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Experimental verification of the existence of the gas-phase dianions BgF and MgF,>~
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Recent calculations of the electron-detachment energies of the alkaline-earth-metal tetrahalides and alkali-
metal trihalides yield values between 1.5 and 3.3 eV. If these values are correct, these molecular ions would be
the most stable small dianions of any considered so far, and it should be easy to produce them in negative-ion
sources. Using a cesium sputter source and accelerator mass spectrgh®)y we have detected and
identified two multiply charged alkaline-earth-metal molecular-cluster ions,Be#d MgR?~. Using the
techniques that we developed earlier to stugy C we have been able to use AMS to unambiguously identify
these dianions. We provide further evidence for their existence in the form of Coulomb explosion images that
we produced in the terminal of our tandem accelerator. An unsuccessful search for alkali-metal dianions of the
form MX;2~ andM,X,2~ (LiF2~ and Li,F,2") allows us to set an upper limit of 187 relative to F for their
production in a Cs sputter source assuming their lifetimes are greater thas li0seems likely that they are
either not formed at all in the sputter source or their lifetimes are considerably shorter them 10
[S1050-294{@9)08905-2

PACS numbsd(s): 32.70.Cs, 41.75.Cn, 33.70.Ca, 36.40.Wa

INTRODUCTION tremely difficult because no combination of electric and
magnetic deflecting fields can measure charge or mass alone,
Over the years, singly charged anions in the gas phasenly mass to charge ratio. But modern mass spectrometers
have attracted considerable experimental and theoretical atoupling an electrostatic energy analyzer with a high-
tention, an interest stimulated in part by the development ofesolution magnetic analyzer are immune to many of the
the tandem accelerator. Searches for atomic dianions weraass-to-charge ambiguities caused by fragmentation of mo-
initiated when it was recognized that they would allow alecular ions and energy tails of ions produced in the source
significant increase in the total energy of accelerated ionghat plagued earlier mass spectrometers. Schauer, Williams,
without the expense and complication of higher terminaland Comptor{17] used such a device and a clever trick to
voltages. Several times during the past 35 years, discovery édentify double-negative carbon clusters of the fornf G
an atomic dianion has been claimgt-4] but none have wheren=7. Their technique depends on observing double-
been confirmed5-8], and now it appears highly unlikely negative ions as half-integral mass peaks; in the case of car-
that any atomic dianion is stable or has a lifetime even apbon clusters these correspond to molecules of the form
proaching lus. Molecular dianions never received the atten-1C,,_,3C?~. For example“C¢'3C?~ has a mass of 85, but
tion of atomic dianions, in part because, from the tandenbecause of its double charge, it behaves in a magnetic mass
perspective, they would afford little or no increase in energy spectrometer as though its mass were 42.5. While this ap-
But no one doubted that two electrons could be stable wheproach is fairly convincing, our experience with accelerator
placed on a molecule, if only the molecule were big enoughmass spectrometrfAMS), where spurious weak peaks
The first gas-phase dianions discovered experimentally werghound, caused us to be skeptical. It occurred to us that if we
moderate-size moleculd9—16]. Not until 1990 were the accelerated a cluster ion in our tandem, we would be able to
first dianions consisting of fewer than twenty atoms discov-determine the number of carbon atoms comprising it by
ered by Schauer, Williams, and Comptfii7]. Theoretical  counting them. The number of carbon atoms gives a direct
attempts to understand the stability of the dianions alreadyneasure of the cluster's mass, and knowing the mass we
discovered and directed towards finding ever smaller moleould deduce its charge.
ecules capable of supporting two extra electrons soon fol- In this technique, the cluster ion is mass-analyzed twice—
lowed [18—-30. A summary of the status of these calcula-first as a negativédianion molecule, and then as individual
tions is given in Scheller, Compton, and Cederb48aj. To  positively charged atomic ions. Between these two analyzes,
date, the smallest molecular dianions calculated to be stabtte negative molecular ion is accelerated to the terminal of a
are alkali-metal halides of the fortd X5>~ (M=Li, Na, or  tandem acceleratofset to a voltage in these experiments
K; X=F or CI), suggested by Scheller and Cederbdu8i between 6 and 8 MYand converted to positive atomic ions
and the alkaline-earth-metal tetrahalidé$X,?>~ (M=Be, by passing it through a gas or thin foil. The terminal voltage
Mg, or Ca; X=F or Cl), proposed by Weikert and Ceder- is chosen to produce charge states high enough to destroy all
baum[30]. In both cases, the electron detachment energiemolecular bonds, and ensure that only atomic ions leave the
are predicted to be greater than 1.5 eV. stripper. In our case we used a gas stripper to reduce the
Positive identification of double-negative ions is ex- effects of the Coulomb explosiofsee below After the
atomic positive ions are produced, they are accelerated back
to ground potential, and a specific mass and charge state are
*Electronic address: jklein@dept.physics.upenn.edu selected by the high-energy beam-transport system. For the
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analysis of'?C,_,'3C?", the probability was~10% that a ions at 6.0 MV and detecting the 20.453 Mé%>" ions in

