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The formation of short-lived doubly charged negative diatomic molecular ions has been studied at a
heavy-ion storage ring by bombarding singly charged negative ions ofaBd G~ by free electrons
of well-defined energy. Structures are observed in the cross sections for detachment and fragmentation
which are argued to be due to short-lived dianion resonances. The resonance energy-ef BV) is
close to a calculated dianion ground-state energy and to the energy of some low-lying excited states of
B,>~. The G~ resonance energy-(10 eV) is close to predicted excited states of Cand significantly
above the calculated dianion ground-state energy. From the width of the resonances a lifetime of about
1071 s is obtained for these fragile gas-phase dianions. [S0031-9007(98)07892-2]

PACS numbers: 34.80.—i, 31.50.+w, 34.20.Gj, 41.75.Cn

Over the past few years there has been an ongointpe negative ion ground state and hence could not be the
experimental and theoretical search for the rarely occurerigin of the resonance at 10 eV.
ring doubly charged negative ions (dianions) [1,2]. It We consider here the following detachment reactions
seems evident that atomic dianions are not stable (se@yith and without dissociation):
e.g., Refs. [3-5]), which was, in fact, already predicted by _ 3 X,° + 2e”,
Bohr in the case of hydrogen [6]. It is still an open ques- X, te — {XO + X0 4 2, 1)
tion under what conditionsietastableatomic and molecu-
lar dianions exist. Such systems are challenging fro
both theoretical and experimental points of view. Larg
molecular systems can hold many extra electrons because X" 4 e — {X + X'+ e, )
the electron cloud can spread out over an extensive vol- : X~ + X"+ 27,
ume or the excess electrons can stay well separated. Theéhere e~ is a free electron and is either the boron
question that we address here is whether dianions caitom (B) or the carbon atom (C). The negative ion B
be formed when small diatomic negative molecular ionss known from ab initio calculations [13] and € is
are bombarded by electrons of well-defined energy. Th&nown from several previous works (see, e.g., Ref. [11]
physics of dianions of small molecules is to a large ex-and its references). Of interest here are the electron
tent determined by the extreme amount of electron correaffinities EAB™) = 0.28 eV [14], EA(C™) = 1.26 eV
lation, and the stability is determined by the destructivg14], EA(B, ) = ~2 eV [13], EA(C, ) = 3.27 eV [15],
decay modes of autodetachment and dissociation. In thend the dissociation energid3,(B, ) = ~4.8 eV [13]
present work we have found evidence for the existenceand D.(C, ) = 8.45 eV [16]. Both molecular negative
of two gas-phase diatomic dianions. We determined theilons have excited states below the neutral molecular
energy, estimated their lifetimes, and studied some of theiground state.
decay modes. The experiment was carried out at the ASTRID storage
Laser ablation combined with a coincidence techniqueing. The ring is 40 m in circumference and has a
has recently provided evidence for the existence oquare geometry with two 4%ending magnets in each
carbon cluster dianions [7], which has also been seeof the four corners. We used a sputter-ion source for the
by mass spectroscopy [8,9]. The interpretation of masproduction of B~ and G~. The beams of approximately
spectrometer measurements is difficult due to the presen@90 nA—1uA were preaccelerated to 150 keV, injected
of small impurity beams that erroneously may be assumeihto the ring, and accelerated to approximately 5 MeV.
to be dianions [10]. Moreover, when dianions are formedAt this energy, the lifetime of the beams was about
directly in an ion source via electron-anion collisions, thel.5 s, determined by collisions with the residual gas
electron energy in the formation process is not very wel2 x 107! torr). In the ring the ions were merged with
known [9], which limits the obtainable information. the electron beam of the electron cooler [4,17]. The
We have previously reported on a significant structureslectron energy resolution (FWHM) was about 0.12 eV at
in the electron-impact detachment cross sectionof & E = 5 eV and 0.16 at 10 eV, i.e., small enough to detect
about 10 eV [11]. At first, the structure was tentatively resonances with sub eV widths.
suggested to be due to the formation of ground state Neutral particles produced by detachment [Eq. (1)] and
C,>”. Later, elaborate calculations [7,12] showed that thedissociation [Eq. (2)] were detected withb@ X 40 mn?
metastable ground state ofC lies at about 3 eV above surface barrier detector located behind the dipole magnet

rT,.elnd two reactions involving dissociation (with and with-
eout ionization):
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following the electron cooler (see Fig. 1). Another sur-background rate primarily due to interactions with the
face barrier detector was placed inside the dipole magneesidual gas in the ringgR(X, ) is the number of stored
chamber to detect negative fragment ions (8nd C). ions (B, or C, ) entering the interaction region per
This detector had a diameter of only 20 mm and detectednit time, and/(= 95 cm) is the effective length of the
about 80% of the negative fragments. interaction section.e is the detector efficiencyy; is the
The detection of a single atoki (B or C) gives an ion velocity, andv is the electron velocity in the ion
output pulse which is half of that obtained from a hit by frame. The true signaR(Y) — Ry(Y) was obtained by
two atoms2X (2B or 2C) or a moleculé&, (B, or G,) (see  chopping the electron beam on and off.
Fig. 1). Because the ion-beam diameter was smaller than To distinguish between a pair of atoms and a molecule,
the electron-beam diameter-2.5 cm), and the electron we inserted a grid with known transmission probability
density p.) was constant to a good approximation [17], in front of the neutral detector and measured the r&fe (

