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Production of singly charged fullerenelike fragment ions in a fast H&*-Cg, collision
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We measured singly charged fullerenelike fragment ions by high-resolution time-of{fli@#% mass spec-
troscopy in collisions of 10 MeV He with Cq,. The experimental TOF spectrum was compared with Monte
Carlo simulations based on the statistical é@nission model using two different combinations of transition
states and activation energies of fullerene ions. When a very loose transition state and high activation energy
of fullerene iong9.5 eV for G,") are used, the simulation successfully reproduces the experimental spectrum.
This indicates that the dominant process of production of singly charged fullerenelike fragments is sequential
C, emission, clearly supporting the combination of higher activation energies and a very loose bound transition
state.
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. INTRODUCTION tracted internal energy of parenggdons atv <1 a.u.
In addition to FLFI production, investigations of the acti-

Collision-induced fragmentation and ionization of,C vation energy of Gemission for G,* have been extensively
have been intensively studied in the last ten years. In particyperformed experimentally and theoretically—8,10,11,27—
lar production processes of singly charged fullerenelike frag29]. Experimental values before 1998 are around 5-8 eV
ment ions (FLFI's) have been investigated using various[3—8,10,11, while quantum-chemical calculations predict
techniques, such as low-energy electron impact, nanosecontigher values of about 10 el27-29, which seems to be
pulse laser irradiation, and low-energy collision of,@ns  more accurate as supported in recent experimental work
with atoms and Surfacd:g__z:l;l_ Hve|p|und et al. proposed [12,16,12 In particu!ar, Laskinet al. and Lifshitz carried
sequential G emission as a production mechanism forOUt metastable-fraction measurements of FLFI's and ob-
FLFI's in collision of Gyo" with gaseous targetsl]. Mark tained +h|gh.act|vat|.on energies forflfg_c,ﬁof lons (9-5_6\/
and co-workers showed in their electron-impact experiment{0" Ceo ) using a microcanonical dissociation model includ-

- o ; ol ing radiative cooling of fullerene ionsl6,30.
?a’isperg:irgzilnéez]wlssmn dominates over,@mission for The time-of-flight (TOF) spectral profile of FLFI's has
56 -

In collisions of fast ions with velocities much larger than information about various physical quantities related directly

the Bohr velocity. FLEI production can b nsidered to br to the fragmentation mechanism, such as reaction rates, ac-
€ bonr velocity, | production can be consIdered 10 pro;, 4o energies, internal-energy distributions of the parent
ceed in the following way. First, valence electrons @f &re

) 9 e €t Ceo iOns, and so on. Such quantities can be studied using
excited by the projectile ion, and then thg,@on is vibra-  pigh resolution TOF spectroscopy, which has, however, not
tionally excited via electron-phonon coupling. Finally, FLFI heen performed so far to our knowledge. We have performed
production occurs via sequential, @mission from the ex-  gych a high-resolution study of the FLFI production by 10
cited Gy ion. This situation is similar to femtosecond laser pev He?* ions of velocity about 10 a.u. In this paper, we
irradiation [22]. In this high-velocity region, however, few present high-resolution data of the TOF spectrum measured
measurements of FLFI's have been performed s¢Z824,  in the mass range from<g" to Csg™. We also carried out
and the FLFI prOdUCtion mechanism is not well UnderStOOdsimu|ations of this TOF Spectrum using a Sequent@mis-
Below and near the Bohr velocity, a few studies of singlysion model based on the Rice-Ramsperger-Kassel-Marcus
charged FLFI production have been performed. In theseRRKM) formalism[31]. It is shown that the present experi-
studies, sequential emission was assumed and an energymental result strongly supports the combination of high ac-
transfer to the vibrational modes ofgfions was argued. tivation energies and a very loose transition sfdt6,30),
Using He ions of velocities =0.1-1 a.u., Schlathier et al.  indicating that the dominant process in singly charged FLFI
suggested that FLFI production is induced by direct vibraproduction is sequential &mission in fast-ion collisions.
tional excitation[25]. On the other hand, for Hions of v
=0.2-3.5a.u., Opitet al. claimed that FLFI production is
induced by vibrational excitation due to electron-phonon
coupling after electronic excitation even in the low-velocity In Fig. 1, a schematic drawing of our experimental setup
region <1 a.u.)[26]. They extracted internal-energy dis- is shown. The measurements were performed with 10 MeV
tributions of parent g, ions from intensities of FLFI's using He?" ions provided by the RIKEN Linear Accelerator
the simple Rice-Ramsperger-Kassel theory and the sequefRILAC). The ion beam was well collimated to about 2
tial C, emission model. Their electronic energy loss esti-x 2 mn? upstream of a g, vapor target. The g target was
mated by a conventional calculation agreed with the exprepared by evaporating & powder (99.98% purity at

Il. EXPERIMENT
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500°C in a temperature-controlled oven. The effusivg C We suppose that the/q-dependent part arises mainly from
beam was introduced into the collision region through a holdhe target thermal motion.