12C would leave in the chosen charge st@e was used and a Faraday cup in front of the detector. After greatly attenu-

the terminal voltage was 6 MVand arrive at the detector. ating the current, the beam was admitted into the detector to

Becausen—1 identical **C*" ions are produced in the provide an energyE) and energy-lossAE,, measured un-

breakup of'“C,_,'3C?", there was an appreciable probabil- der the second plate of the multianode detectalibration

ity that one, two, or even all of the identical fragments wouldfgr 20.453 MeV1°F3* ions.

arrive at the detector. Thus, we saw peaks corresponding t0 The various attenuators were removed and the mass 42.5

the arrival of a single carbon from some breakups, two carjons were injected into the tandem at a terminal voltage of

bons from others, and so on up he-1 carbons._Slnce We 5925 MV—the voltage calculated to produd®3* ions

could actually count the number &iC atoms making up the ¢, BeFR,2~ with the same magnetic rigidity as those from

;C:izséi%-g?al\?cgI?ét}/geo??ﬁédr:gfitil\i ?t]rzsnf tﬁre]din'.(gg_wmgBeF[. This procedure of selecting a terminal voltage to
9 9 ! produce!®F3* ions of the same energy regardless of the in-

tor magnetic settings we could confirm that the half- .
integral-mass negative molecules seen while sputtering caﬁ‘.Cted lon meant that no changes had to be_ made to the
bon were indeed double-negative ions igh-energy beam-transport magnets when switching beams.

Using this technique we confirmed Schaeéml’s iden-  1he energy and energy loss of tﬁ%_: ions in the detector
tification of carbon dianion clusters. A complete description'Vere aiso the same for all injected ions.
of the work was reported at the Seventh International Con- The lower half of Fig. 1 shows the energy spectrum of the
ference on AMS32]. In another experiment, we attempted i0ns entering the detector. Four equally spaced peaks were
to elucidate the structure of the carbon dianions. We place@bserved with intensities decreasing rapidly with energy.
polycarbonate track detectors at the terminal of the tandemihe lowest-energy peak corresponds to a singeeé” ion
just following a thin carbon foil(we did not use the gas arriving at the detector, while the remaining three are due to
stripped and used the Coulomb explosion to increase théwo, three, and four®F* ions (all from a single injected
interatomic spacing in the molecule to give an “exploded” ion) arriving in coincidence. The upper half of Fig. 1 shows
view of its structure. The results of these experiments ar@ AE versusk spectrum. The energy loss of the lowest en-
also included in Middleton and Kleif82]. ergy peak is consistent with a singléF*" ion entering the

In the present work, we have used AMS to prove thedetector and the remaining three peaks shviis that are
existence of BeF~ and MgFR?~ ions and to search unsuc- two, three, and four times as large, as expected from the
cessfully for LiR?~ and LibF,?~. Coulomb-explosion imag- simultaneous arrival of two, three, and fotfF>* ions.
ing has been used to elucidate the structure of the alkaline- These measurements were made witl’lE" count rate
earth-metal dianions. These four ions were selected becauséabout 400/s—a rate consistent with almost negligible “ac-
all are predicted to have detachment energies greater than Icklental” pileup. During a 10-min counting period, we ob-
eV; the prediction for LjF,>" is about 3.3 eV. served 201 fourfold coincidences while the accidental pileup
during this period was calculated to be 6. To further check
the insignificance of pileup, a second 10-min measurement
was made with a 20-fold attenuator placed between the ion

