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Fragmentation patterns of multicharged C¢,™" (r=3-5) studied
with well-controlled internal excitation energy
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We have studied the relaxation of triply charged Cg, obtained in collisions F2++C60HF_+C603+* at low
impact energy (E=6.8 keV). Depending on the excitation energy, these initial parent ions decay following a
variety of channels, such as thermal electronic ionization, evaporation of C, units, asymmetrical fission, and
multifragmentation. Using a recently developed experimental method, named collision-induced dissociation
under energy control, we were able to measure the energy deposited in C603+* for each collision event and to
obtain an excitation energy profile of the parent ions associated with each decay channel. In our chosen
observation time scale of the order of 1 us, evaporations and asymmetrical fissions of C603 *4* occur when the
internal energy is in the range from 40 to 100 eV. The multifragmentation becomes dominant for multicharged
Cyo' ™ parent ions from 100 to 210 eV. In the case of Cy,**, the multifragmentation channel is opened at low
energy (40 eV). Therefore, in the energy range 40-100 eV, the asymmetrical fission, evaporation, and multi-

fragmentation channels are in competition.
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I. INTRODUCTION

The fragmentation of Cg, has drawn great attention from a
broad range of scientific communities during the last decade.
A large number of experimental and theoretical studies have
been dedicated to Cgy using single-photon or multiphoton
excitation [1-3], electron impact [4—6], and collisions with
neutral or charged atoms [7-12]. The specific scientific inter-
est in the Cgy molecule, considered now as a model system,
is related to its exceptional symmetric and stable structure. It
offers the opportunity to prepare easily a mass-selected neu-
tral cluster jet in the laboratory. The fragmentation of Cg
depends sensitively on its charge and internal excitation en-
ergy. Generally speaking, hot multicharged Cg fullerenes de-
cay by the multifragmentation (MF) process. In collisions
between multicharged ions and Cgy, multicharged Cg, with
relatively low internal energy can be prepared via an electron
exchange process. With this method, the asymmetric fission
(AF) of Cg has been observed for a charge state as high as 9
(8]

In most fragmentation studies, information on the internal
energy of Cgq prior to fragmentation was obtained by mea-
suring the appearance energy (AE) of the fragment. In gen-
eral, the cross section of a specific dissociation channel char-
acterized by a daughter ion—for example, Csq" resulting
from the evaporation of a C, unit—was measured as a func-
tion of the kinetic energy of the incident particles (electrons,
atoms, or ions) or the energy of the photons [3]. At the AE,
the effective energy conversion efficiency (ECE) from the
incident particle to the target was assumed to be about 100%.
Beyond the AE, the ECE decreases due to the increasing part
of the kinetic energy carried out by the scattered particle or
by the ejected electrons. In these cases, a complete energy
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analysis of all particles involved in a single interaction
should be required to evaluate the energy deposited in the
target by the energy conservation relation.

So-called double-charge-transfer spectroscopy (DCTS)
has been developed to measure the second ionization poten-
tial of diatomic molecules [13-16]. Recently, we have ex-
tended this method to study the fragmentation of Cg, [17].
This extended method is named, thereafter, collision-induced
dissociation under energy control (CIDEC). In a CIDEC ex-
periment, the kinetic energy of the incident ion beam is kept
constant. The energy deposited in the target is “scanned” due
to the random distribution of the impact parameter. Events
corresponding to grazing collisions where the scattered pro-
jectile carries a negative charge are selected. For such colli-
sion channels, a simple relation between the energy depos-
ited E; on the target, the energy defect 6 of the reaction, and
the kinetic energy loss AE of the projectile can be estab-
lished easily, E,=AE— & (see Ref. [17]). The key point of this
method is based on the well-known atomic energy level oc-
cupied directly by the transferred electrons. As the excited
states of the anions involved in our experiments are unstable
and generally lead to neutralization in a time scale shorter
than 100 ns [14], we reasonably consider that the scattered
atomic anions are prepared in the ground state. Therefore, by
measuring the kinetic energy loss of the anion, it is possible
to determine the energy deposited in the target during the
collision and to measure the relative cross section of a spe-
cific dissociation channel versus the excitation energy of the
parent Cg.

We have reported in a recent paper [18] the measurement
of the cross sections of the evaporation channels of Cg,***
prepared in the collision H*+Cgy— H +Cy > with the
CIDEC method. Narrow excitation energy windows corre-
sponding to the detection of Csg**, Css**, and Cs,** were
observed. These narrow peaks were in contrast with the typi-
cal broad shaped curves obtained in photon or electron im-
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pact measurements as a function of the energy of the incident
particle. The measured distributions were simulated with a
statistical-cascade model without any hypothesis on the in-
ternal energy distribution of the parent Cgp.