(1 mm in diameterat the top of the oven and collimated by The detection efficiencies ofgg* ions were determined
an aperturg3 mm in diameter located 34 mm under the from measurements of intensity variation of,dons as a
He-ion beam. The incident beam and thg, Geam crossed function of energy impinging on the MCP front plate in the
each other at right angles. Residual gas pressure in the cgi@Me way as in Ref.33]. At the impinging energy of 5
lision chamber was kept below>2108 Torr during the ex- Xq k_eV, detection eff|C|enC|es_of the ion detector were ap-
periment. The mass-to-charge ratim/g) of each ion pro- Proximately 0.75, 0.95, and unity fg=1, 2, and 3, respec-
duced was determined with the time-of-flight method_tlvely. The efficiency forg=1 is much higher than the 0.4

Electrons emitted from £ were extracted from the collision used in[24,33, in which two-stage MCP's were (lf’ed' we
region and were used as the start signal for the TOF meaa_ssumed that the detection eff|C|enC|es. for"C (n
surement. The electron detector was a two-stage multichan- o0-58) are the same as those fop @ns with the same
nel plate(MCP) with an active diameter of 14 mm. The TOF charge stat¢19].

mass spectrometer was designed to fulfill the Wiley-

McLaren spatial-focusing conditiof82]. The bias voltages IIl. TOE SPECTRUM OF SINGLY CHARGED FLEI'S
to the repeller and extractor electrodes were adjusted so asto ] )
minimize the TOF peak width of th&Cgy," ion. Extraction Figure 3 shows an experimental TOF spectrum in the

electric fields of 1942 cm) and 620 V/cm(1 cm) were used ~ 'ange from Go' to Cgo'. Roughly speaking, the peak inten-
in the first and the second extraction regions of the TOF masgities of Go-2," (n=1-5) decrease exponentially with in-
spectrometer, respectively. The extracted ions entered a fiel§€asingn (see Fig. 5 beloy This is consistent with other
free drift tube of 15 cm. After passing through the drift tube,

ions were accelerated again toward a 40-mm-diam three 2%

+ L 2+ o 3+
stage MCP with an entrance voltage-65 kV. Each detector F %o ooooo [ Ceo [ Co
has an impedance-matched anode for a fast timing read ou 50000 [ - 20000 -

TOF spectra were obtained using an 8-hit time-to-digital [ 720amu - I,
converter(TDC, LeCroy 4208 The successive signal-pulse L] [t .
separation of our measurement system is 20 ns due to th ""®®°[ - ot o

dead time of the discriminator.

In Fig. 2, TOF spectra of " (q=1,2,3) are shown in
order to demonstrate the TOF resolution of the present setug
Each TOF spectrum consists of several peaks correspondin
to (Y2Ceo_n°C,) 9" ions with different numbers of®C at-
oms. Intensity ratios among thesg,@eaks are consistent
with what are expected from the natural abundance of carbor ot i 0 det™
isotopes. Each peak has a finite width, which may be attrib- 1410 a0 10000 10050 g7 820
uted to fluctuation of the timing detection and thermal mo- TOF(ns) TOF(ns) TOF(ns)
tion of the target g, The effect of the first is independent of FIG. 2. TOF spectra for £%* (q=1,2,3) are shown. Solid
m/q, and the timing detection resolution is estimated to becircles correspond to experimental results. Dotted lines correspond
only 2 ns from the peak widths dfCe?" (q=1, 2, and 3. to simulation results(See tex®.
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ML L L L L thermal velocity of target g for each trajectory were gen-
500 - . erated using random number generators. We also considered
. N the effect due to uncertainties of the lengths of the accelera-
400 |- C " Cao ] tion regions and the drift tube. It was found that an uncer-
I tainty of several tens of micrometers gives rise to a TOF
w 300 | ‘ S difference of several nanoseconds #6€q," (14175 n$. In
*é i C,, !‘ | actual simulations, these lengths were adjusted appropriately
K ’ g‘ ! within the uncertainties so as to reproduce the TOF peak
200 - . { position of 12C¢,". The simulated TOF spectra o&" (q
I . c.* Ce ; ; =1,2,3) are shown in Fig. 2, illustrating the validity of our
100 | G, 52 1 i i assumptions for the initial conditions.
I ‘ ‘ s, : In the next step, fragmentation rate functid(&(C,"))
0 MM . h ! of C, emission from G*, whereE(C,") is the internal en-
12800 13000 13200 13400 13600 13800 14000 14200 ergy of G,*, were calculated for parentggions and all the
TOF (ns) » fragment ions using the RRKM formalisfp—8,10,11 given
FIG. 3. Experimental TOF spectrum is shown for the TOF by
ranges from G," to C4,". The dotted line corresponds to experi- aG*(E—E,)
mental data multiplied by 0.002. Short vertical lines represent the k(E)= T(E)