In an earlier experiment, we readily detected the half-source and accelerator. Within counting statistics, the ratio of
integral-mass peaks corresponding to carbon dianion clustetse counts in the four peaks remained unchanged.
produced in a high-intensity cesium-sputter source using our The probabilities of observing one, two, three, and four
home-built magnetic-sector mass spectrometer. We used thi€F** jons in coincidence from the breakup of a single
same system to search for half-integral-mass peaks corr®eF,>~ ion at the terminal are given by R{1—P)3,
sponding t’LiF4>~ and®BeF,2". Lithium fluoride, enriched 6P?(1—P)?, 4P3(1—P), P*, whereP is the probability of
to 99% in °LiF, and 99.9% pure commercial BgRvere  a single ion traversing the tandem and leaving the terminal in
packed into 1.6-mm-diam holes drilled in sputter cathodeshe desired charge state. In general, the formula is
made from 99.995% pure molybdenum. No well-defined[n!/k!(n—k)!JPX(1—P)"X, where n is the number of
peaks with an intensity of greater than £0A were ob- identical particles arriving at the termindbur in the case of
served at mass 31.%L(F42") or at mass 42.5%8BeF,?")  BeF,?"), andk is the number detected in coincidence. The
with a 1%~ current of about JuA. However, there was a hint upper graph in Fig. 2 shows a histogram of the number of
of a peak at mass 42.5 with an intensity<ol0 '’ A thatwe  single ions and coincidences observed in a 10-min period
suspected might be BgF. and the black dots represent the number calculated Rith

To further investigate the possibility that BEF was  =0.127. Transmissions were estimated by taking the ratio of
stable, a cathode containing beryllium fluoride was intro-the counts in the single fluorine peak to the counts in the
duced into the tandem accelerator’s ion source and mass 420wo-fluorine coincidence[their ratio is given by 2(1
ions were injected. After acceleration through 6 MV, the ions— P)/3P]. The agreement is very good between the calcu-
passed through a gas stripper and the resulti®§" ions  lated count rates in the higher-multiplicity coincidences
were analyzed in our six-anode gas-ionization detector. For &hree and fourand observation. The transmission of 12.7%
detailed description of the high-energy beam-transport syss in good agreement with the 10.6% transmission measured
tem and the multianode detector, see Fatlal. [33]. while acceleratingBeF, ™ ions (°BeF,™ ions have nearly the

The high-energy beam-transport system, consisting of twv@ame velocity at the terminal as the B&Fions and are
magnetic dipoles and two magnetic quadrupdtesither ve-  expected to have similar transmissipriBhe transmission of
locity selector was usegdwas set up by acceleratirigeF, °BeF,” is measured “through” the accelerat@iransmission

EXPERIMENTAL PROCEDURE
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i FIG. 2. Comparison of observed coincidences with theoretical
: J predictions for alkaline-earth-metal tetrahalide dianions. Observed
100 L T cull Ll E] coincidences are shown as histograms, calculated values as black
0 20 40 60 80 100 circles. “Accidental” pileup has been subtracted before plotting
Energy [MeV] observations. The upper histogram shows the same data plotted in

L o . . Fig. 1 where the total number of counts for the one, two, three, and

FIG. 1. Positive identification of BQ?‘ in the multianode de- four fluorine peaks are 215163, 46962, 4790, and 207, respec-
tector. Upper section: ThAE, versusE (energy loss versus total ey pileup for each peak is calculated to be 0, 85, 18, and 6.
3l'heoretical valuegblack circles are calculated using the formula
. . ) given in the text with an overall transmission f5F3* of 12.7%.
ions lose 2.9 MeV in the window of the detector, 11.9 MeV rpg |gyer histogram shows a similar plot obtained by accelerating
under the first plate, 5.4 MeV under the second plgitted  nioF 2= Here the counts in the one, two, three, and four fluorine
againstEre in the figure, and stop under the third plate. Coinci- heays are 153881, 22 690, 1561, and 53, respectively. The pileup is

dence peaks result when two or more ions arrive within the detecz,|cjated to be 0, 43, 6, and 1, and the transmission through the
tor's resolving time. The resolving time is a function of the ion-

- ! ! ' ) accelerator was 8.9% oluncertainties are shown for the measured
collection time in the gas and the shaping constants used in t

o . ; . A alues as horizontal lines just above and below the top of the his-
amplifier; for this experiment, it was approximately 6. At these tograms.
counting rates(several hundred/secondcoincidences are likely
with fragments from the same molecule, but not with fragmentsmented between the ion source and the deflection magnet to

from different molecules. The peaks are equally spaced in Both form a Bel;~ ion, the Bef~ ion would have half the injec-

andAE; shading reflects the number of counts in each bin. Lower,. . o . .
section: The logarithmically scaled projection of th& versusg tion energy, and like BQF » it would be injected into the

plot on theE axis shows clearly the relative intensities of the singletan(ljgm Zﬁ a n;asilsg %i 42'5 amu. Also rlllé(g} 3%281: B(:F“
and coincidence peaKsee text for relative intensitigs could produce four™" ions. However, the’F" ions from