In the present paper, we study the decay of C,”"" parent
ions using the CIDEC method in the collision F?*+Cg,
—F +C,,’*". The main interests of this reaction are first to
produce Cg ions at higher initial charge state and second to
produce hotter Cg in order to study the decay in a larger
internal excitation energy range. In such collisions, three
time scales can be distinguished. During the collision, the
electron capture and energy deposition via electronic interac-
tion occur in a very short time scale, less than 1 fs. Then,
competition between the thermal electronic ionization (TEI)
and the energy transfer from the electronic to the vibronic
degrees of freedom leading to the heating of the Cg4, cage
takes place in a time range of ps. The TEI leads to a fast loss
of electrons and the formation of intermediate parent ions at
a higher charge state, C¢** or Cg,’*. Finally, the excited
Cgo’ ™ or intermediate-parent ions Cy,** (r=4,5) decay via
dissociation in a larger time scale.

In a previous experiment [17], the ratio for the production
of F~ via three-electron capture was measured to be about
3% of the total charge exchange cross section and the energy
deposited in the Cg to be from 40 to 200 eV. In the present
work, we report on the excitation energy distribution of the
parent ions for each fragmentation and ionization channel.
The center and width of the measured energy windows asso-
ciated with a large number of decay channels are presented.
From these data, it is possible to get more insight into the
decay dynamics of the Cg, via evaporation of C, units, ther-
moelectronic ionization, asymmetrical fission, and multifrag-
mentation.
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II. EXPERIMENT

The experimental setup used in this work has been de-
scribed in detail elsewhere [8,17]. The projectile ions F**
were extracted from the electron cyclotron resonance (ECR)
Nanogan 3 source at Lyon at a voltage of 3000 V providing
a typical ion current of about 1 nA in the interaction region.
The crystalline fullerene powder (consisting of approxi-
mately 99% of Cg, and 1% of C,y) was evaporated in an
oven heated to 500 °C. The effusive beam formed by the Cgj
vapor crossed the F>* ion beam at right angles between two
extraction plates polarized to —350 V and —-450 V, respec-
tively. The collision energy was therefore 6.8 keV at the
crossing point of the two beams where the electrostatic po-
tential was —400 V. Electrons and recoil ions including
stable C60’+, charged fullerenes, and smaller fragments were
extracted by a transverse electric field of 100 V/cm. The
energy loss of scattered negative fluorine ions was analyzed
using a translational energy spectrometer (resolution of 400)
composed of a cylindrical electrostatic analyzer (radius 205
mm) with an exit slit adjusted to 100 wm. The size of the
incoming F?* beam was drastically reduced using a small slit
(width 100 wm, height 500 wm) placed just before the in-
teraction region to improve the resolution.

The recoil ions accelerated to 2 keV were analyzed by a
standard time-of-flight (TOF) tube of about 850 mm in
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length. They were post-accelerated with a voltage of 3.4 kV
toward a detector equipped with two multichannel plates
(MCP) and a multianode of 128 pixels linked with 128 indi-
vidual discriminators. This device was particularly useful for
detecting identical ions and for measuring precisely their
multiplicities in the MF of highly charged C¢, parent ions.
The electrons ejected due to the fast TEI from the initial
parent C603+* were detected using a semiconductor detector
that measured the number n of electrons. The charge r of the
intermediate parent ion prior to the fragmentation was then
determined with the electron number conservation rule r=n
+3 (three electrons are stabilized on the projectile). To record
a spectrum, the scattered F~ ions were selected according to
their kinetic energy loss by scanning the voltage of the elec-
trostatic analyzer. For each voltage, the TOF of recoil ions
and the ejected electron number were measured in multico-
incidence and in event-by-event data acquisition mode. Dur-
ing our experiments, the single-collision condition was satis-
fied.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Triply charged fullerenes