estimated TOF peak positions &Cgs," and °Cg,_»," assuming

that they are produced simultaneously with ionization. . . .
wherea is the reaction path degenera&; (E—E, is the

studies of singly charged FLFI productidii,23-25,34 sum of state numbers of the transition state up to the energy

Each peak of FLFI is more than five times wider than that ofE ~ Eac:EaciS the activation energy of LemissionN(E) is
Ceo' and its tail on the longer TOF side is found to curve the density of states of C at internal energy, andhis the
much more gently than that on the shorter TOF side. Thiglanck*constanta was chosen as/2 for the Q‘_ dissocia-
asymmetry becomes less prominent with lighter fragmenfion- G*(E—Ead andN(E) were evaluated using the Haar-
ions. As discussed below, these wide and asymmetric pedl°!f @pproximation[35]. For simplicity, the average vibra-
shapes arise from the fragmentation mechanism. They aridi" frequency and the mean square of frequencies used in
neither from a mixture of g with a different number of’c ~ the Haarhoff expression fo6* (E—E,J and N(E) were
nor from the thermal motion of the targetC taken as the same values a§)¢b_r all other ions. The fre-
The short vertical lines in Fig. 3 represent the TOF peakduency of the active mode was fixed at 902 rfor all the
positions of 2Cqy_,,* fragments when they are produced ions, obtained by multiplying by 0.88 the average vibration
promptly with zero recoil energy. It is seen that all the TOF Tequency of the Stanton and Newton calculatjg6], fol-

peaks are not only tailed to but also shifted to the longer TOROWINg other calculation$s,8]. .
side from the corresponding vertical lines. These features At each fragmentation step, a part of the internal energy

. S 5

strongly indicate that the fragmentations take place after & Cn' iS converted to the kinetic energy+on@nd G2

Ceo is ionized by a projectile ion. The kinetic energy release (KER)er(C, ") was assumed
to follow a Maxwell distribution with a mean value of

IV. DISCUSSION o E(Cy)—Ead G +EL(Cy )
(Exer(Ch )>: 3n—6 ’

A. Monte Carlo simulation of C, emission

In order to analyze the experimental TOF spectrum, we _ L .
assumed a sequentia} Emission process from a pareng,C whereE, is th_ ze(o-pomt vibration energy. The internal en-
ion and carried out Monte Carlo simulations using fragmen£rdy of Gi—2" is given by
tation rates calculated by RRKM theory. TOF spectra were N . .
simulated numerically by calculating the ion trajectories in- E(Ch2")=[E(Cy") —EadCh)
side the TOF mass spectrometer. In this trajectory calcula- 3(n—2)—6
tion, it is assumed that £emission takes place sequentially —Exer(Ch )] ———
with a mean lifetime corresponding to the inverse of the 3n—7
calculated reaction rate. The present simulations also in-

cluded a recoil effect due to,Gemission and the radiative AS Pointed out in[20,37,38, the radiative cooling of
cooling of the internal energy of ions produced. The calcufullerenelike ions is an important competitive process in the
lation procedure is as follows. statistical G emission. Following Ref[37], a continuous

First, as the initial condition of the trajectory calculation, Plackbody type of radiation was assumed as the radiative

we considered the thermal motion of targeg,Ghe geomet-  €00ling mechanism, and the cooling rate is given by
ric distributions of the incident-ion beam and thg,@no-

lecular beam, and then/g-independent fluctuation of the d—E(rad)——A T4

timing detection. The starting position of the trajectory and dt T Agseel
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FIG. 4. Fragmentation rate functions for
Coo"—Csg" +C, are shown(see text Solid line
corresponds to the rate function of simulation |
(the activation energy of &' is 7.1 e\). Dashed
line corresponds to the rate function of simulation
Il (the activation energy is 9.5 gV