BeF,” would have an energy of 19.129 Me,6.5% lower
from the low-energy to high-energy Faraday cupkile the  than the 20.453 MeV of th&F*" from BeF,®>~. Because the
transmission calculated from the peak multiplicity is from resolution of the positive-ion analyzing magnet of the accel-
the stripper foil onward. The transmission through the accelerator is better than 0.3%%" from this source is com-
erator includes losses in the low-energy tubes and in theletely eliminated. Similarly, other possible ions at mass
gridded entrance lend0%), so the transmission determined 42.5 amu, even if they contained four fluorine atoms, are
by the coincidence method should be at least 10% larger thagasily eliminated by energy analysis at the high-energy end
that determined measuring currents. of the accelerator, and other ions that do not contain four

What sorts of backgrounds are conceivable? The tandeiifuorine atoms are eliminated in the multianode particle-
injector has no electrostatic analyzer, so if 3¢ ion frag-  identifying detector. We conclude that the evidence pre-

MeV °F%* collected in 10 min from the breakup of BEF. The
19F3+
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sented here supports unequivocally the existence ofBeF justed to have the same magnetic rigidity as 1#€* from

ions with a lifetime that exceeds 2%, making Bef?~ the  the dianion by varying the terminal voltage by as little-a8

lightest double-negative molecular ion yet observed. kV. With the accelerator slits closed to their normal settings
Replacing the beryllium fluoride cathode with a magne-(+1.25 mm as used in the previous measurements; tF&"

sium fluoride cathode, we used a nearly identical procedurgingle count rate was prohibitive, greater thar’/$0 By

to Verify the existence of Mg{g_ To Capitanze on the ease Closing the slits to+=0.25 mm, introducing our 20-fold at-

of detection when a half-integral mass is injected into thel€nuator in the negative-ion beam, and defocusing the beam

tandem, we searched f8MMgF,2~, which is injected at mass entering the accelerator, the_ rate was reduced to_a satisfac-

50.5. Since separated magnesium isotopes in fluoride forf@Ty value of 120/s. A 10 min exposure resulted in 79300

193+ T
were unavailable, we used natural magnesium, which conS-Ingle =" counts, 4.22.2 twofold commdences, and no
tains 10%2Mg. The reduction in intensity proved inconse- threefold or fourfold coincidences. As shown in Fig. 3, there

uential, andE and AE versusE spectra similar to those o ¢ too few coincidencewo, three, and fodrto be consis-
q R . P . .. tent with four fluorines arriving simultaneously at the termi-
shown in Fig. 1 were obtained. The lower histogram in Fig.

ab nal, but as the broken line connecting the black squares
2 shows the number JffF** single counts, and the twofold, gpqus "the observed count rates are consistent with a difluo-

threefold, and fourfold coincidences obtained in a 20 Minjye preaking up at the terminal. The best explanation is that
period. As in the case of beryllium, the black dots represenfq 19 counts were due to eith8tiF,~ or 'LiF,~ and the

the calculated probabilities; this time the calculated transmisapsence of threefold or fourfold coincidences strongly sug-

sion was 8.9%. We conclude that M@F, like BeR",  gests that LiF,2, like LiF;2, either is not formed at all or
forms a stable double-negative ion with a lifetime greatemas a lifetime less than 1@s. (The limit we can place on the
than 25us. existence of LjF,>~ is ~10° higher than the limit we can