the cross sections were obtained from of the half (1X) and full 2X) energy peaks [18]. These
R(Y) — Ry(Y) v, yields are related to the cross sections Xaf, X0 + X,
oY) = (3) andx® + X~ production in the following way:

R(X,7) lep.v’

1
where Y represents either th& or the 2X peak from  Rix(T) = M[thxux— +2T(1 = T)oxo+x], (4)
the detector, andk(Y) is the rate of detected neutrals
(¥Y) when the electron beam is turned oy (Y) is the

Ryx(T) = (Toxy + T*oxoix), )

1
N(T)
whereN(T) is a normalization constant. These equations
) were solved to yield the individual cross sections. We
dipole detected only signals related to single negative atomic
) magnet ions (B~ and C) with the detector placed inside the
stored X, 0 w0 magnet chamber; no signal related to negative ions with
ion beam I/ /I X", X the full energy 2X) was oztzserved. Thus, the two final
channelsx™ + X~ and X, were completely absent at
all electron energies (see Fig. 1).
Absolute cross sections were obtained at fixed ener-
gies. At 15 eV the cross section for,Bformation was
1.2 = 0.8 X 10~ cm? and at 13 eV the cross section for
1000} C,° formation was2.5 = 0.5 X 107!6 cm?. The some-
what large error bar stems from the uncertainty of the
ion-current measurement. Relative cross sections are as-
B~ u Negative sociated with much smaller error bars.
particle detector In Fig. 2 we show the results obtained with B The
upper part of the figure shows the detachment cross sec-
tions without dissociation (final £8) and with dissociation
(final B + BY). Evidently pure detachment is the domi-
nating process with a cross section maximum of about
10715 c?. The lower part of the figure shows the cross
0 section that leads to detection of B Background col-
neutral lisions contribute little to this channel and although it is
particle detector 2 orders of magnitude smaller than the detachment
0 channel, it is readily detectable. The energy threshold
2 3 4 9) 6 for dissociation is almost 5eV and the low-energy
E(MeV onset of the cross section is attributed to vibronic
(MeV) excitation of the B~ ions [13] (the vibrational exci-
FIG. 1. A schematic drawing of the corner of the ASTRID tation does not relax by infrared emission since the
storage ring after the electron target showing the dipole magne@ipole moment is zero for homonuclear molecular
and the positions of the particle detectors. The pulse-heighions). The B + B™ channel opens at about 13 eV,
distributions from the detectors are shown for storage ofyyt js apparently not very important at these low ener-
B, . In the detector for neutrals, two peaks were regordedgies_ At about 5 eV there is a significant peak in the
corresponding to singles {Band doubles (B+ B® and B"). . S T - ! .
In the detector for negative fragments only singles YBrere dissociation cross section; its origin WI|| be discussed
detected with no sign of doubles (B+ B~) at the beam later. No structures were detected in the detachment
energy of~5 MeV. channels.
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FIG. 2. The cross sections obtained with Bfor detachment

(B,"), detachment+ dissociation (B + B%) and dissociation F!G-3. As Fig. 2 with G'. A straight line is used to
without and with ionization (B + B® and B~ + BY) as a  Visualize the nonresonant cross section under the peak in the

function of electron energy (note the difference in the ordinate)detachment channel.

The error bars show the relative uncertainty. Absolute error

bars are larger; see text. The solid line is the nonresonant

background the shape of which is estimated from a classicdhe cross section since the first step of the reaction may

calculation [4]. happen at any incident electron energy above the exci-
tation energy. In another type of process, the incoming
electron is resonantlgapturedinto a state of the dianion,

In Fig. 3 we show the results obtained with C The  Wwhich then subsequently decays either by simultaneous
measurement reproduced the earlier observed structuf$ sequential emission of two electrons into a molecular
[11] in the detachment cross section (finaf’Cat about bound state or by autodetachment to a repulsive negative
10 eV. As with B, pure detachment is the dominating Mmolecular ion state,
process. The dissociation channels from detection of ~ B 5 X0 4+ 20"

C~ are shown on the lower part of the figure. The X, te =X~ — {X2_ X0 4 e (7)
energy threshold for dissociationDf) is 8.33 eV, so '

the earlier onset of the cross section is evidence ofhese processes are trulgsonantin the sense that the
vibrational excitation in the € beam. Of importance incoming electron energy has to match the energy of
is the appearance of a significant peak in the dissociatiofhe dianion resonance~6 eV for B,~ and ~10 eV
cross section at about tisameenergy where the structure for C,>7). The second channel corresponds to resonant
appears in the detachment channel. dissociative excitation that appears as broad resonances in

