0, ,BN",OH") reacts €lectron-anion collisions, and if they do, what are the impor-
with a free electroné~) to produce either the neutral mol- tant decay channels?
ecule AB®) in a detachmenteaction or two neutral atoms  This paper is organized as follows. First, previous theo-

(A°+B9) in adetachment plus dissociatioaaction. For the retical and experimental work on electron-anion collisions
homonuclear molecular ions ¢B, C,”, 0,”), two dissocia- and dianions is reviewed and discussed. The experimental

tion reactions leading to a negative atomic ion are also conmethod is presented in Sec. Ill. In Sec. lah initio calcu-
sidered: lations performed to support the interpretation of the experi-
mental cross sections are described and discussed. The ex-
(X 4+ X%+, perimental results are reported together with results oathe
& FX = x Xt 426, (2)  initio calculations in Sec. V. The paper ends with a discus-

sion (Sec. V) and a conclusioriSec. VII).

whereXis either B, C, or O.

Electron-anion collisions have been studied experimen- Il. PREVIOUS INVESTIGATIONS
tally for both atomic[1—-15 and molecular system46,17.
The long-range Coulomb interaction between the incoming
electron and the target anion is evidently an important prop- Experimentally, cross sections for electron impact detach-
erty, and for weakly bound atomic anions, where the extranent from negative ions have been measured in crossed

A. Electron-anion collisions
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beam experiments for H[1-4] and O [2]. Inclined beam an electrical field on the bound electron. In essence, the de-
techniques have been applied for electron impact detachmetichment reaction is pictured as electric field detachment
from H™ [5,6], C™ [7,8], O [9,10], and F [11] at inclina-  where the electric field is provided by the incoming electron.
tion angles 20°[5] and 10°[6-11]. Before this study, In the classical model by Solov'e{19], the detachment
merged beam experiments in heavy ion storage rings haverobability is related to the solid angl@,(E,p), through
been reported for atomic ions of H12], D™ [13], B™ [14], which the bound electron can escape at the distance of clos-
and O [15], plus two molecular ions £ [16,17 and B,”  est approach of the incoming electrorP(E,p)=1

[17]. For both atomic and molecular ions, the merged beam- cosgy(E,p). This approach was estimated to be valid for
technique in storage rings benefits.from the long storage t_imﬂ— in the energy rangE=4-20eV. Smirnov and Chibisov

(~ secondsthat allows for relaxation of electronic and vi- [20] considered the energies close to threshold for Where

brational excitations prior to the actual cross-section meag|,ssically the bound electron cannot escape. Escape is, how-
surem(;nt,hyhﬁsbprowdmg some conr:_rol (gl the initial statégyer nossible by tunneling through the potential barrier cre-
[.30]' The nigh beam energiMeV) achieval e In a storage 50 by the superposition of the potential due to the electric
ring combined with the merged beam setup in the so-calleﬁ1

. eld of the incoming electron and the anionic binding poten-
electron cooler allows for cross-section measurements at lo : o
. . o " 5 ial. Ostrovsky and Taulbjer¢21] modified the model of
relative energies with high electron densities 0’ cm™)

and good energy resolution. The dominating process for al OI(.)V ev by m_troducmg the concept of decay r@_te., ef-_
ctively allowing detachment to occur at any time during
t

reviously studied atomic systems is nonresonant electro ’ . . ;
b y y e collision and by assuming the classical model to be valid

detachmenf12-17. It has been experimentally established X X X ;
that the detachment cross section is characterized by an ¢t SmallRand the tunneling hypothesis of Smimov and Chi-
fective threshold two to three times the electron binding enPisoV[20] to be valid at largek. The two regions were sepa-

ergy of the anion and a smooth energy dependency abovéted atR;~10-13, for H", depending on the model po-
threshold. tential used. A semiclassical quantum wave packet
Several theoretical descriptions of the atomic detachmerfiimulation of the detachment process was performed by Ka-
process have been reported. Hatral.[18] investigated gen- zansky and Taulbjer¢22]. They found projectile-induced
eral properties of the three-body wave function outside golarization effects and nonadiabatic features to be important
reaction zone and obtained a threshold law which was exfor the detachment reaction. Ligt al. [23] calculated cross
pected to be valid until 0.4 eV above the energetic thresholdsections for H and O using close-coupling theory to de-
An experimental investigation of this threshold law is diffi- scribe the bound electron. Lowest-order distorted wave
cult with the available techniques since the signal-to-theory was used by Pindzdla4] to describe electron impact
background ratio is highly unfavorable in this region. Thedetachment from H and O and reasonable agreement be-
importance of the effective threshold was not realized in Reftween theory and experiment was found. However, this was
[18]. Two-electron models have been applied to describe despnsidered fortuitous since the importance of polarization
tachment from atomic anions in classi¢aB] (both the in-  gtfacts was regarded as being so significant that higher-order
coming and bound electrons are described classicaymi-  peryyrhational or nonpertubational methods may be needed
classical [20-23 (the incoming electron is described ¢, 5 hroper description of the problem. Finally, Robicheaux
classically and the bound_ electron quantum mechanically [25] calculated cross sections for electron impact detachment
and full quantum-mechanicg24,29 (both electrons are de- from H™ and B~ using aT-matrix formalism and an accurate
scribed quantum mechanicallgpproximations. All classical - : : .
and semiclassical models use the impact parameter 1Eorm(,:ﬁi_esgrlpnon c_Jf the_ final-state wave function with two electron
ism where the cross sectiom(E), at a given initial electron continua. \_N'th this methoc_zl, good agreement between theory
energy,E, is written as a_nd experln_]ent was obpamed and some aspect of the colli-
sion dynamics was elucidated.
o All two-electron models agree that the long-range Cou-
‘T(E):Zﬁfo P(E,p)pdp. 4 lomb repulsion, i.e., the distortion of the incoming electron
path, is essential in accounting for the effective threshold and

HereP(E, p) is the reaction probability and the integration is the cross section in general. The model of Solovev,
over the impact parametep. The reaction probability is Smirnov, and Chibisov, and hence the model by Ostrosky
hence the subject of the calculations. The physical picture o&nd Taulbjerg, and not easily extended beyond detachment
the detachment reaction implied by the classical and semif a bounds-wave electron. The various classical and semi-
classical approaches relies on the expansion of the electronlassical theories disagree on the shape of the reaction prob-
electron interaction to first ordéthe dipole approximation  ability, P(E,p) (see, for instance, Fig. 4 of RdR2]), thus
reflecting different underlying physical aspects of the detach-
r-R <R R=IR 5 ment process, however still rendering cross sections in rea-
"R =R =IRI. ®) sonable agreement with experiment. These models only take
weak account of electron correlation between the incoming
whereR is the position vector of the incoming electron and and the bound electrons, for instance exchange is not consid-
r is the position vector of the bound electron; both are refered, and it is a fundamental problem whether a classical
erenced to the center of charge of the anionic system. Theéescription of the incoming electron is valid. The fact that
first term in the expansion trivially raises the potential of thesignificant target polarization effects are foura2,24 indi-
bound electron, whereas the second term effectively acts amtes that correlation is indeed important. Thus, a full
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guantum-mechanical description seems to be necessary ftachment cross sections for atomic ions in the threshold re-
understanding the actual dynamics of electron-anion colligion [13—17 (below the cross-section maximim
sions[24,25.

A simple qualitative reaction cross section that will be
used later to discuss the measured cross section can be ob-Doubly charged aniongdianiong are common on sur-
tained within the impact parameter formalidiig. (4)] by  faces, in crystals, and in solutiofid32] where the dianion is

B. Dianions

assuming thaP(p,E) is a square distribution: stabilized by the surrounding host. In the gas phase the sta-
) bility is governed by either spatial separation of the extra

P(E.p)= p if C(E,P_)>0 (6)  electrons or by delocalization over a part of the nuclear struc-