We searched on the tandem for alkali-metal dianions oplace on the existence of LiE because we had to attenuate
the formMX52~ andM,X,%". Using a cathode containing the output from the ion sourde.
8LiF, we injected mass 31.5 ions to search for £iF re-
ported by Schelleet al.[18,31 to have a detachment energy  couLoMB EXPLOSION STUDIES OF 12 MeV BeF 2~
of about 1.6 eV(a little less than Bef "), despite not ob- AND MgF 2~
serving a vestige of a negative-ion peak at mass 31.5 on our
mass spectrometer. The terminal voltage was adjusted to the We attempted to use Coulomb-explosion imagi@El)
calculated value of 5.672 MV. A 20-min counting period to determine the molecular structure of the alkaline-earth-
produced only 22 singlé®F* counts and no coincidences. metal tetrafluoride dianions, employing the method devel-
To ensure that our terminal voltage was adjusted correctlypoped during the study of carbon polyatomic dianidese
small excursions were made with little change in count rateRef. [32]). The difficulty is that the dianions must be given
However, when the voltage was decreased to 5.657 MV, thenough energy to leave tracks in an appropriate material, and
singles count rate increased dramatically and became pafhis means accelerating them in the tandem and imaging
ticularly overwhelming as the injection magnet was reducedhem at the tandem’s central terminal. After accelerating the
towards mass 31, suggesting that these ions arose from tigéanions through 6 MV, they were imaged with “Coulomb-
injection of 5Li,F~. Although it is difficult to place a strict explosion films” located at the position of the gas stripper
quantitative upper limit on the existence of LiF, we esti-  used to convert the molecular dianion into positive atomic
mate that it must be at least four orders of magnitude les¥ns in the experiments described in the previous sections.
abundant than Bef", since under identical conditions we The “Coulomb-explosion films” were made by modifying
detected only 22°F** ions when tuned for LiZ~ compared ~our standard stripper-foil holdesee Fig. 9 in Ref[32]).
with 10° when tuned for Bef2~. Consequently, we conclude These modifications consisted @f replacing the standard 5
either that LiFZ~ does not form a stable dianion, or the #g/cnt carbon stripper foil with a much thinner, 1.5-1.6
lifetime of LiFs~ is less than 2us (the injection voltage was #g/cn carbon foil supported on a 90% transmission Ni
28 kV and the distance between the source and the base Bfesh, andii) milling the back of the foil holder so that we
the accelerator is about 10 m; the time it takes the ion t¢ould mount a 0.25-mm-thick sheet of track-sensitive poly-
travel from the base of the tank to the terminal is onl¥0% carbonate plasticwithout increasing the thickness of the
of the time it takes the ion to travel from the source to theffame assembly. The separation between the “Coulomb-
baseplate of the accelerator explosion” foil and the imaging plastic was 84G0um. A
Schelleret al. [31] predict the molecular dianion 4,2~  dozen CEI “films” were made and inserted into the 60-
of about 3.3 eV. Since the molecule contains even numberdl€ tandem's central terminal. This arrangement allowed us
of Li and F atoms, the only way to inject it as a half-integral t0 raise and lower the frames out of and into the negative-ion
mass is to accelerafi®LiF 2~ (apparent mass of 44.5To ~ beam while the accelerator was operating.
maximize the formation of the ion, enrichéti fluoride was Technically, this approach offers several challenges. The
added to natural lithium fluoride to produce a roughly equaldreatest inconvenience is that the accelerator’s pressure ves-
isotopic mixture. Measurements were compromised by relaS€! has to be pumped out and the tube vacuum broken both
tively intense(~2 nA) beams of®LiF,~ (at mass 4% and
LiF,” (at mass 45 flanking the sought aftefLi°LiF,%~
peak at mass 44.5. Even more devastating to the sensitivity!PM 355 was obtained from Pershaw Moulding Ltd., Trading Es-
of our search, thé®F*" from the two anions could be ad- tate, Pershore, Worcestershire, England.
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108 dianion—negative-ion current was too small to measure, we
— attempted to determine the arrival rate of ions at the foil by
10° LiF," (mass 31.5) observing the count rate of tH&F>* jons in our multianode
detector. Using the estimated transmisdieee the preceding
sectior) we calculated the time required to yield about 10
10° - counts per mrhin the plastic. But this technique provided no
means of determining the number or the species of ions that
102 were simultaneously injected but rejected by the positive-ion
analysis system. Because of the lack of an electrostatic ana-
10" lyzer on the tandem’s injector, these ions proved to be much
T more copious than expected. As a result, our five or six ex-
posures made while injecting BgF and *°MgF,> ions

I were grossly overexposed by ions consisting of three atoms
(rather than the expected fiveCarefully scanning almost the
entire exposed area of plastic, we were able to find a few
reasonably isolated events.