A typical two-dimensional (2D) spectrum, named in the
following the excitation-energy recoil-ion (EX-RI) spectrum
[Fig. 1(a)], was built by plotting the recoil-ion TOF along the
horizontal axis and the voltage of the projectile analyzer for
detecting F~ anions along the vertical axis. The vertical scale
should be converted first to the kinetic energy loss of F~ and
then to the excitation energy of the target based on the
CIDEC method. However, an absolute calibration of the
electrostatic analyzer is not evident. In our previous experi-
ment using singly charged projectiles in F*+Cg—F~
+C602+* reactions [17], the kinetic energy loss of the anion
F~ was calibrated by means of collisions with rare-gas argon
atoms. This method is not suitable in the present case, be-
cause the F~ production cross section in the collisions F>*
+Ar—F +Ar** is too small. However, in both collision ex-
periments using F* and F>* projectiles, C583+ fullerenes were
obtained. In the first case, the Cs;”* fullerenes were obtained
from the C*** primary ions via first TEI (Cy,?" — Cy,***
+¢7) and second the evaporation of a C, unit from the inter-
mediate parents Cg,*** (Cgy*** — Cs>*+C,). Assuming that
the kinetic energy of the TEI electron is negligible, the inter-
nal energy of the intermediate parent ion Cg,™** that under-
goes further evaporation of a C, was estimated by subtract-
ing the third ionization energy of Cg, from the measured
excitation energy of the initial Cy,?*" parent ion. The ob-
tained value 46.8 eV of the internal energy was used in the
present experiment to assign the center of the C533+ peak,
which allows us to calibrate directly the excitation energy of
the target Cq,™*.

Projection of this EX-RI spectrum onto the horizontal axis
leads to the TOF spectrum of the recoil ions shown in Fig.
1(b). In principle, from the partial projection onto the vertical
axis of each spot in Fig. 1(a), one can extract the excitation
energy distribution of the initial parent ions C603+* related to
each group of recoil-ion fragments with the same mass over
charge ratio m/q, where m stands for the atomic mass of the
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FIG. 1. (Color online) (a) EX-RI spectrum recorded in F2++C60—>F‘+C603+* collisions. Horizontal axis: TOF of recoil ions. Vertical
axis: right scale, electrostatic analyzer voltage; left scale, excitation energy of the initial C603+* parent ions. (b) Projection of (a) onto the
horizontal axis. The spots and the peaks between C603+ and C604+ in (a) and (b) are reduced by a factor of 7.

ion divided by 12. The spot at m/g=20 is attributed without
ambiguity to C603+. From the projection onto the vertical axis
of this spot, we obtained a raw profile of the internal excita-
tion energy of intact C603+ ions. This raw profile was fitted
then with a Gaussian distribution convoluted by the instru-
mental broadening function of 7 eV in full width at half
maximum (FWHM). The obtained Gaussian distribution,
called the measured excitation energy distribution, is cen-
tered at E.=38.8 eV (Table I) with a width (FWHM) of A
=11.2 eV (Table II). In the following, measured energy dis-
tributions associated to other fragmentation channels were
obtained with the same data analysis method. Comparing to
the doubly charged C602+ produced by two-electron capture
[17,18], the C603+ ions are produced at a quite larger excita-
tion energy. This is mainly due to the larger energy defect of
the present reaction 6=—-22.2 eV. This value was calculated
using the ionization potentials (IPs) and the electron affinity
(EA) of fluorine (IP;=17.4 eV, IP,=34.9 eV, EA=3.4 eV)

[14] and the IP(s) of Cqy (IP;=7.8 eV, IP,=11.3 eV, IP;
=14.4 eV) [19].

A certain number of spots in Fig. 1(a) can be related to
several decay-channels. The spots of triply charged
fullerenes may result from either the evaporation of Cy,*** or
the AF of C,"** and C,,”**. The contributions of intermedi-
ate parent ions Cy,**"** resulting from the loss of 7 elec-
trons due to the fast TEI process are differentiated by mea-
suring the number n of ejected electrons. To measure
precisely the excitation energy of the evaporation channels of
the fragmentation-parents C603+*, we build an EX-RI spec-
trum [Fig. 2(a)] exclusively for events in which two condi-
tions were fulfilled. First, no electron was detected (n=0) to
ensure that the charge of the parent ion before fragmentation
was 3. Second, only one charged fragment was detected by
the MCP per event. The residual small peak of Cy,'* in the
spectrum [Fig. 2(a)] was due to the limited electron detection
efficiency (83%). The restrictive condition on the number of

TABLE 1. E.: center of the measured excitation energy distributions of the initial parent ions C(,O3+
undergoing directly the evaporation leading to C60_2m3 * or first the fast TEI and then the evaporation or AF
from the intermediate parent ions C604+ leading to C60_2m4Jr or C60_2m3+, respectively. Values are given in eV.

Evaporation of C, unit

Fission of intermediate parent C604+ ions leading to
two charged fragments measured in coincidence:
C," (n=2,3,4,6) and C6O_2m3+ (first column)

Number of C from
atoms in the from initial  intermediate
fullerene parent ions  parent ions
fragment  Cgy™* Ceo™ C,* oy c,t Ce
50 71.3 98.8 87.3
52 65.5 87.7 90.4 86.6 75.9
54 60.3 81.1 75.7 73.6
56 53.9 71.5 70 68.5
58 46.8 64.4 63.4
60 38.8 49.2
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TABLE II. A: width (FWHM) of the measured excitation energy distributions of the initial parent ions
C(,O3+ (as in Table I) undergoing direct evaporation or fast TEI followed by the evaporation or AF from the

intermediate parent ions C604+. Values are given in eV.