' 0  otherwise, ture. Potential barriers either towards dissociation into

charged fragments or towards electron emission will in gen-
eral exist due to the long-range repulsive Coulomb potential
nsuperimposed with a binding potential at shorter range. Sta-
ing force of the incoming electron to exceed the bindingbi”ty’ strugture, for.mation, gnd decay of dianions are of fup-
force on the bound electron. The binding force in a typicald.am.ental Interest In experlm_ent and t_heory. To characterize
negative ion potential i€ A/a, whereEA is the binding en- dianions, theory must describe the diffuse char_acter of the
ergy anda is the range of the potential. Hence, the reaction(r)];:ﬁirczlle;;g);;:r:deactﬁzugr:ﬁ;t%icgﬁg gg(r:gat;g';gﬁed%_

condition may formally be stated as . , ;
ing to electron-molecule scattering calculations due to the

applied in the case of atomic iof&3] requires the perturb-

1 EA N long-range Coulomb interaction. Recent reviews on dianions
D2E.p) — =0 (force condition, have been given by Kalcher and F{#8] and Schelleet al.
' [29].
1 112 ™ The formation of short-lived £~10 1°-10 *sec)
D(E,p)= E‘f’ Wﬂ)z , atomic dianions(resonancesis a problem of controversy

both experimentally and theoretically. Structures in the de-
rtac:hment cross sections were observed with an inclined

whereD(p,E) is the distance of the closest approach at a .
(p.E) Pb eam technique for H[5,6] at 14.2 and 17.2 eV, and forO

initial energy ofE. With the condition Eq(7), the reaction

cross section becomes [9,1Q at 19.5 Qnd 26.5eV. The str-uct.ures had widths-df
eV corresponding to a resonance lifetime~010~ °sec. For

1 Eq H™ the structures were assigned test2p)?P and (20°)2P

U(E):IOWE—tzh 1-F/ by Taylor and Thoma$33,34. Schnitzer and Anbaf35]

®) observed a state ofH and ¥ in a tandem mass spectrom-
112 eter, with a half-life of 2% 4 nsec. The assignment and the
existence of resonances {H were questioned on theoreti-

cal grounds by Robicheauwst al. [36]. They pointed to the

A semiclassical moddB1] uses the condition that the avail- dlsagreement with a proof by S!m(ﬁﬁﬂ that resonances in
ny particle system that experiences only Coulomb forces

able energy must exceed the energetic threshold at sonfe : . )
2 . . ) cannot exist above the energy for complete disintegration of
characteristic reaction distancBy):

the system. For Hthe threshold for complete disintegration

EA

E =
th a

Ep? is 13.6+0.75=14.35eV. Further, they inferred that the
E—-EA— ———=0 (energy conditioh (9)  modulation of the experimental cross section is inconsistent
Rin th with the unitarity of the scattering matrix if the assignment

hereE is th fthe i . | is th of the resonances to be 8P characte33,34 holds true.
whereE is the energy of the incoming electronR}{is the g5y they used two different types @b initio calcula-

COU'%”_‘b energy lost by the electron at the distaRge and  yjons:” (i) a direct calculation of the detachment cross sec-
Ep/Ry, is the centrifugal part of the kinetic energy. Applying oy for low values of the angular momentum usRgnatrix
this condition[Eq. (9)], the same mathematical form as Eq. methods, andii) an estimate of the position of the state

(8) is obtained but with a different threshold: 2s?2p using configuration interaction in a stabilization-type
£ approach. None of these calculations showed evidence for
= 24—t H2~ resonances. The resonances calculated by Taylor and
o(E)=p7Ry| 1 , X .
E Thomag 33,34 were concluded to arise from applying a too

(10 small basis set. More recently, merged beam experiments on
E _EAL 1 the ground states of H1s? 1S) [12] and D (1s? 1S) [13]
th R’ showed no structures in the cross section for detachment as
previously reported[5,6]. Recently, Sommerfeldet al.
Both modeld Eq. (8) and Eq.(10)] imply effectively a reac- [38,39 predicted a resonance of configurationp¢2*S) in
tion zone of radius Hy, and Ry,, respectively, which the H?~ using the method of complex rotation to evaluate the
incoming electron must penetrate to cause detachment. Reesonance energy-1.4 eV above p? 3P state of H) and
action cross sections of the form(E)=oy(1—E«/E) are  width (~1.7 eV). The absence of this resonance in the
known to reproduce the general energy dependence of deaerged beam experimeritk2,13 was explained since these
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involved electron scattering on ground state(#s? 'S) and Current Dipole
hence the transition to the resonance is spin forbidden. Mor- "a”?;mmer magnets
ishita et al. [40] used hyperspherical coordinates and found # U .‘

all adiabatic potential-energy curves of symmets to be
repulsive for H~. This conclusion was also made by Chung
[41], who investigated the effects of channel coupling and - E) ASTRID

exchange interactions on the formation of resonances in [
negative ions. Experimentally, the case of electron scattering SR o
on a ? configuration was considered for B2p? °P) Electron cooler {njection
+e~ in a merged beam experimeli4] and no resonances
were observed. Wl
Theoretical predictions also exist for resonance dianions
of oxygen[36,42—44 and sulfur[36], however no evidence AB /
for resonances was seen in a merged beam experiment on A
O™ (2p° 2P) [15]. AE
Stability of atomic dianions of O, F, Cl, and Br on a time | Ao, A% B
scale ofusec was first reported in experiments with an ome- T
gatron mass spectrometds]. The formation of the dianions Detectors

was speculated to proceed through either electron-anion or
anion-anion collisions occurring in the spectrometer. Later,

dianions of O, Te, Bi, F, Cl, Br, and | have been observed,een attributed to the Coulomb barr[@8]. The experimen-
using a Penning ion sour¢d6]. The findings for | were later (5| conditions for production of doubly charged ions in an
attributed to impurities by Freeat al. [47], and no evidence jon source are not well defined and hence the information on
for atomic dianions of O, F, Cl, and | was found by Spenceétnese species is limited. The question of which is the smallest
et al. [48] using a double-focusing mass spectrometer Withstaple dianion has been addressed by Boldyrev and Simons
electron impact and Penning ion sources. In a tanden[Bl], who suggested M§?~, and by Scheller and Ceder-
accelerator-based charge spectrometer, a search for a SenRRim[69,70, who pointed to the metal halideb| X%‘ (M

of atomic dianions produced in a cesium sputter ion SOUrCe. | ; Na K- X=F Cl), some of which has been searched for
with lifetimes 7>0.1y sec was performed, however no evi- "o celerator mass spectroscapyiS) studies71]. Many
dence for S.UCh Species was fou[rttQJ. 'I_'he Mass SPECros- giner theoretical characterizations of stable dianions have
copy techniques require that the dianions have lifetimes o een reportedsee Ref[28] for an overview.

the order of the transit time in these apparatuses u seg. Dynamical studies of the formation and decay qfC

Different ion sources have been applied, and some of thesge e herformed by Comptoet al.[72]. Electron attachment

may be condmonec_i for d|an|on_format|on and some not. INvas found to occur in the ion source at impact energies

general, the formation process is not well controlled in suci‘b 5-10 eV and autodetachment fromC was observed

lon sources. To summarize, St"?‘b'? atomic dianions seem Rith a mean lifetime of~60 usec. Evidence for dissociative

be nonexisting, however dianionic resonances cannot bg. .- < ot small carbon cluster@Tn=4, formed by

cor:pletelyhe;(cluded._ ¢ diatomic diani and laser ablation of graphite, was found using the covariance
ith Is.fea.rc or>aosler|es otda orlnlc dlanlons' of Bzd mapping techniqug73]. No evidence was found for smaller

with litetimes 7=0.1usec was also done using a tandem yicqqiative dianion resonances. Photoelectron spectroscopy

i dianions has recently been perforniiéd,75. Wanget al.

FIG. 1. Schematic drawing of the ASTRID storage ring.

accelerator, and also in this case no evidence for such speci

was found within the experimental accurd®0]. There are %74] studied dianions of the type O,C(CH,),CO, (n
several theoretical reports on metastable diatomic dianions i=3_10) and investigated the properties ofnthe repulsive

the gai,phase' in particular EN[5.1_55]' C’ [51’56_59’. Coulomb barrier and the excess electron binding energy as a
ar_1d Q_ [60_.64' T_he cross sections for electron reactionss nction of the equilibrium charge separation.
with C,~ was investigated in a merged beam experini26t
and a clear structure was reported~at0 eV and the struc-
ture was assigned to the formation of a dianionic state. The
assignment of the structure was addressed by Sommerfeld The present series of experiments was carried out at the
et al.[59] and it was concluded that the structure could notstorage ring ASTRID76]. The ring is 40 m in circumfer-
be due to the lowest electronic state of C ence, and has a square geometry with two 45° bending mag-
For larger molecules there are several reports on quashets in each of the four corners. A schematic drawing of the
table dianions. Doubly charged anions’GC,¢®~ with life-  storage ring is shown in Fig. 1. For production of negative
times exceeding 1f@tsec were produced by sputtering graph-ions (B~, B,”, C,7, O, , BN™, and OH) a sputter ion
ite with a 14.5-keV beam of Csand observed in a double- source[77] was used with various sputtering materials. The
focusing mass spectrome{@5]. Cqy~ with a lifetime larger  sputtering material and the typical ion current for the differ-
than 1 msec was observed by laser desorption from a surfagmt ions are summarized in Table I. The negative ions were
covered with G, moleculeg66]. The stability of G,°>~ was preaccelerated to 150 keV, injected into the storage ring and
attributed to a shape resonance resulting from the long-randerther accelerated to MeV energies by means of a radiofre-
Coulomb repulsion combined with a short-range electronquency acceleration system. The storage lifetime of the ion
anion binding 66,67. Similarly, the stability of GF4s> has  beams was determined by collisions with the residual gas.