Figure 4a) shows four Bef?~ breakup events. The track
105 - 6Li7LiF42- (mass 44.5) left by the Be ion is easily distinguishable from the larger
~ diameter tracks produced by the F ions. In three of the
104 S e events, the Be track lies outside of the space occupied by the
- four F tracks, and in the fourth it just fails to do so. In all
10° e cases, the figures have been oriented to place the Be track at
the bottom. Figure @) shows four similar figures produced
10 1 by the breakup of 12 Me\*°MgF,?>~ ions. Once again, the
™ track left by the Mg ion is distinguishable from the tracks of
the F ions, this time by its larger diameter. As in the case of
the CEl's of BeR?™, the alkaline-earth-metal ion lies outside
the space occupied by the four fluorines.

10 , . : : Originally, we hoped to use the CEl's to deduce structural
0 1 2 3 4 5 information about the dianions. We expected that the results

would have to be analyzed statistically because the images

would be affected by the random orientation of the mol-

FIG. 3. Comparison of observed and calculated peaks for alkaliecules as they impinged on the stripper foil, variations in the
metal dianions. Neither panel shows evidence for alkali-metal diancharge states of the ions after the stripper foil, and multiple
ions. The upper panel shows the observed coincide(mdly 22  scattering. Unfortunately, because of the overwhelming
singles, no coincidencewhile injecting mass 31.5°(iF;*"). The  packground from the tails of the neighboring peaks, we were
error bars on the theoretical predictiofidack dotg are 68% con- ot able to analyze enough images of the dianions to make
fidence intervals calculated from the square root of the number ofjefinitive statements about structure. But even from the few
expected counts. _The_ low counting rate is also good evidence th"ﬁtnages we have analyzed, we can make the following obser-
the double—negative-ion does not exist: compare the 22 counts okziong (i) The average separation between the fluorine ions
served in 20 min with the foobserved in 10 min for the BgF ;' i Figs. 4a) and 4b) is about 9um, which corresponds
and MgF“ . Lower panel: Similar figure for the injection of mass to an explosion anglémeasured with respect to the initial
44.5. No evidence was seen fii’LiF,2~ although there were . ; . ;

X - . trajectory of 5 mrad. This angle is considerably larger than
strong single- and double-coincidence peaks. The higher-order C?ﬁe calculated multiole-scatteri 7 d for 2.68
incidences are missinghe black dots show their expected number S ple-scatiering a_ng{lé. mrad for <.
of countg and the single- and double-coincidence peaks are comMeV fluorine ions, 0.14 MeV/amg, in charge staté }4and
consequently suggests that the images we see reflect struc-

pletely explained as arising from the injection of the tails of the 5 . i
SLiF, (mass 4#or ‘LiF,~ (mass 45 The black squares joined by tUre. (i) The average separation between the fluorine atoms

the broken line show the expected values for the single-and doubldS rélatively constant from one image to anothgii) In
coincidence peaks assuming a transmission of 10% average nearly all images, the Be and Mg lie outside of the quadri-
value of the transmissions observed throughout this expementateral formed by the four fluorine atoms.
and a negative ion containing only two fluorines arriving at the ~ The major destabilizing force in dianions is Coulomb re-
terminal. pulsion between the extra two electrons. Although in prin-
ciple a linear structure might minimize Coulomb effects by
before the experiment and after to install and remove theroviding the most separation between the electrons, it is
foils. Another major problem is estimating the proper “ex- hard to conceive of how such a structure could be built from
posure” for the Coulomb-explosion films. For the carbonmonovalent fluorine atoms. ¥1X,2~ is a symmetric mol-
experiments, we were able to estimate the exposure fairlgcule, only two structures are possible: a tetrahedron with the
accurately from the analyzed beam since the injected beawikaline-earth-metal ion in the center and a quadrilateral-
was almost entirely composed of the carbon dianions. Fobased pyramid with the alkaline-earth metal at the apex. An
this experiment, we were plagued by the injection of con-elongated tetrahedral structure is preferred from a theoretical
taminant beams at neighboring masses. Because thmsis[30]. Weikert and Cederbaum calculate the distance
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mid with the alkaline-earth-metal atom at its apex. Unfortu-
nately, more data are needed to distinguish between these
possibilities.

CONCLUSIONS

Accelerator mass spectrometry provides a useful and rig-
orous method of positively identifying molecular dianions.
Unlike conventional mass spectrometry that permits only the
charge-to-mass ratio to be measured, AMS effectively allows
an independent determination of mass and thereby deter-
mines, without ambiguity, charge. We have used this method
to experimentally verify the existence of a theoretically pre-
dicted small dianion.