Evaporation of C, unit

from the initial from the intermediate
parent ions

parent ions

Fission of Cg,** leading to
two charged fragments
measured in coincidence:
+ _ 3+
C," (n=2,3,4,6) and C¢,_,,,”" (first column)

Number of C
atoms in the
fullerene fragment Ceo™? Ceo™ C,* cyt c,t Ce'

50 14.7 17.5 14.0 15.3
52 15.4 15.4 12.7 18.4 12.8
54 14.5 20.1 13.6 14.2
56 12.7 12.8 17.2 10.1
58 11.4 12.9 11.7
60 11.2 15.1

detected fragments is necessary to reduce the contribution of
the AF from Cy,** in case the ejected electron was not de-
tected. From the projection onto the vertical axis of each
spot of this spectrum, we obtained the raw profiles of exci-
tation energy of the parent C603+ ions for the evaporative
sequence Cgy”* — Cyo_pm " +mC, (not shown in Fig. 2) and
then the measured excitation energy distributions noted
N(C60_2m3+,E) after correction for instrumental broadening.
The center E, and the width A (FWHM) of the distributions
N(Cgy_»,F,E) are presented in the Tables I and II, respec-
tively. In Fig. 3, the value of E. is plotted as a function of the
fullerene fragment size. The linear dependence of E. on the
size is in agreement with the well-known Cg relaxation dy-
namics via sequential evaporation of C, units as shown in
Ref. [5]. From the data in Table I and II, it is also possible to
estimate the appearance energy for each evaporation channel.

Excitation

For instance, to produce C503+, the energy distribution is cen-
tered at £.=71.3 eV with a width of A=14.7 eV. It can be
considered that the production of Cs,>* becomes possible at
an “equivalent appearance energy”’ calculated using the
simple relation E.-A=56.6 eV. In an electron impact experi-
ment [5] in which the observation time scale (I us) was
very close to ours (1.3 us), the appearance energy was mea-
sured to be 58.5 eV, very close to our value. Direct compari-
son with the results obtained by UV photon excitation [2,3]
was more difficult due to the very different observation time
scales (up to 100 us) and different extraction methods. Nev-
ertheless, the general tendencies for appearance energies
agreed with our results.

The  measured excitation energy  distributions
N(Cgy_,,°",E) are presented in Fig. 4 for the three main
dissociation channels (m=1,2,3) corresponding to the first
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FIG. 2. (Color online) (a) EX-RI spectrum recorded in F2++C60HF‘+C603+* collisions with extra conditions to ensure that the parent
of the fragmentation process is C603+. (b) Projection of (a) onto the horizontal axis showing the evaporation sequence of C603+ fragmentation

parent ions.
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FIG. 3. (Color online) The center of the excitation energy profile
for the evaporation channels leading to Cy, ,,°* and Cgy o, "
fullerene ions from the fragmentation parents C603Jr (circle) and
Cyo™* (square).

steps of the evaporative sequence from C603+ ions leading to
triply charged fullerenes Cs**, Css**, and Cg,**. These
curves are simulated using a cascade model (see Ref. [18] for
details) for the time window (1.3 us) of this experiment.
The decay rate for the evaporative cooling process was cal-
culated with the Arrhenius formula based on the Rice-
Ramsperger-Kassel (RRK) statistical model [20]. The preex-
ponential factors were extracted from recent work [21], Ag
=12x10%" s7" and Asg56.54=2% 10" s7!. The dissociation
energy, D** for each fullerene parent was adjusted as a free
parameter in order to reproduce the experimental distribu-
tions. The best fit was obtained (Fig. 4) using the dissociation
energies Dy,**, Dsg’*, and D" presented in Table III. These
values are comparable to the theoretical ab initio calculations
of Ref. [22]. Therefore, our measured internal energy distri-
butions are in good agreement with the one expected within
the statistical evaporative cooling model. Nevertheless, an
enhanced energy resolution is still required in order to test
the theoretical models with a better precision.
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FIG. 4. (Color online) Symbols linked with solid lines: experi-
mental population distributions of evaporation products, C583+,
C563+, and C543+ fullerene fragments, as a function of the excitation
energy of the parent ions C603+. Symbols linked with dashed lines:
theoretical modeling. The lines in this figure are to guide the eyes.
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B. Quadruply charged intermediate parent ions: Evaporation

To study the decay of the intermediate parent ions C604+
resulting from the TEI (Cy,**" — Cy,**"+e¢7) of one electron,
an EX-RI spectrum [Fig. 5(a)] has been extracted from the
data files by selecting events in which one and only one
electron was detected. The TOF spectrum [Fig. 5(b)] ob-
tained by the projection of Fig. 5(a) onto the horizontal axis
presents peaks attributed to quadruply charged fullerenes
(C584+ and C564+) resulting from evaporation processes, triply
charged fullerenes (C583+, C563+, C543+, C523+, and C503+) due
to the AF processes, and small fragments (Cn+, n=1-15) due
to the MF processes.