IIl. EXPERIMENT



2886 H. B. PEDERSENet al. PRA 60

TABLE |. Characteristics of the ion beams. 2

1/2
E=3m(v;—ve)®= (MmEi) —VEST, (D

lon Sputter lon Final Storage :

material current energy _lifetime where M; is the ion mass and; is the ion energy. The
B,” 50% BN+50% Cu 0.5uA 4.83MeV 15sec relative energy is negative if<<v; and positive otherwise.
C,” C (graphité 50uA 498 MeV 1.6sec SinceM;>m, the distribution of relative velocities is mainly
O, 50%Fe0,+50%Cu 0.05uA 3.76 MeV 1.8sec determined by the electron velocity distributioi{), and
BN~ 50%BN+50%Cu  0.05.A 4.80 MeV 1.6sec We consider the rate coefficient:

OH™ 50%Fe0,+50% Cu  0.10uA 5.01 MeV 0.5 sec

<VU>=f vo(v)f(v)dy, (12

The gas pressure in the ring was3x 10~ *'mbar. The final  which is the velocity-weighted cross section. The electron
energies and storage lifetimes of the ion beams are alsgelocity distribution in the rest frame of the ions is modeled
shown in Table I. After acceleration, the ions were mergedy a flattened Maxwellian function centered on the detuning
with an essentially monoenergetic electron beam provided byelocity A =|v,— v,| between ions and electrofigg], where
the electron coolef78,79. The electron current was 1-3 w; is the ion velocity:
mA at the cooling energy defined from the matching velocity

. . . 1/2
of ions and electrons. Neutral particles produced in the (v)= m e,myf,zm o My~ 4)22T,
electron-anion collision process were detected by a 2wkT, 2wKkT, '
60x 40 mnt energy sensitive surface barrier detector located (13

behind the dipole magnet following the electron cooler. A
grid with transmission probabilitf =71+ 3 % could be in-

serted in front of this detector. The grid transmission wa
measured with B particles emerging from the 2.5-MeV

beam of atomic B. A horizontally movable 20-mm-diam fth . f the lonaitudinal elect locity di
surface barrier detector was positioned inside the first 459! the compression ot the longitudinal electron velocily dis-
tribution due to the acceleration of the electrons &g

bending magnet after the electron coolgr. W|th_th|s detector,~0.5_1.0 meV[78]. The cross area of the electron beam
charged fragments from the electron-ion collision proces

. Was adiabatically expand¢81] a factor of 6 in a decreasing
were detec_te(ﬂsee Fig. 1 The electron cooler was operated magnetic field from the gun to the interaction region and the
in a chopping mode. Thus, the electron beam was alterna

. ; . Ie'xpected transverse temperature was~20 meV.
ingly switched on and off at a frequency of typically 20 Hz, ~ tpe gistribution in relative energy is well approximated

and the data-acquisition system was gated to measure tt@ﬁ}/ a Gaussian distribution of widthSE=3KkT,+kT,
rate of particles with the electron beam PR(X)] and off [ (o1 E()12 whereEy=21mA? is the detuning energy. It
[Ro(X)] accordingly. The chopping frequency was keptjs seen that the transverse temperature determines the energy
higher than the inverse vacuum response tim&0 H2 to  yesolution at low energies<1 eV) while at higher energies
ensure that the pressure was unchanged during measuremeid |ongitudinal temperature is the more important. Above
of R(X) andR(Xo). The electrostatic pick-up electrodes in the threshold for detachment of all investigated syst&ms
the interaction region of the electron cooler were biased with> T ' and the cross section is to a good approximation
—1.0 V and the clearing electrodes were biased wi?00 iven by o= (va)/A.
V. With these voltages, excellent agreement between the ca(lg— Experimentally, the rate coefficient for a process leading
culated and experimental value of the space-charge potentig} g particle of typeX is determined as
was found. The ion current was measured with the bunched
ion beam by using a beam charge mon[i80]. R(X)—Ro(X)f| v

Absolute cross sections were obtained with the present (vo)= R(AB)
experimental setup, since the detection efficiency of the sur-
face barrier detector is unity for particles with MeV energiesyyhereR(X) is the measured rate of particles when the elec-
and all particles emerging from the interaction region wergron peam is switched orR,y(X) is the corresponding rate
collected. The major uncertainty of the absolute cross seGynhen the electron beam is switched d&AB™) is the rate
tions is associated with the ion current measurement. Relgst jons entering the interaction regiob, (=85cm) is the
tive cross sections are subject to small uncertainties. In conangth of the interaction regiorey (=1) is the detector ef-
sequence, absolute cross sections were measured at a ﬁ’ﬁﬁ'ency, andp, is the electron density. The factdi=
energy while cross sections as a function of energy Wergyn (T,

! , ) on/ 7), where 1T ., is the chopping frequency and
measured relative to the cross section at this energy. the storage lifetime corrects for the effect tR{X) is mea-

sured a little later thaRq(X) by the the chopping technique.

In the toroid regions where the electron beam bends to
merge and separate from the ion beam, the two beams are not
The electron target for the electron-anion collisions is de-strictly parallel. The contributions from the toroid regions are
livered by the electron cool¢i78,79. The relative electron- subtracted from the measured cross sections by an iterative

ion energy is determined from analysis procedure.

wherev, and v, are the electron velocity components per-
5pendicular and parallel to the ion beam velocity direction in
the rest frame of the ionghe relative energy iEz%m(vf

+ vﬁ)]. The longitudinal temperaturéT;) is small because

, 14)
Lo€gpe (

A. Electron target and cross-section measurement
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B. Separation of detachment and detachment plus dissociation 1500

The surface barrier detectors measure the energy depos-
ited in the silicon material during the stopping of the incom-
ing particles. Detachment even®aB°®) and detachment plus
dissociation eventsA’+B°) cannot be distinguished on the
detector since these events deposit the same amount of en-
ergy. To surpass this problem, we used a method where a 0
grid of known transmission], was inserted in front of the
detector. Particles stopped by the grid will not contribute to
the energy deposit and intensity will be transferred from a ) _
peak at the full energyﬁ(0+ BO) to peaks of fractional en- F_IG. 2. Energy_ spectra obtained f_rom the neutral partlcle_ syrface
ergies(AO or BO). The technique using grids to distinguish barrier detector withT=71%) and without T=100%) the grid in

i iatin nd nondi iating events h revi I beéHe front of the detector for.a. storeq 4.8-MeV !3Ibeam. Neutralsl
Sssjgfi:naa \?aﬁe?y 0(12 S?us(;?{%g_g%e ents has previously are here produced by collisions with the residual gas. The high-

. ; - energy peak at 4.8 MeV is due to impact of Botr B and N; the
For the grid technique to work, the fragments from disso low-energy peak is due to impact of eithe? @& NO (which are not

ciation must arrive at the detector within a time shorter tha'}esolved
the response time of the detecterused and the particles '
must be separated by more than the hole diam@&®&um) 1
[91] Whe_n impinging on the gr_|d. For a dlatqmlc molecule RU(T)= ——[T(oat 0p)+2T(1—T)(oasp)],
dissociating into neutral atomic fragments in the electron N(T)

cooler with an angled between the center-of-mass velocity (16)
and the direction of dissociation, the temporat) and spa- 1 2

tial separation 4r) of the fragments when arriving at the Rao(T)= W[T"ABJFT oa+sl,
grid/detector are given by

1000

Counts

500

E{MeV)

where N(T) is a normalization factor. These equations are

ma+mg| Y4 AE\ Y2 my+my, solved to yield the individual cross sections.
At=L|—F=—| |=| ——=—=-cos¥,
2Eg Eo/  Vmamg
) (15) C. Charged-particle detection
1 . . o
L [AE)TTmAtmg The negatively charged fragmen$7) from dissociative
Ar=L|—| ———=sing, AE<E,, _ ! VISSOLIY
Eo Vmamg reactions of the homonuclear molecules™ X, —X

+XTIX T+ X%+ e /X +X'+2e7) are detected with the
wherelL is the distance from the dissociation point to the horizontally movable surface barrier detector positioned in-
grid/detector AE is the energy available for dissociation in side the dipole magnet following the electron codlse Fig.
the rest frame of moleculeg, is the center-of-mass energy 1). The detector size is relatively sm&#0 mm dian) to fit
in the laboratory frame, andi, and mg are the atomic into the magnet gap. We investigated whether detection of
masses. In the present experiment the release energies arechirged fragments is possible by calculating the spatial dis-
the order of a few eV. For the beams investigated iisee tribution of charged particles at the position of the detector
Table |, it is seen that the maximurtat #=0°) temporal and comparing with the measured profile. To determine the
separation between fragments will typically be a few nsecdistribution of charged fragmentX{') from a dissociative
For the maximum spatial separation to match the hole diamreaction in the electron cooler, knowledge is required about
eter, an energy of only-100 ueV has to be available for (i) the distribution of the stored ions inside the electron
dissociation. For isotropic dissociation in the center-of-masgooler, (i) the energy available for dissociation and the an-
system, the corresponding spatial distribution at the grid pogular distribution of dissociations fragments, afii) the
sition is strongly peaked at the maximum separation. Thuspath of theX™ particles in the magnetic lattice of the storage
the grid method is applicable to our studies. ring from the electron cooler to the detector.