Reaction Rate (1/s)

Internal Energy (eV)

where A is the surface area of C, osg is the Stefan- with a very loose transition state are around 10 eV, and they
Boltzmann constant, and is the temperature in a microca- are close to theoretical predictions.

nonical ensemble of £. The emissivity constant=1.4 In order to include a very loose transition state corre-
X 10" X T® was used, wher@ is measured in kelvin. The sponding to high activation energies, we changed the simu-
emissivity constant was estimated from the radiation intenlation I as follows. Activation energies of,@mission in the
sity at 1500 K in Ref[37]. This cooling rate is of the same reaction rate formul&(E) were replaced by a second set of
order as the power loss calculated by Chupka and Klot agctivation energies, but the vibration frequencies used in the
internal energy around 40 ef88]. The energy loss due to Haarhoff expression ok(E) were not changed. For this
radiation was subtracted from the internal energy and th&ompensation thi(E) was multiplied by 3<10% in order to

dissociation rat&(E) was recalculated accordingly at every malie th? calculated reaction rate of the reaction
time step in the trajectory calculation. Ceo —Csg" +C; close to the experimental value obtained by

We examined two sets of activation energies for C, electron impact at an internal energy of about 50[8Y/ If

emission from fullerene ions. As the first set. we used aonIy the activation energy is changed, the calculated reaction
sperimentally determined 'ti . ’f 71 eV f Nate becomes much smaller than the experimental one. This
experimentally dete ed activation energy of 7.1 €V 10fga) reaction rate might lead to a higher internal energy for

Ceo" [8] and relative values with respect to 7.1 eV for otherq parent G,* than its actual distribution. Figure 4 shows
fullerene ions[14]. The simulation using this set of activa- {4 reaction rates of Lemission from G," for the simula-
tion energies is referred to as simulation 1. tions | and II.

_ Recently Laskinet al. and Lifshitz obtained high activa-  sjnce our experimental result indicates that most of the
t|on+energ|es of gemission from Gg™ to Cgo™ (9.5 €V for  fragmentations occur afterggmolecules have been ionized
Ceo ') s0 as to reproduce time-dependent metastable fractions, He?+-jon impact, we neglected the delayed electron emis-
and break down curved6,3(. We used their activation en- gjon after the sequential,@mission from an excited neutral
ergies as the second set and this simulation using the secopd ent Go in our simulation. Actually, our recent TOF ex-
set is referred to as simulation 1l. Because the transition StatSeriment using a chopped 10 MeV Hebeam shows little

of C, emission is correlated with the activation energy, thecomponent due to such delayed electron emission.
transition state should also be reconsidered accordingly.

In Ref.[16], Laskinet al. reported that the transition state
of C, emission is very loose and a corresponding Gspann
parametef39] is 33, while the Gspann parameter of about In order to reduce the calculation time, we calculated tra-
24 is obtained for an activation energy of about 7 e¥((G.  jectories only for parent & ions that have internal energies
Note that the Gspann parameter becomes larger with a looserore than 35 eV becausegC ions with internal energy
transition state. Wigidtter et al. reported that a very loose below 35 eV cannot fragment tos§ before entering the
transition state leads to high activation energies of about @rift tube of our TOF analyzer. We also assumed that the
eV for C4", but they claimed that such a loose transitionfunctional form of the internal-energy distribution at larger
state is unrealisti¢10]. Hansen and Campbell reported athan 35 eV isf(E) =exp(—E/Ey) because the internal-energy
very high Gspann parameter of f40]. Matt et al. extracted  distribution of the parent &' is not well known in fast-ion
the activation energy from their kinetic energy release meaeollisions. The adjustable parameky was determined so as
surements by assuming very high Gspann parameters of 38 reproduce the relative yieldpeak intensity ratigsfrom
and 37.6(15,17). Their activation energies ofg and Gg*  Cso™ to Csg”. As shown in Fig. 5, we can reproduce the