In Fig. 5(a), the spots corresponding to Cg,** and Cs**
are slightly mixed respectively with the spots of C,s* and
C,,". However, an unambiguous attribution can be obtained
by analyzing the number of charged fragments detected in a
single event. From the data on Fig. 5(a) and by extracting
events in which one and only one charged fragment was
detected, another EX-RI spectrum (not showed here), only
composed of spots of Cy,**, Csg**, and Cs** ions, has been
built. The center E. and width A of the excitation energy
distribution of the associated initial Cy,*** parent ions are
given in the Tables I and II, respectively. The excitation en-
ergy E. is also displayed in the Fig. 3. Let us recall here that
in the tables and figures of this paper, the measured excita-
tion energies concern the initial parent ions Cg,™** even for
dissociation channels involving intermediate-parent ions of
higher charge state. Comparing with the values obtained for
triply charged fullerenes, an energy shift of about 17.2 eV is
observed for the couples of fullerene products with the same
size but different charge Csg**-Cye®* and Cy**-Css™*, while
the widths of the excitation energy distributions are very
close for the above fullerene couples. In the case of Csg, for
instance, the energy distributions of the parent C603+ ions
related to the couple of evaporation channels, Cg,**
—Css+2C, and Cy;** — Cy** +2C,, have similar profiles.
Assuming that the dissociation energy D for the evaporation
of a C, unit depends only slightly on the charge of the parent
ions, these two channels should be opened, respectively, for
Cq’" and the intermediate parent ions Cy,** in the same
internal energy window. The shift between the two profiles
corresponds therefore to the energy necessary for producing
the quadruply charged fullerenes Cy,** from the initial Cy,**.
The measured value E(Cgy 5, ")-E(Cgo_n,, ) is close to the
fourth ionization potential of Cg,, IP,=17.8 eV [19]. This
result suggests that in the cases when the initial energy is
shared between the fast TEI and the transfer to the vibronic
degrees of freedom, the kinetic energy carried by the ejected
electron is quasi-negligible. This is also in good agreement

TABLE III. Dissociation energy D60_2”3+ (n=0,1,2) for the

evaporation of a C, unit from a triply charged fullerene C60_2n3 *.

(a) this work and (b) Ref. [22].

(eV) Ceo Csg Cse
D3+ (a) 9.2+0.9 8.2+0.9 8.2*+09
D3 (b) 9.9 8.9 8.7
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with the well-established knowledge that the fast TEI is a
near-threshold process. Hence, the internal energy of the in-
termediate C,"** parent ions prior to the fragmentation can
be estimated by the measured energy of the initial parent
Cyo’™* minus the fourth ionization potential of Cgo(E,~IP,).
In contrary to the evaporation channels, a shift of about
10.4 eV obviously smaller than IP, is observed for the en-
ergy distributions of intact Cy,** and Cg,**. In the case of
Cy,'" ions, the internal energy distribution is centered at 30.8
eV (=49.2 eV-IP,). It is about 8 eV lower than that of the
Cy,’" intact ions. Let us recall that in the case of Cg,>* pre-
pared by H* impact, the internal energy was centered at 12
eV [18]. Tt is interesting to notice that due to the stability of
Cqo, the internal energy of intact Cg prepared in experiments
varies in a large range and is centered around very different
values from one case to another depending sensitively on the
excitation dynamics. On the contrary, consistent with the
cascade-statistical decay model, the first evaporation chan-
nels are opened in narrow energy windows with high-energy
selectivity and are nearly independent of the parent charge.

C. Quadruply charged intermediate-parent ions:
Asymmetrical fission

The triply charged fullerene peaks in the TOF spectrum
[Fig. 5(b)] could result from several AF channels of the in-
termediate Cy,"* parent ions. For instance, at least two main
channels Cg,"* —Cy>*+C,* and Cy** —Cy " +C, +C,
can contribute to the peak Cs,°*. These two channels could
be identified in a correlation spectrum between heavy and
light fragments as shown in Fig. 6. They correspond respec-
tively to the spots Css°*+C,* and Cs,>*+C,*. The excitation
energy distribution of the initial C¢,”*" parent ions was mea-
sured for each spot of this spectrum. The center of the dis-
tribution for all fission channels from the C604+* intermediate
ions is presented in Fig. 7 and Table L.