To illustrate the effect of the grid, Fig. 2 shows the energy The evolution of the spatial distribution of a stored ion
spectra obtained from the surface barrier detector with ( beam is governed by the magnetic lattice of the storage ring.
=71%) and without T=100%) the grid in front of the The propagation of the beam particles can be described using
detector for a 4.8-MeV BN beam. Neutrals are produced the principles of geometrical opti¢the paraxial approxima-
due to collisions with the residual gas in the ring. The inten-tion) [92]. This description is used to calculate the phase-
sity transfer from the higher to the lower peak is clearly seerspace profile of a stored ion beam at all places in the ring.
when the two spectra are compared. The data in Fig. 2 ar8imilarly, the propagation oK™ particles from the electron
consistent with a branching ratio of final products BNt B, cooler to the detector is computed by means of this formal-
and B or N of ogy:ogin:(0gton)=0.58:0.12:0.30 for ism[93]. We have performed Monte Carlo simulations of the
collisions in the residual gas. spatial distributions at the detector position of Barticles

In the actual measurement, the rate of the fractioRa) ( emerging from a stored 4.8-MeV beam of Bdissociating
and the full R,) energy peaks is related to the cross sectiorin the electron cooler with various release energies. The dis-
for detachment§,g), detachment plus dissociationr [, g), sociation was assumed to be isotropic in the center-of-mass
and dissociation leading to one neutral fragmerg or og)  frame of the molecular ion. The analysis showed as an im-
in the following way: portant result that the distribution of Bat the detector po-
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1.0 small anionic systems. IIBAUSSIAN94 correlation may be
e st chamber included using various models, such as configuration inter-
08 action or quadratic configuration interaction thed®y] (Cl
' or QCI), Mgller-Plesset many-body perturbation theory of
ordern<6 (MPn) [98], density-functional theoryDFI), or
06 Detector profile coupled-cluster theorj99] (CC). QCI and CC methods are
s B preferred to MR, since electron correlation is described on a
0.4 higher level with these methods than in the first orders of
/I/ MPn (n<5). The applicability of DFT in describing anions
02 /{ was addressed by Tschumper and Schdéf&d], who found
/ that DFT significantly overestimates electron affinities. QCI
7 and CC methods have been compared in a number of calcu-
0 0 “ 5 4 6 lations. Wattset al. [101] showed that QCI methods are

more sensitive to the applied basis set than CC methods in
x(cm) calculations on the BeO molecule. Leeal.[102] found CC
theory to be valid for a series of molecular systems even
o ) N when nondynamical correlation is important, i.e., when the
FIG. 3. DistributionP(x) of B~ particles at the position of the  gystem has multireference character. In a direct comparison
movable detector emerging from a stored 4.8-MeY Beam dis- between CC and QCI methods applied to study CuF and
sociating in the electron cooler as a function of the horizontal PO-CuH. Hrusaket al. [103] found CC to be superior to QCI.
sition (x) in the magnet. The dot-dashed line shows the detectoacl-he ,main problem with using QCI methods is that single

profile at honzontgl posmorx:O: The filled points show the mea- excitations are not described accurately compared to CC
sured beam profile for a relative electron energy of 5 eV. The

dashed line is a Gaussian fit to the measured profile and the fu[lnethOdS' CC theory includes excitations of the independent-

curve is a deconvolution of this function by the detector profile. ThepartICIe model wave function in a multiplicative manner
open points show the results of the Monte Carlo simulation of the[9_7’104|’_ yvhereas QCland other CI and MP method$ do .
B- distribution. this additively[97]. Thus, there seem to be no cases where it

is of advantage to use QCIl methods compared to CC meth-

sition is independent of the release energy, at least for relea$¥ls- _ o . _
energies<20 eV. Figure 3 shows the measured particle Inclusion of diffuse functions in the basis set provides a
intensity profile as a function of the horizontal position of themore accurate description of the electron density far away
movable detector for an electron enery=5 eV in com- from the nuclei, and by including polarization functions the
parison with a calculated intensity profile. The measured prosingle-particle orbitals are allowed to change shape. We find
file has been fitted with a Gaussian function and this functiorihat both polarization functions and diffuse functions are im-
has been deconvoluted with the detector profile by invers@ortant for a good description of the molecular geometry and
Fourier transforn{94] to compare with the calculated pro- €Nergy separations, an observation consistent with many
file. The agreement between the deconvoluted and calculatédher studies, e.g., the study of CNoy Zhan and Iwata
intensity profiles is excellent and80% of the particles can [105], where diffuse functions were seen to be essential in
be detected with the 20-mm-diam detector. In conclusion@ccounting for vertical electron detachment energies while
charged fragments from dissociative reactions leading to aRolarization functions were seen to be important for a correct
X~ particle in the final state can be detected reliably with thedescription of geometry and vibrational frequencies.

movable 20-mm-diam surface barrier detector when the 20% We used a coupled-cluster method with inclusion of
loss is taken into account. single and double excitations and perturbative inclusion of

triple excitations, CCSOI), of a single reference
independent-particle wave functiofiF) and a contracted
Gaussian basis set that includes diffuse @nplolarization

We have performedab initio calculations with the functions, 6—31% G(d). In total, this basis set includes 44
GAUSSIAN94 program packag¢95] on the ground and the Gaussian basis functions composed of 70 Gaussian primi-
excited electronic states of,8, C,9, O,%, and BN/, where tives. Excited states of other symmetries than the ground
g=0,—1,—2 to support the interpretation of the experimen- state were calculated on the same level of theory by impos-
tal results. Especially the possible existence of metastabliag excitations to the initial independent particle configura-
dianions is investigated. The dynamical aspects, for instanciéon. The dissociation limits were determined by summing up
the coupling between discrete states of dianions and the varihe calculated energies of the separate atoms.
ous continua accessible to these, are beyond the scope of ourln Table II, our calculations of neutral and monoanionic
calculations. systems are compared with experiments and high-label

In ab initio calculations both the theoretical model and theinitio calculations. For most systems the calculations can be
basis set chosen are important for an accurate descriptionompared to experimental resul$06,107,113—-115 The
The multireference—configuration interaction methHtR- present calculations generally overestimate equilibrium dis-
Cl) is presently believed to be the best basis-set method ovéances by<0.02 A, dissociation energies are underestimated
a significant part of the potential-energy surfasee Ref. by 0.4-0.7 eV, and electron affinities are underestimated by
[96] for a description and further referengeinclusion of <0.5 eV, while the high-level calculations are in closer
correlation in the theoretical model is very important for agreement with experiment. Bruna and Wridho8| per-

IV. AB INITIO CALCULATIONS
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TABLE Il. A Comparison ofab initio calculation from this work with previous calculations and experiments on total er&gy
equilibrium internuclear distance ), vibrational frequency &.), dissociation energy¥.), and electron affinit EA) for neutral and
monoanionic molecules. Details on the quoted calculations can be found in the references.

E (a.u) re(A)  we(cm’) D.(eV) T.(eV) EA (eV) Ref.