AMS techniques have been used to search for four small
molecular dianions, Lig~, Li,F,%~, BeFR?", and MgR?~,
for which Scheller and Cederbaui8] and Weikert and
Cederbaum[30] report electron detachment energies of
greater than 1.5 eV. The alkali-metal fluorides, {4F and
Li,F,2~ were not observed. We place an upper limit on their
formation rates in a sputter source of 8and 107 that of
19F~, respectively. Calculations of the Cederbaum group
rather definitively argue for the stability of LiF and
Li,F,2~. Our inability to observe these dianions suggests that
the alkali-metal dianions either are not formed or, if formed,
have lifetimes less than 1@s. If the latter is the case, it
could be that the short lifetimes of these ions are an artifact
of producing them in a sputter source. It is certainly the case
that sputter sources are very effective in producing small
dianions, in fact all small dianions to date have been pro-

Me
Tie
Me

duced in Cs sputter sources. But it is also known that sputter
sources produce ions in high states of excitation. Perhaps the
vibrational excitations of LiE?~ and LiLF,?~ are sufficient to
destabilize them. If this is the case, then heavier dianions in
the classMX3?~ and M,X,2~ formed in a sputter source
might have longer lifetimes. We plan to look in the near
future for KR?~ and K,F,2~.

. Earlier investigator$34] using a CAMECA IMS-4f ion

. . icroprobe were unable to detect the alkaline-earth-metal
Pmduced by the Coulomb e.Xplos'on (.)f B.‘éF (8 and Mgk*~ (b) tetraflﬁoride dianions; we now present definitive evidence for
in 1.5—-1.6 ug/cn? carbon foils. The dianion energy was 12 MeV . . . . .

and the separation between the polycarbonate and carbon foil wr;[lhe'r. existence based on identification using AMS. If these
about 0.8 mm. Each box represents a single photograph that h anions are not stable, they must have Ilfetlme§ greater_ than
been oriented so that the track left by the alkaline-earth-metal ionfv20 us. However, t_hey are only Wezikly formegjgm_a cesium
readily distinguishable from the fluorine ion, is at the bottom, ~ SPUtter source with intensities about 10that of °F; they

are two to five orders of magnitude less intense than the
between the apex fluorine and the alkaline-earth-metal atordianions composed of carbon clustgsg].

is about 70% longer in the case of B&F and about 90% Further studies of structure and stability are being con-
longer in the case of Mgf than the distance between the templated. Improving structure determinations using the
alkaline-earth-metal atom and the three fluorines forming th€€oulomb-explosion method would require many more obser-
triangular base. Our data from the Coulomb-explosion im-ations (on the order of 100 but such a large number of
ages are much too limited to allow us to make any definitiveimages is not possible with our current injector because of
statements about structure. However, results from a very liminterferences from contaminant ions injected along with the
ited Monte Carlo simulation suggest that for the structureBeF;>~ and MgF?~ ions. Adding an electrostatic analyzer to
proposed by Weikert and Cederbaum, the majority of CEl'sthe injector would reduce the tails of the neighboring peaks
should have the alkaline-earth-metal ion within the confinesind perhaps make such a large number of measurements pos-
of the quadrilateral formed by the four fluorines. We find thatsible. Electron affinity measurements would establish the sta-
the alkaline-earth-metal ion is found always outside the foubility of these ions. However, electron affinity measurements
fluorines. Unless our results are simply a consequence of lown dianions are extremely difficult because of the low inten-
statistics, they suggest the ions are oriented before they strikgty of dianion beams and the added difficulty, when dealing
the foil, or that the structure of the dianions is really a pyra-with molecular ions, of insuring that they are in their ground

50 um

FIG. 4. Coulomb-explosion images of BEF and MgR?>.
Photocopies of photomicrographs of tracks in polycarbonate plasti
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states(no vibrational or rotational excitationSo far, we the future that such measurements could be improved using
have established limits on the electron affinity of only onethe recently developed ion trap37].

double-negative iorf35]; the alkaline-earth-metal dianions
would be much more difficult because they are much weaker ACKNOWLEDGMENTS

in intensity. It is possible that the ions we observe are meta- \We wish to thank the NSF for supporting this work under
stable. So far we have only been able to establish limits oiGrant No. PHY 94-17364 and, Harry White, who assisted in

the lifetimes of several dianioni82,3€], although we hope in

all phases of this work.
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