From Table I, one notices that the excitation energies for
the AF channel C204+HC583++C2+ and the evaporation
channel Cg,** — Cg™*+C, (Table 1) are very close. This re-
sult supports the two-step hypothesis on the fission process
[23]. First, a C, fragment escapes from the fullerene cage
and, second, one electron is captured by the multiply charged
fullerene from the receding neutral dimer. The initial process

involved in the two channels is similar and requires a very
close amount of excitation energy. Figure 7 shows also that
the excitation energy for the channel Cg,** — Css**+C," is
about 5.1 eV larger than for the channels involving the emis-
sion of a dimer, Cyy** — Cs>*+C,* and Cyy'* — Css**+C,.
It is explained by the fact that a larger number of bonds have
to be broken for extracting a C," than a C,*. However, the
excitation energies for the channels Cy,** — Cs.**+C,* and
Cgo"— Css"+C, " +C, are measured to be very close. This
is consistent with the assumption that the emission of the two
fragments C,* and C, is a sequential process [24] instead of
a two-step process, i.e., asymmetrical fission Cyy'"—Cse™*
+C," followed by dissociation of the small fragment C,*.
The last scenario would need an extra amount of energy for
the second step C,*—C,"+C,.
The data of AF in the Table I concerning the Cg,***
intermediate-parent-ions are displayed in Fig. 8 according to
3+ 3+ 3+ 3+ 3+
Cys Css Csa Csa Cio

14
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E T n
+
Cs —:_ L Sl T N 4 . _i
+ ]
c4 -1 L e 3
+ 1-10
c, | -
+
CG_, SO ]
jly‘.I.I..;"Il.y‘.l.,l.y\: TOF( us)
TOF(us) 27 25 23

FIG. 6. (Color online) Correlation spectrum of recoil fragments.
The TOF of the heavy and light fragments from AF of C604+* in-
termediate parent ions are plotted, respectively, along the horizontal
and vertical axes.
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Excitation
energy(eV)
100 - Cs
80 -
Cs
+
C
ci 2
60 L L] L] L] L] 1

48 50 52 54 56 58

Number of Carbon atoms

FIG. 7. (Color online) Center E, of the excitation energy distri-

. 4 . .
butions for AF channels from Cy, ™ intermediate parent ions. The
values are given for all fission channels observed in Fig. 6.

the number of ejected light fragments. For the reactions
Coo"" = Copoamon T+C, +mC,, with n=2,4.,6, the number
of light fragments is given by 1+m. In the case of the reac-
tions Cyy"* — Cyy_nys” +C5 +C+mC,, the number of emit-
ted light fragments is 2+m due to the ejection of a carbon
atom to maintain stable the structure of the fullerene cage
[24]. The main tendency shown in Fig. 8 is that the excita-
tion energy increases with the number of ejected light frag-
ments.

D. Ci,** and Cg™ intermediate parent ions:
Multifragmentation

To study the MF process of the Cm4+ intermediate parent
ions, we recorded an EX-RI spectrum (not shown here) for
events in which one electron and at least two charged frag-
ments were detected. The excitation energy distribution of
the initial parent ions C603+* was obtained by partial projec-
tions of each spot onto the vertical axis. For channels leading

to monocharged fragments C,* (1<n<15) and to C,s**,

Excitation
energy(eV)
100 - c;-
Cs
80 -
ci
+
C
60 +—— r T :

1 2 3 4

number of emitted
light fragment

FIG. 8. (Color online) Same as Fig. 7, but the excitation energy
values are given versus the number of emitted light charged
fragments.
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Excitation
energy(eV)

210
190
170
150
130
110

1 6

Number of carbon atoms

11 16 21

FIG. 9. (Color online) Center of the excitation energy distribu-
tions of initial parents C603+ for MF processes related to the detec-
tion of a light fragment C,* (n=1-15) from C604+ (squares) and
C605+ (triangles) intermediate parent ions. Values related to the de-
tection of C,** (n=15,19,23) from Cgy** (circles) and Cg,’* (dia-
monds) intermediate parent ions.

C192+, and C232+ doubly charged fragments, the results are
presented in Fig. 9 and Tables IV and V. The energy distri-
butions corresponding to lighter fragments were rather well
reproduced with a Gaussian distribution. However, for frag-
ments of medium size (C;5™-Cy"), a better agreement was
found using a log-normal distribution with a small asymme-
try of about 0.8. Details will be given in a forthcoming paper.
With a similar method, we studied the MF of intermediate
parent ions Cg,>* resulting from the fast double TEI of the
initial parent ions Cy,**". An EX-RI spectrum was built for
events in which two electrons and at least two charged frag-
ments were detected (Fig. 10). The center and width of the
excitation energy distribution associated with each fragment
are also given in Fig. 9 and Tables IV and V.