820 32&
MRD-Cl/basis | —49.2889 1.59 1025 2.754 180 [108]
CCSOT)/6—311+G(d) —49.27957 1.61 1024 2.58 1.77 This work
Experiment 1.59 1051.3 3.1 [107]
B, %,
MRD-Cl/basis | —49.3549 1.6304 1010 421 0 [108]
CCSOT)/6—311+ G(d) —49.34456  1.6438 995 4.36 This work
11, MRD-Cl/basis | 1.5637 1097 3.58 0.63 [108]
CCSOT)/6—311+GD(d) —49.32233 1.5818 1066 3.75 0.61 This work
ClEg
MR-CI/[5s4p3d2 f1g] 1.248 1803 6.22 [109]
CCSI(T)/PVQZ —75.855232  1.242 1864 6.29 3.09  [110]
CCSOT)/6—311+G(d) —75.74787 1.2589 1819 5.78 2.92 This work
Experiment 1.243 1855 6.32 3.27 [107]
Cy 2y
CCSOT)/PVQZ —75.968855 1.267 1799 8.42 [110]
CCSOT)/6—311+G(d) —75.85529 1.2847 1772 7.73 This work
Experiment 1.268 1781.2 8.45 [106]
0%y
MR-CI/[5s4p(3+1)d2 f1g+ (sp)] 1.21 1558 5.065 [111]
CCSOT)/6—311+G(d) —150.0449 1.2114 1599 4.58 0.03 This work
Experiment 1.208 1580 5.214 0.39 [112-11%
0, 91,
CCSD(T)/6-31% G(d) —150.046 1.354 1128 3.7 This work
Experiment 1.347 1073 [113]
1.341 1089 4.23 [114]
BNO I3+
MRD-CI/6s5p3d1f 1.283 1660 6.9 3.13 [116]
CCSOT)/6—311+G(d) —79.2299 1.277 1691 6.32 2.82 This work
Experiment 1.281 1712
BN~ 237
MRD-CI/6s5p3d1f 1.291 1709 7.12 [116]
CCsO)/6—311+G(d) —79.33365 1.289 1694 6.76 This work

&The electron affinity is given as the energetic differences between the minimum of the neutral and anion potential-energy curves i.e., the
difference in zero point vibrational energy is ignored.

®The recommended values fop Bare EA(B,%)=2.00 eV andD (B, )=4.80 eV[108].

“We find the 'S * state to be 3.93 eV below the ground-state dissociation linfiPB N(*S); however, the state is expected to correlate

with B(?P)+N(?D) [117]. The excited-state limit is positioned 2.389 eV above the ground-state[ .

formedab initio calculations on the ground and several ex- Overall, the calculations on neutral and single negatively
cited electronic states of B (q=0,—1) using the multi ref- charged systems compare reasonably well with experiment
erence single and double configuration interactdRD-Cl)  and otherab initio calculations. The underestimation of the
method and different basis sets. Eight bound states,0f B dissociation energy is also seen in other studies and probably
were reported, the ground state beiﬁ@g and the lowest arises from the assumption that the dissociation limit can be
doublet being of?I1, symmetry. Our calculation compares found by summing up the free atom energies. The overesti-
well with these calculations with respect to energies and gemation of the equilibrium internuclear distances is presum-
ometry. BN (q=0,—1) have been studied by many authors;ably a basis-set effect as seen by comparing the present cal-
see Refs[116,117 for an overview. The present calculation culation with the expanded basis-set calculation of Watts and
agrees well with a recent MRD-CI study by Brumaal. Barlett[110] for C, . Also the systematic underestimation of
[116]. electron affinities is seen in other calculatidd98].
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TABLE Ill. Comparison ofab initio calculation from this work with previous calculations on equilibrium
internuclear distancer§), vibrational frequency ¢.), and energy with respect to the monoanionic system
[AE=E(X;)— E(X%‘)] for the ground states of the studied dianions.

re (A) we(cm™h) AE (eV) Ref.
B '3y
CCSOT)/6—311+G(d) 1.58 1059 —-4.0 This work
cF i3]
HF/4-31G 1.271 [52]
RHF/4-31G 1.271 [56]
LCAO-MO-SCF/double 1.297 [57]
HF/6-31G* 1.263 1998 [57]
MP2/6-31G* 1.30 1716 [57]
MP2/6-31+ G(d) 1.293 1737 —2.96 [51]
see Ref[59] -3.0 [59]
CCSD(T)/6-311 G(d) 1.29 1717 -3.9 This work
0 5y
FSGO 1.490 —-16.9 [61]
SD-CI 1.64 615 —6.68 [64]
CCSD(T)/6-311 G(d) 1.62 507 -7.22 This work
BN® '3
HE/4-31G 1.304 [52]
HF/6-31G* 1.291 1781 [53]
MP2/6-314G* 1.325 1528 —2.93 [51]
MRD-Cl/basisA’ 1.30 1752 —4.5+0.2 [55]
CCSD(T)/6-311 G(d) 1.31 1585 -3.8 This work

The present calculations of the ground states of dianionwas described in detail by Bruret al. [55]. As seen from
are compared to previous studies of dianions in Table Ill.Table Ill, the present calculation is in good agreement with
The 125 closed-shell ground state o€ has been consid- this high-level study.
ered in many approximatio$1,56—59,73 In the most re- In general, the dianion calculations presented here agree
cent study, this state was described by Sommerétldl.  with previous calculations for the ground states of BN
[59] using a complex absorbing potential together with ac,?~ and Q% on both geometrical and energetic aspects.
multireference configuration interaction wave function. AThe calculations are expected to be accurate within 0.5-1.0
resonance position of3 eV above the ground state 05T ey for the relative energy around the equilibrium geometry.
and a width of~0.5 eV towards single electron detachmentpotential-energy curves from the calculations will be pre-
were reported and a schematic potential energy curve Wagsnied along with the experimental results in Sec. V.
drawn. The exact position of the resonance was not defini-
tively determined and may possibly vary from 2.8 to 4.0 eV.
The present calculation predicts the ground state 8f @
be ~3.8 eV above the ground state 0§ C Potential-energy
curves for the ground state and one excit&g state of G?~ A. B,
were presented by Mathet al. [73] using a !“ethOd similar The upper part of Fig. 4 shows the cross sections for
to the present one. The present calculation agrees on tfg

V. RESULTS

ground-state calculation but finds the excited state to be o etachment and detachment plus dissociation obtained with

*[1, symmetry rather thar’s,; symmetry[119]. Also for 2 - Both the cross section for detachment and for detach-
0,2~, many calculations exist for the closed-shell groundment plus dissociation exhibit a smoo;h bghawor as a fu_nc-
state[60—64. A high-level potential-energy curve computed 0N of energy. Pure detachment, V:’h'Ch is the dominating
with the symmetry-adapted cluster configuration interactiorProcess, has an effective thresh&f*~3.5 eV and a maxi-
method(SA-CI) for 0>~ ('S was presented by Nakatsuji Mum cross section of 13210 Scn? around 16 eV, while
and Nakai[64], who found the dianion to be energetically the detachment plus dissociation channel has an onset near
6.68 eV above the ground state of Qwith a local potential- 4.5 €V and reaches a plateau of B0 *°cnt at E
energy minimum at 1.64 A. The present calculation predicts~15—-20eV. The lower part of Fig. 4 shows the cross sec-
the ground state of 88~ to be 7.2 eV above the O ground  tion for dissociation that leads to detection of BCollisions
state and to have an equilibrium distance of 1.62 A. Thewith the residual gas in the ring contribute little to this chan-
ground state of BRI has been considered on various levelsnel and it is readily detected even though it is two orders of
of theory[51—-49. The stability of the ground state of BN  magnitude smaller than the detachment channel. The disso-
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ciation cross section has an onset near 2.1 eV and shows a

pronounced peak structure centered around 5 eV with a
width of 3—4 eV.

For the ground“Eg’ state of B™, the energetic threshold
for dissociation is expected around 4.8 EM8]. The reason
for the lower threshold observed in the experiment may
twofold. First, the ions may be rovibrationally excited from
the ion source. The rovibrational excitation does not relax by
radiative emission since the dipole moment is zero for homo-
nuclear diatomic molecules and the vibrational lifetimes may
exceed seconds. Second, other electronic states ofriy
be present in the ion beam. Bruehal.[108] predicted three
quartet and five doublet states of Bound with respect to
the ground state of the neutral molecule. Only the lifetimes
for optical decays from the highest bound quartet state were
considered; however, the higher states were predicted to be
strongly intercoupled and hence decay to the lowest quartet
or doublet state by optical electronic transitions will effec-
tively be allowed. However, the lowest doublet statH,, ,
which is positioned~ 0.6 eV above the groundEg state
(see Table I, can only decay by a forbidden transition and
the lifetime of this state may exceed the time scale of this
experiment(~ 5 seg.