Because of the relatively low electronic binding energy,the dissociative excitation cross section [19] of molecular
the dominating process is nonresonant electron detaci¢ations.
ment [see Eq. (1)]. Electron detachment may also pro- We have performedab initio calculations on the
ceed via an excited state of the singly charged negative CSOT)/6-311 + G(d) level with the Gaussian94 pro-
ion that may be in the electronic and the dissociative congram [20] which show that excited states of C of I,

E (eV)

tinuum, and>II, symmetry lie about 8 eV above th& ground
8 y y g g
- - L e + X% + e state of G~, and excited states of,B of '3+ and*S
X, te =X, te — {(X‘ + X0 + o symmetry lie about 5.5 eV above tH&; ground state

(6) of B, . The calculated excited states have energies of

the right order of magnitude to explain the observed reso-

where the asterisk indicates an excited ion. These praances for both ions. There is a significant difference
cesses are not expected to yield resonance structures between the two ions, however. In the case of Ghe
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resonance is several eV above the dianion ground statef2] A.l. Boldyrev and J. Simons, J. Chem. Phy@8, 4745

whereas the resonance of, Bis close to the dianion (1992)..
ground state, which is calculated to be 4.5 eV above thel3] F. Robicheaux, R.P. Wood, and C.H. Greene, Phys. Rev.
B, ground state. A 49, 1866 (1994).

L. Vejby-Christensen, D. Kella, D. Mathur, H.B. Peder-
sen, H.T. Schmidt, and L. H. Andersen, Phys. Re\b3\
2371 (1996).

The dianionsx,>~ can decay by several channels to re- [4]
pulsive curves and bound states of both the negative ion
and the neutral molecule. If we ignore a possible broad—[ ]

. . . o L 5] L.H. Andersen, M.J. Jensen, H.B. Pedersen, L. Vejby-
ening due to vibrational excitation of the initial molecular Christensen, and N. Djuri®hys. Rev. A58, 2819 (1998).

ion, we obtain lifetimes of aboit -3) < 107'¢ sfrom the FG] N. Bohr, The London, Edinburgh and Dublin Philosoph-
widths of the observed resonances that are of the order of ~ jcal Magazine and Journal of Sciendsixth series, July

3-5 eV. We find that the £ resonance state primarily 1913).
decays to gf’ and a small fractionto C + C° whereasfor  [7] D. Mathur, V.R. Bhardwaj, F.A. Rajgara, and C.P.
boron a resonance was found only in the B- B® channel Safvan, Chem. Phys. Le®77, 558 (1997).

(see F|g 2) The decay toz%may be too small to be de- [8] S.N. Schauer, P. Williams, and R. N. Compton, PhyS Rev.
tected in the presence of a dominating direct detachmen& Lett. 65, 625 (1990).

. : _ - 9] R.N. Compton, A.A. Tuinman, C.E. Klots, M.R. Peder-
channel (also final B). The decay into thet™ + X son, and D. C. Patton, Phys. Rev. L@, 4367 (1997).

continuum s completely absent for't')oth ions, probably k?e 10] L. G. Christophorou, Adv. Electron. Electron Phy&, 55
cause of a small tunneling probability through the barrie (1978).
of the X,>~ state. The “elastic” channel, with emission [11] L.H. Andersen, P. Hvelplund, D. Kella, P.H. Mokler,
of a single electron (finak, ), is not observable in the H.B. Pedersen, H.T. Schmidt, and L. Vejby-Christensen,
present experiment. J. Phys. B29, L643 (1996).

To summarize, a merged beams technique has bed¢h?] T. Sommerfeld, U.V. Riss, H.-D. Meyer, and L.S.
used to study collisions between free electrons and Cederbaum, Phys. Rev. Le®9, 1237 (1997).
molecular negative ions. We find large structures in[13] P.J. Bruna and J.S. Wright, J. Phys2B, 2197 (1990).
the electron-impact detachment and dissociation crodd4l ?4 ";%tfr(’lf’;%‘é)w-c- Lineberger, J. Phys. Chem. Ref. Data
sections for diatomic B and G . The resonance ' ) ' .
character and the energy of the structures suggest thgts] 512/'7 (Ii;vg;ri)and W.C. Lineberger, J. Phys. Chedb,
dianions have been formed. From the expe_riment we g 56] 3.D. Watts and R.J. Barlett, J. Chem. Phgs, 6073
the energy of the resonances, the approximate lifetim (1992).
as well as information about the decay path. New17] L.H. Andersen, J. Bolko, and P. Kvistgaard, Phys. Rev. A
calculations, which will be published separately, show 41, 1293 (1990).
that there exist dianion states at the appropriate energy. [18] The method was applied by Mitchekt al., J.B.A.
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