An increase of the excitation energy with decreasing size
of the fragment is observed clearly in Fig. 9. In the case of
C604Jr parent ions, the excitation energy decreases quasilin-
early from 193 eV to 96 eV for producing monocharged
fragments C,* with n from 1 to 15. For C¢,”* parent ions, the
excitation energy decreases from 210 eV to 152 eV for pro-
ducing fragments C," with n from 1 to 12. The difference in

Electrostatic
analyzer voltage (V)
— 4380

Excitation
energy (eV)

+— 4280

w0

a)

b)

Counts
1000

Time of flight of recoil ions (us)

FIG. 10. (Color online) (a) EX-RI spectrum associated to the
intermediate parent ions C605+ recorded in collisions F?*+Cg,
HF_+C603+* with an extra condition that two electrons from TEI
be detected. (b) Projection from (a) onto the horizontal axis. MF
process is observed for Cy,".
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TABLE IV. E_: center of the measured excitation energy distributions of the initial parent ions C603+ undergoing first the fast TEI and
then the MF from the intermediate parent ions Cg,** or Cy,>*. Values are given in eV.

Multifragmentation of
intermediate parent
: 4+
ions Cg
Number of C
atoms in the

detected fragment C,* or C,** Emission of C,*

Emission of Cn2+

Multifragmentation of
intermediate parent
fons Cg,™*

Emission of C,* Emission of Cn2+

1 193
2 188
3 182
4 177
5 172
6 167
7 156
8 146
9 144
10 129
11 127
12 119
13 112
14 107
15 96
19

23

208
205
203
208
196
187
180
171
170
156
155
152

134 162
117 131
108

measured excitation energy for producing a monocharged
fragment of a given size from the Cg,*** and Cy,>** interme-
diate parent ions is almost constant. For instance, it is mea-
sured to be 25 eV for C,," and 20 eV for C;". The mean
value corresponds roughly to the fifth IP of the Cgy IPs
=214 eV estimated by linear extrapolation of the data in
Ref. [19]. This indicates that a fragment of a given size is
produced at roughly the same internal energy whatever the
charge of the parent ion. Therefore, the MF process seems to
be quite sensitive to the internal energy rather than to the
charge of the Cq)" in the present narrow charge range (r
=4,5).

Figure 11 gives the MF profiles of C604+ including mono-
charged fragments (C,", n=1-15) versus the measured ex-
citation energy of initial C603+* parents. A shift to smaller
fragments is noticed with increasing energy. From this figure
or using the data of the Tables IV and V and the relation
E.-A-TP,, we estimated the appearance energy of a C,* frag-
ment from the intermediate C604+ parent ions via MF. The
obtained values vary in a large range from 120 eV for pro-
ducing C* to 40 eV for C,5". These values are very different
from the results obtained in collisions between Cg," and
atomic targets (see Fig. 3 of Ref. [25]). In Ref. [25], the
appearance energy for producing C," (3<n=<15) from the
Cq," parent ions was measured to be nearly independent of
the mass of the fragments at around 80 eV. This energy at
which small fragments first appear was considered as mark-
ing the onset of a “phase transition” in the hot Cg [25]. The

energy range corresponding to the evolution of fragment
mass distribution from that containing only fullerenes to the
one with only small fragments was found to be from 80 to
225 eV for Cg,". It corresponds to a large energy window in
which the AF and MF compete. In our case for quadruply
charged Cg,'*, the lower limit in energy for the MF was
found to be 40 eV, corresponding to the appearance energy of
C,5". On the other hand, the highest internal energy for pro-
ducing fullerene fragments, estimated using the values in
Tables IV and V with the relation E.+A-1P,, was found at
98 eV for the case of Cs,**-C;* (Fig. 6). The energy window
in which the AF and MF compete is therefore in a range
from 40 to 98 eV in the present case. This energy window is
narrower and centered at a lower value comparing to the
results of singly charged Cg,. This divergence is obviously
related to the charge effect. Indeed, at the same internal en-
ergy, a multicharged Cg is less stable than a monocharged
one. Due to the additional repulsive force, more fragmenta-
tion channels are available. It has been already demonstrated
by a large number of experiments that in the low-energy
range, Cg," ions decay only by successive emission of C,
units, while multicharged Cg4, ions can lose other even- or
odd-numbered fragments C," (n=1-8) [8,24,26-28]. The
present experiment provides clear evidence that at lower in-
ternal energy the MF channels are also opened for highly
charged C604+ ions. Our measurement suggests that a charge-
effect-assisted “phase change” of C604+ occurs at 40 eV.
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TABLE V. A: width (FWHM) of the measured excitation energy
distributions of the initial parent ions Cg,** (as in Table IT) under-
going first the fast TEI and then the MF from the intermediate
parent ions Cgy** and C,,’*. Values are given in eV.