The peak structure in the dissociation channel is attributed
to the process leading to B-BP since the energetic thresh-
old for B +B* is considerably higher,D.(B," 429_)
+IP(B%=4.8+8.289=13.089 eV[108,12(. To investigate
the origin of the structure, the results of thb initio calcu-
lation on BY (q=0,—1,—2) are shown in Fig. 5. The lowest
states of B*~ are of I, and 'Y ; symmetry and are-5 eV
above the groun&E& state of B. There are several excited

states of B®~ in the region where the structure appears insection

B.Cy

during the collision processe™ +B, —{B,?"}

. Especially the lowest states o8 exhibit

: —th favorable overlap of nuclear wave functions with the ground
error bars show relative uncertainties; the absolute detachment croaia state of B~ while the excited states have better overlap
with the excited?Il, state. From the width of the structure,

the lifetime of the dianion is~h/I'=(1-2)x 10 *®sec.

The experimental results obtained with Care shown in

Fig. 6. Pure detachment is the dominating process. The de-

tachment cross section has an effective threshold @D eV
béthe electron affinity of Gis 3.269 eV[121]) and exhibits a
structure near 10 eV. A nonresonant cross seatienoy(1

ESPYE) [Eq. (8) or Eq.(10)] has been fitted to the smooth
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FIG. 6. The cross sections obtained with Cfor detachment,

(E,=10eV

detachment plus dissociation, and dissociation as a function of elec-
tron energy. In the upper part of the figure, the dashed line shows a
reaction cross sectiom; = oo(1— ESPYE), with ESP'=7.0eV. The

open squares show the cross section for detachment with the reac-
tion cross section subtracted, and the full curve is a fit to this cross

with  o=o0,/[(E—E,)2+T%4]

and

the dissociation cross section. The resonances are all aboye-2.1 e\). The error bars show relative uncertainties; the absolute

the dissociation limit of B. The structure in the dissociation detachment cross section was measurel=ai3 eV to be a cross
cross section is thus attributed to the formation of a dianionsection of (2.3:0.5)x 10™ ®cn?.
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FIG. 7. Potential-energy curves for selected states,8f C,™, V)

and G2~ obtained on the CCS[)/6—311+ G(d) level of theory.
G I o) (d) ev y FIG. 8. The cross sections obtained with Ofor detachment,

detachment plus dissociation, and dissociation as a function of elec-

part of the cross section. The peaklike structure marked byton energy. In the upper part of the figure, the full curve shows a
open squares in Fig. 6 shows the cross section when theaction cross sectiom= oo(1—ESPIE), with EfP'=4.5eV. The
nonresonant cross section is subtracted. The peak is wedlror bars show relative uncertainties.
fitted with a Lorentzian profileoc= oo /[ (E—E,)%+1%/4]
with E,=10.0eV and'=2.1eV (r~3x 10" ¥sec).

The detachment plus dissociation chanfelal C°+C°)
is characterized by a smoothly rising cross section with
threshold at~12 eV. For comparison, the energetic thresh-

old is 9.72 eV[122]. No structures are observed in the de- . .
tachment plus dissociation channel. detachment cross section, where it was concluded that the

In the dissociation cross sectigfinal C+C%), a peak structure could not be due to the lowest electronic state of

27 - . - .
structure is observed at approximately the same energy as tfg - It IS @n open question which states are involved, but
peak in the detachment cross section, i.e., around 10 eV, bile present calculation demonstrates that excited states of
with a width of 3—4 eV. The threshold for dissociation from C2 €Xist in the energy range where the structures are ob-
the ground state of C is Do=8.33 eV[122] while the ob- served and the nuclear overlap to those from the ground state
served threshold is about 5 eV. The Cion can be vibra- ©f G2~ is favorable, all states having nearly the same equi-
tionally excited in the measurement. In particular, the vibra ibrium internuclear distance.
tional levelsv>2 of the ground state of C decay on a time ~
scale of millisecondg123,124 due to an interelectronic cou- C. 0,

pling between the ground *3 ;" and the first excited “I1,, The upper part of Fig. 8 shows the measured cross sec-
state of G, while the lifetime of lower vibrational levels tions for detachment and detachment plus dissociation, and
exceeds 5 sgd 23]. Since the effective threshold in the cross the lower part shows the cross section for dissociation lead-
section for detachment is not lower than expedtsee the ing to final O". For O,”, only relative cross sections were
discussion sectignonly a small part of the beam is expected pbtained.

to be in higher vibrational states. The fact that the dissocia- The effective threshold for detachment is seen at 4.5 eV
tion cross section has a threshold lower than the energetignd the cross section reaches smoothly a broad plateau
threshold indicates that the dissociation cross section maground 20 eV, after which a declining tendency is observed.
have a strong vibrational dependence. The energetic threshold for detachment is 0.451[£143].

The structures in the cross sections for detachment and The cross section for detachment plus dissociation in-
dissociation are attributed to the formations of dianionscreases monotonically above the effective threshold at 7.0
(C,*7) during the collision process. The different widths of eV and over the entire investigated energy range. The ener-
the structures in the cross section for detachment and dissgetic threshold for detachment plus dissociation is
ciation could be evidence of different dianionic states beingd (X 2H9)+ EA(O)=4.09+1.46=5.55eV[114,125.

collision. However, the dianionic state is probably not the
round state of €, and hence electronic excitation is in-
olved in the electron-capture process. This is in accord with
a theoretical study59] addressing the structure in the C

involved in the reactions. The dissociation cross section opens at 2.5 eV and reaches
Potential-energy curves for ,€ (q=0,-1,—2) are amaximum at 10 eV, after which it decreases approximately
shown in Fig. 7. The cIosed-shé‘IEg ground state of ¢~ as E™Y2. The threshold for dissociation from the ground

is positioned around 3.8 eV above the ground state 0f C vibrational level is 4.09 e\[114]. Vibrational excitation in
and there are excited states gfCof 3, symmetry at~6.3  the O,” beam is not expected to be significant for-3,

eV and of [Ty symmetry at~7.6 eV. From the preserb  since higher vibrational states can vibrationally autodetach to
initio calculation, it is inferred that the structures seen in thethe ground state of £ [126] on a time scale much faster
detachment and the dissociation cross sections may be duetttan the time scale of this experiment. In consequence, the
resonant electron capture into a dianionic state during théow threshold for dissociation is evidence of a strong vibra-
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FIG. 9. Potential-energy curves for selected states 8f O, FIG. 11. Potential-energy curves for selected states of, BN
and Q*~ obtained on the CCSD)/6—311+G(d) level of theory. BN, and BN"" obtained on the CCS[P)/6—311+G(d) level of
theory.

tional dependence of this cross section.
Figure 9 shows the calculated potential-energy curves fothreshold at~ 5.9 eV and a maximum at 27 eV. At en-
0%, 0,7, and Q*. The closed-shellS ] ground state of ergies just above the effective threshold, the energy depen-
0,2~ is positioned 7.2 eV above the ground state of thedency of the detachment cross section is well represented by
0,2~ Two states ofiI, symmetry were identified at higher o(E)= o(1—EHPYE) [full curve in Fig. 1@b)]. The detach-
energies, however they were not bound potential-energment plus dissociation cross section has an onset around 7.3
curves. Even though dianionic states are present in the ca#V and increases monotonically over the entire energy range.
culations, no evidence of resonances is seen in the crode energetic threshold for detachment plus dissociation is
section either for detachment or for dissociation. The nuclear.12 eV[116].
wave functions of the anion and dianion have poor overlap, The BN~ beam is not expected to be vibrationally ex-
and hence a capture reaction from the ground state of theted. The dipole moment of this anion was calculated to be
anion would involve electronic to vibrational energy transfer,—1.184 D atR,=2.440 A[116] and the lifetimes of the first
a process that is probably much weaker than a direct ele@nd second excited vibrational levels were calculated to be
tronic process. 154 and 86 msec, respectively, which is much smaller than
the elapsed time between ion production and measurement
D. BN~ (~5 seg.
. . The detachment cross section near the effective threshold
Figure 1@a) shows the measured cross sections for de:

. e is shown in Fig. 1(b). At ~5.6 eV, a small peak structure is
tachment a_md detachment plus d|3500|a_\t|on. _The dEtaChmeBBserved. This structure is well represented by a Lorenzian
cross section shows a smooth behavior with an effeCt'V?)rofile o=aol[(E—E,)2+1%4], with a peak positiorE

L] r ) r

=5.6eV and a width of'=0.4eV. In energy, this structure
10 is close to the position of the closed-sh&l ! ground state
(2) e T . 9