B. Comparison between simulation and experiment

043205-4
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FIG. 5. Relative peak intensities fromy{ to Csg" are shown. . .
Solid circles correspond to experimental results. Open squares witt 400 - — Simulation-1I 3
a dotted line correspond to the results of simulation | using the form

f(E) =exp(—E/Ey) with Ey=4.7 eV. Open triangles with a dotted 8 300
line correspond to the results of simulation Il using the same form g
with Eg=7.9eV. o
0 &S 200
relative yields fairly well usinggq=4.7 and 7.9 eV for the 100
simulations | and I, respectively.
The TOF spectra of both simulations are shown in Figs. 0 b
6(a) and Gb), respectively, where the simulated TOF spectra 12800 13000 13200 13400 13600 13800 14000
were normalized to the experimental one by the sum of the TOF (ns)

intensities from G,* to Cgg". As shown in Fig. 6), simu-

lation | does not agree with the experimental result, namely, FIG. 6. Comparison of the experimental TOF spectrum with
all simulated peaks are much wider than the correspondingimulation results is shown. Solid circles correspond to the experi-
experimental peaks and the peak positions are shifted to theental result. Solid lines correspond to the simulation res(djs.
longer TOF side. In contrast to simulation I, we get fairly The result of simulation I using the fori{E) = exp(—E/Ey) with
good agreement between the experimental TOF spectrufo=4.7 €V for the internal energy of pareng4C ions before frag-
and simulation II. In particular, the tail at the longer TOF mentation(b) The result of simulation Il using the same form with
side and the peak position for each fragment ion are reprd=o="7.9 eV for the intemal energy of parengdC ions before frag-
duced very well. However, the tail at the shorter TOF side ignentation.

somewhat sharp. parent G," ions. In simulation | the relative yields can be

R . o
lon 1 decreases more rapidly with decreasing mternal enlcProdLced well usingEo=4.4eV; but the experimental
. . ) ; TOF spectrum could not be reproduced. On the other hand,
ergy than simulation . Also, the loss of internal energy in C oty the relative yields and the TOF spectrum can be repro-
emission in simulation 1l is larger than in ;lmulathn l. duced very well usingE,=6.9eV in simulation II. In the
Therefore, we suppose that the metastabl@@ission with jnternal-energy region where the present measurement is
several microseconds lifetime, which makes a tail at thesensitive, it was found that the internal-energy distribution in
longer TOF side of each peak, is suppressed in simulation ferms of this functional form is similar to that in terms of the
and the steep peaks observed experimentally are reproducgdove-mentioned exponential form for simulation 1.
very well. The present result clearly supports high activation ener-
It was also found that the simulated TOF spectrum with-gies and a very loose transition state. It also indicates that the
out radiative cooling is similar to that with radiative cooling. dominant process of singly charged fullerenelike fragment
This indicates that our TOF profile measurement is insensiproduction is the sequential,@mission in collisions with
tive to radiative cooling compared to the metastable-fractiorvery fast Hé" ions. The peak shapes of multiply charged
measurement. The reasons are that the present measuremiehEl's are very similar to those of singly charged FLFI's.
is sensitive to the fragmentation of with internal energy ~ This implies a very loose transition state for thge@nission
of more than about 45 e{p to about 80 eyand thatthe ¢  of multiply charged FLFI's as reported for the, @mission
emission dominates over the radiative cooling in this regiorffom Csg'" (4=1,2,3) by Foltinet al. [15].
[16,30. In contrast, the present measurement is sensitive to
the activation energies and transition state as shown here.
We also carried out the simulation assuming another form We applied high-resolution TOF spectroscopy to measure
f(E)=E exp(—E/Ey) for the internal-energy distribution of singly charged fullerenelike fragment ions in collisions of

V. SUMMARY

043205-5
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Ceo With 10 MeV He&". The time resolution of the TOF transition state and high activation energi@s$ eV for G,")
analyzer was good enough to separate the peak at 720 amdg,30 are used, the simulation successfully reproduces the
12Csot, from that at 721 amu,'{Css'3C)*. Each peak of experimental spectrum. Thus, the present result clearly sup-
fullerenelike fragment ions is skewed to the longer TOF sideports high activation energies and a very loose transition
We simulated the TOF spectrum based on the statistigal Cstate and indicates that the dominant process of production of
emission model using two sets of combinations of transitiorsingly charged fullerenelike fragments is the sequential C
states and activation energies. As for the internal-energy dissmission in collisions with very fast Hé ions.

tribution of parent G,* ions, we assumed simple functional

forms So as to reprodpce the peak intensity r_atios among ACKNOWLEDGMENT
fullerenelike fragment ions. When the conventional transi-
tion state and activation energi€s1 eV for G,") are used, We would like to thank the staff members of RILAC for

the simulated TOF spectrum does not agree with the experpreparing a beam for our experiment, and also for their sup-
mental TOF spectrum. On the other hand, when a very loosport.
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