- of the BN~ dianion described by Brunat al. [55]. They
predicted that a valencelike resonant® *(5027%) lies
4.5+0.2eV above the’S " (5027%) ground state of BN,
and that this state is stable towards dissociation by 2.70 eV.
2 B®+N° To describe the decay of this resonance, singlet sta&s)(
Oﬁj/"—_ originating from electron configurationsoar*no (shape
0 10 20 30 40 4 6 8 10 resonanceand 527 np,. (Feshbach resonanceere con-
sidered. In Ref[55], it was concluded that at low energies
the resonances autodetach into the BNe™ continuum
FIG. 10. Experimental cross sections for electron impact detachJEhrongh mixing with other singlet states of shape resonance

Paly+ 4 ; ;
ment of BN" (X 25*). (a) Detachment and detachment plus dis- pharacter, i.e.;2 " (507*no). The influence of triplet states

15 + 2,4 ;
sociation cross sections over the full energy rarigeThe detach- in the decay of">"(50°7”) was not considered by Bruna

ment cross section near the threshold. The dashed curve is a fit EJt al. [5_5]' . .

the threshold region with a reaction modelr(E)=o(1 In Fig. 11 potentlall-energy curves _resultlng f_rom the
—ESPYE), with EZP=5.9 eV. The solid line shows a superposition Présentab initio calculations on B'Ql. BN, and BN are

of the reaction cross section and a Lorentzian profilte,oo/[(E  displayed. The ground state of BNIS positioned~3.7 eV
—E,)2+T?/4] (E,=5.6eV and['=0.4e\). The error bars show above the ground state of BN while there are states &f
relative uncertainties: the absolute detachment cross section wa&ndIl symmetry situated at5.6 eV. The structure at 5.6 eV
measured atE=11eV to be a cross section of (50 in the detachment cross section is attributed to a resonance

1.0)X 10" 8cn?. corresponding to BRI'. The observed width corresponds to

(=)}

U(l()‘I6 sz)
& (10"%m?)

E(eV) E(eV)
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FIG. 12. Total cross section for detachment, detachment plus
dissociation, and dissociation leading to a neutral oxygen atom for FIG. 14. Comparison of detachment cross section for the studied
electron collisions with OH. The error bars show relative uncer- molecular anions. The energy scale has been normalized to an ef-
tainties; the absolute cross section was measurEd-20 eV to be  fective thresholdsEg®™, found by fitting a reaction cross section,
a cross section of (6:02.5)x 10 e cn?. o(E)=0o(1—ES®YE), to the threshold regions of the cross sec-

tions. The cross sections have been normalizedgto

a resonance lifetime of~#/I'=1.6x 10 ®sec. Thus, from
the presenab initio calculations it seems likely that the reso- systems mimics the general linear dependence of the electron
nant detachment proceeds through excited states of the diaaffinity as seen for atomic ions. As previously discussed, the

ion and not through the ground state. threshold for B~ is lower than expected presumably due to
electronic and/or vibrational excitation in the stored ion
E. OH™ beams. The molecular thresholds are generally lower than

In Fig. 12 the total cross section for detachment, detach€xPected from the atomic extrapolation. The reason for this
ment plus dissociation, and dissociation leading to a frée omMay simply be an effect of the larger spatial extent of the
is shown. Only this summed-up cross section is reported pdnolecular electronic wave functions or that some rovibra-
cause the full energyHp,,) peak and the peak at 16Hgdy, tional excitation remains in the ion beams. However, it can
were not clearly separable in the signal from the surfacélso be an effect of the cylindrical symmetry in diatomic ions
barrier detector. However, the cross section is dominated bgompared to the spherical symmetry for atomic ions. The
detachment, the ©channel being hardly seen in the spectra.similarity of the atomic extrapolation and the values for the
The total cross section has an onset-&t7 eV and increases molecular systems indicates that close to threshold the non-
until 20 eV, where it reaches a plateau. For comparison, theesonant detachment happens through a similar mechanism

electron affinity of OH is 1.828 eVY127]. for both atomic and molecular ions.
The threshold for detachment from,Qis significantly
VI. DISCUSSION higher than expected from the atomic extrapolation and the

reason is presumably the fact that the nuclear wave functions

. . . of the ground states of the anion and the neutral molecule
In Fig. 13, the effective threshold observed in detachmenkaye an unfavorable overldfp15].

is plotted versus.the electron binding energy tog.ethef with  The energy dependence of the detachment cross section

results from previous measurements for the atomic ions D for the studied molecular systems is compared in Fig. 14. In

[13] and O [15]. A linear fit for the atomic ions is Shown. he threshold region, the detachment cross sections have

Disregarding @, the effective threshold for the molecular been fitted with a reaction cross sectian(E)=o(1

—Ew/E) [Eqg. (8) or Eq. (10)]. The energy axis has been

A. Detachment

10 scaled with the effective threshold for each ion. To facilitate
g - a comparison of the shape of the cross sections, these have
_ s been normalized toy as found from the fit to the threshold
E o o - © region. For comparison, the cross section for detachment
o4 ?;/g; ) from an atomic ion, D [13], has been added. The energy
" o’ B2 dependence of the cross section is very similar for the inves-
2 13:/4' tigated molecular systems and for the atomic systems. Near

threshold, B~ and G~ have tails reaching below the effec-
tive threshold while more steep increases are seen for BN
EA V) and OH. Close to threshold, detachment probably takes

place by tunneling, which may be sensitive to the actual ion

. t
FIG. 13. Effective threshold in detachment cross sections vs thétructure. As for the atomic ions, Bt>5E{,*" the cross sec-

electron affinity. The open squares represent the present measuféons start to deviate and the detachment process is again
ments on molecular ions while filled squares are taken from previdependent on the specific target structure.

ous measurements on atomic iofi3,14. The dashed line is a The nonresonant detachment process may proceed as ei-
linear fit for atomic ionsESP'=2.2EA+0.27 eV. ther a one- or a two-step process:
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FIG. 15. Experimental thresholds for detachment plus dissocia-
tion vs the energetic threshold. The experimental thresholds have FIG. 16. Comparison of shapes of detachment plus dissociation
been found from fitting a reaction cross sectioa=oy(1 cross section for the studied molecular anion. The scales have been
—EZPIE), to the threshold regions and the error bars are estimatelormalized to EE® and ¢, found by fitting, o(E)=oy(1
from the flexibility of the fitting parameteEL™. The energetic  —ESPYE), to the threshold regions of the actual cross sections.
threshold,E}ﬂe‘”, has been deduced from experimental daig
[122] and Q™ [113,114) or high-levelab initio calculations(B,~
[108] and BN [116]). The dashed line is a linear fitES®™
=1.4EM"-2.2eV.

cross section to the threshold region. FEx3ELPY, the
cross sections are similar while for higher energies devia-
tions are seen. The similarity of the shapes of the cross sec-
- - o - - tion points to similar mechanisms for detachment plus disso-
e (E)+AB () —~AB"(ag) te (E))te (Ep) ciation.
Nonresonant mechanisms for detachment plus dissocia-
tion that fulfill these requirements can proceed in various
+e (E,), (17 ways. One likely mechanism is a vertical transition to a dis-
sociative potential-energy curve of the neutral molecule, i.e.,
whereE;, E,, andE, are electron kinetic energies, while efféctively a two-step process:
a;, af and B represent rovibronic states. The two-step pro- e (EV+AB (a)—ABY%B)+e (E)+e (E
cess proceeds through a resonance state of the anion. This is, (Ei) (@)= (B) (E) (Ea),
however, not e>_<pected to y!eld_ pronounced structures in the ABY(B)— A% ay)+ B )+ AEqs, (18)
cross section since the excitation process can happen at any

incident electron energy above tohe excitation energy. Theyhere the first step is the fastest., E;, andE, are electron
final state of the neutral systelAB™(«ax), or the intermedi-  inetic energiesi;, B, a;, and a, represent rovibronic

ate anion statefB" (), may eventually be in dissociative states: and\E; is the kinetic energy available for dissocia-
continua, thus contributing to detachment plus dissociationjo, - Alternatively, the process may proceed through an an-
or pure dissociation. It is emphasized that the present expefignic resonanceAB™(8), as in the two-step detachment
ment cannot d_|st|ngwsh these two reaction pathways. process, Eq(17). Even though the process involves a reso-
To summarize, the energy scale of the detachment crosgynce stateAB(8) or AB™(8), no resonance structures are
section is characterized by the effective threshold, which degynected in the cross section since this detachment-excitation
pends on both the electronic binding energy and the overlap,action may happen for all energies above threshold. The
between the nucle_ar wave fL_mctl_ons. The energy dependengg ited statd AB%(B)] can also decay to a bound state of
of the cross section is similar in the studied systems, buf go by radiative emission and hence contribute to the pure

variations are seen near threshold and towards higher eN&latachment reaction, however radiative lifetimes are typi-

gies. The regularity in the effective thresholds and the simic1y, of the order of nanoseconds while vibrational motion

lar shapes of the cross sections indicate a common mechgy, oq place on a time scale of Tdsec. It is considered

nism for nonresonant detachment for the studied anions. unlikely that energy is transferred to the nuclear motion in
the initial steps of the reaction since the electronic time scale
B. Detachment plus dissociation (10" *8sec) is much faster than the nuclear time scale. Fi-
All measured cross sections for detachment plus dissocieﬂf"‘lly' t_he_ suggeste.d mechanism with a vertical coupling to a
tion exhibit a smoothly rising energy dependence fromd's‘S'OC"”mVe curve is supported by the fapt .that f[he observed
threshold. Near the threshold, the cross section can be reprg?—reShOId for detachment plus dissociation is generally
sented by a reaction cross section of the foors og(1 igher than the energetic threshold.
—ESPYE). In Fig. 15, these experimental thresholds for de- S
tachment plus dissociation are plotted versus the energy C. Dissociation
threshold. The experimental points have been fitted with a The measured dissociation cross sections of the homo-
linear function that reproduces the general tendency. Thauclear molecules have thresholds that are lower than the
shapes of the cross sections for detachment plus dissociati@mergetic threshold expected from the ground vibronic state
are compared in Fig. 16. To facilitate the comparison, theof the ions. From the close agreement between the detach-
energy and cross-section axes have been scaIeEfﬁiBS/and ment thresholds for molecular and atomic ions, it is inferred
oo, respectively, which were found by fitting a reaction that only small parts of the ion beams are vibrationally ex-

—AB ™ (B)+e (E;)—AB%(«y)
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olay

A +B

A+ B
A+ B

E (arb. unit)

FIG. 17. Comparison of dissociation cross sectifitgal X™)
for the studied homonuclear molecular systems. The energy scales R (arb. unit)
have been normalized to the experimental thresh Pt while
the cross sections are scaled to match the same asymptote towardsFIG_ 18. A schematic drawing of potential-energy curves of a

high energy. diatomic molecule and its negative ions. The vertical arrows indi-
cate some decays to bound and repulsive curves of the negative and

cited. Hence, the dissociation cross sections must have reeutral systems.
strong vibrational dependence with the cross section for
higher vibrational levels being the larger. Experiments thatross sections are interpreted as the formation of resonances
could reveal the vibrational dependence of the cross sectiogiuring the collision process and the mechanism is formally
either through active state manipulati®0,12§ or direct  written as
probing[30] of the state distribution are highly desirable.

The shapes of the dissociation cross sections are com- e (&) +AB™ (a;)—~AB? (B)—products.  (20)
pared in Fig. 17. The energy scales have been normalized to
the experimental thresholds and the cross sections have begrom the widths of the resonances, lifetimes of the order of
scaled to match the same asymptote towards higher energies.. /T~ (1—-3)x 10 sec are predicted. The performed
While the cross sections for,B and G~ exhibit significant  apb initio calculations show that the dianionic states exist in
peaklike structures around ZEﬁpt, the dissociation cross the regions where the structures are obserged Figs. 5, 7,
section for @~ has a smooth energy dependence with aand 1. For detachment of £ and BN, the relevant dian-
maximum at~4E§®". It is worth noting that all cross sec- ions are excited with respect to the ground dianionic states,
tions match the same asymptotic behavior, thus the crosshile both the ground and excited states of Bmay be
sections for B~ and G~ are essentially of the same form as important for dissociation of 8.
for O, with a peak structure superimposed, suggesting that The ab initio calculations point to the existence of meta-
B, and G~ have an extrdresonant mechanism of disso- stable dianions of B, C,~, O, , and BN and the dianions
ciation compared to ©. are generally unstable to single detachmeAB{( +e™),

The mechanism for nonresonant dissociation is likely todouble detachmentyB°+2e™), and dissociationX ™+ X°
proceed through an excited dissociative state of the negative e™). In Fig. 18, some typical potential-energy curves for a

ion: neutral moleculeAB®, and its negative ions are shown to-
3 B 3 B gether with some possible decay mechanisms for a dianionic
e (Ej))+AB (aj)—=AB™(B)+e (Ey), state. Structures are the exception rather than the rule in the
(19 measured cross sections, and in detachment the structures are
AB (B)—A (a;)+B%ay)+AE,, superimposed on dominating nonresonant backgrounds.

Thus, at least two factors are important for the resonant cap-

ture process to be effective(i) the penetration probability
since, as was argued for detachment plus dissociation, diregﬁrough the repulsive Coulomb barrigslus perhaps an an-
transfer of energy to the nuclear motion is probably less fagular momentum barrig66—68,129 must be nonvanish-
vorable compared to electronic excitation. ing, and(ii) the nuclear wave functions in the initial and final
state must have a favorable overlap or the electron-
vibrational coupling must be very strong. The first condition
is supported by the observation that excited states of the

Overall, the measured cross sections are slowly varyinglianion are important in the capture process. The second

functions of energy, except for significant structures in thecondition is exemplified in the case ef + 0O, scattering,
cross section for detachment of Cand BN~ and dissocia- where no structures were observed although resonances were
tion of B,” and G . The structures in the cross sections for predicted byab initio calculations. The fact that electronic
detachment and dissociation for, Coccur at almost the excitation is essential for resonant electron capture to occur
same energy~10 eV) but have different width§~2 eV for  is also seen in electron-cation reactions, for instance in di-
detachment, 3—4 eV for dissociatjofror B,” no structure is  electronic recombination of atomic ioh%30] or in the direct
observed in the detachment channel. The structures in thdissociative recombination of possive igris1].

D. Metastable dianions
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VII. CONCLUSION tion cross sections shows a similar decreasing behavior to-

The cross sections for detachment, detachment plus diV\_/ards high energy, and nonresonant dissociation is likely to

sociation, and pure dissociation by electron impact for th roceed through excitation to a dissociative potential-energy

) : . _ _ _ 7 curve of the anion.
diatomic anions B~ , C,~, O, , BN, and OH have been : : T
measured for energies below 40 eV at the ASTRID hea The formation and decay of diatomic dianions by electron

ion storage ring. The dominating reaction for all investigate ombardment are addressed. Evidence for metastable dian-
9 9. 0 grea o 9 ions with lifetimes of the order of 10'°sec as intermediate
systems is detachme(ftnal AB”+2e™). A significant char-

acter of the cross section for detachment is the effectiv\’-f\:OIIISIOn complexes is found in the cross section for detach-

: R ment of G~ and BN and in the cross section for dissocia-
threshold. This depends on the electronic binding energy an fon of B, and Q. The assignment is supported b
the overlap of the nuclear wave functions in the initial and. 2 ' g P

. : hnitio calculations and it is inferred that electronic excitation
final states and defines an energy scale for the process. The. . .
important in the resonant reactions.

energy dependence of the cross section is similar in the stud? More work in both theory and experiment on these pro-

ied systems, however variations are seen near threshold an . . h X
Y cgsses is desirable. Theoretical work on the electron-anion

towards higher energies. The regularity in the eﬁeCtivescatterin rocess is needed to clarify the actual mechanisms
threshold as a function of electron binding energy and thé 9p

S . . underlying the various nonresonant processes. Concerning
similar shape of the cross sections indicate a commo

mechanism for nonresonant detachment for the studied arr’%"Ije formation of dianions, a scattering calculation would

ions. The detachment reaction may proceed either by direr,ambab.ly clarify th_e important dignionic states and the actual
detachment in a one-step process or by sequential detac ynamics Igovirr!lng thi formation anld hde(éay ﬁf (;hgse. E_X'
ment through an excited anionic state in a two-step proces ;erlhmenta tec rfnqqes that an reveal the detaile ynamf|cs
: o of the reaction, for instance by measuring cross sections for

In the process of detachment plus dissociatifinal A°

: . lected vibrational levels or energi nd angular distribu-
+B%+2e7), a threshold of a few eV in excess of the ener_seeced brational levels or energies and angular distribu

. ) tions of the reaction fragments, are desirable.
getic threshold is generally observed, however no clear regu- g

larity between the experimental and theoretical threshold is
seen. The shapes of the cross sections are similar over a wide
energy range. Thus, common mechanisms for detachment This work has been supported by the Danish National
plus dissociation seem to be evident in the studied system&esearch Foundation through the Aarhus Center for Atomic
The process is likely to proceed through a vertical transitiorPhysics(ACAP). We thank the ASTRID staff for support
to a dissociative potential-energy curve of the anionic or neuduring the measurements. Jgrgen S. Nielsen is acknowledged
tral molecular system. for providing the charged-particle propagation analysis. One
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