Multifragmentation of
intermediate parent
ions C604+

Number of C

atoms in the

detected fragment C,*
or C,*

Emission of C,*  Emission of Cn2+

1 53.8
2 53.8
3 53.8
4 53.8
5 53.8
6 53.8
7 53.8
8 58.7
9 51.9
10 45.5
11 45.1
12 47.8
13 39.7
14 42.0
15 35 30
19 413
23 36.6

E. Sequential process in multifragmentation

As shown in Fig. 9, the excitation energy of the parent
ions that emit an+ (n=15,19,23) via MF was found surpris-
ingly high compared to events where only monocharged
medium-sized fragments, such as, for instance, C15+, were

- 100
- 80

- 60

Counts

- 40

- 20

Y Excitation
energy(eV)

1 2 3 45 6 7 8 910111213 14
Number of carbon atoms

FIG. 11. Mass distribution associated to different excitation en-
ergies from 70 eV to 230 eV for the MF channels from the C604+
intermediate parent ions.
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FIG. 12. (Color online) Comparison between the TOF peaks of
C," due to the AF (circles) and due to the MF processes (squares)
from C604’r intermediate parent ions.

involved. This detailed information provides some insight
into the dynamics of MF. If the MF were a spontaneous
process and the charge of each fragment were to result from
a homogeneous spatial distribution of the total charge fol-
lowed by a random fissure of the Cg, cage, one would expect
equal excitation energy for the above two types of channels
involving fragments of the same size—for example, C,5* and
C,5™". A tentative explanation for the observed important dif-
ference in energy is proposed here. It has already been ob-
served in a previous study that the emission of a doubly
charged fragment of medium size occurred for Cg at highly
charged state via the AF [29]. The measured very low
branching ratios of these channels compared to that of emis-
sion of singly charged fragment were interpreted as due to
the relatively high fission barriers. Therefore the emission of
a Cn2+ occurred mainly at higher excitation energies. Keep-
ing this in mind, we interpret the MF with the emission of a
Cn2+ as a sequential multistep process. It includes first the
fission of the Cg) (4+ or 5+) leading to the ejection of a
Cn2+ and then the breakdown of the residual hot fullerene. A
similar multistep process has been already suggested in fast
heavy-ion Cg, collisions [30]. By measuring the Kinetic en-
ergy release (KER) of small fragments, Majima et al. differ-
entiated the direct MF at larger KER value from the sequen-
tial fragmentation at smaller KER value. The last process
corresponds to the production of a smaller fragment from an
intermediate larger fragment. Our result, consistent with the
description of Ref. [30], supports the hypothesis that the MF
of multiply charged Cg, ions might occur in a sequential
multistep process.

In Fig. 12, we compare the profile of the TOF peaks of
C," due to the AF (Cg** —Css”*+C,") and due to the MF
processes from C604+ intermediate parent ions. The peak due
to the AF is observed broader than that from the MF. This is
another indication that the C," fragment of MF comes from a
sequential multistep process. The C,* fragments due to MF
may result from an intermediate fragment of lower charge
state leading to weaker Coulomb repulsion and, therefore, to
a smaller initial kinetic energy spread and, then, a narrower
width in the TOF spectrum.
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IV. CONCLUSION

We have applied the CIDEC method to measure the inter-
nal excitation energy of multicharged Cq," (r=3,4,5) pre-
pared in the primary three-electron capture process F>*
+Cgy— F~+Cy,**" for a large number of fragmentation chan-
nels. The internal energy distribution of Cy,** for the evapo-
ration channels, Cy;** — Cgy s, +mC,, has been simulated
using a cascade statistical evaporation model. The dissocia-
tion energies D3* of triply charged fullerenes have been de-
rived and compared to theoretical values. The fast TEI lead-
ing to the intermediate parent ions Cg,** has been
demonstrated to be a near-threshold process in the case stud-
ied by comparing the excitation energy profile for the evapo-
ration channels from Cy,** and Cy,**. The center and width
of all detected AF channels from Cg** and MF channels
from Cg4"* and Cg,>* intermediate parent ions have been
presented. Although the internal energy of the intermediate
parent ions associated with a given small fragment from MF

PHYSICAL REVIEW A 77, 043201 (2008)

seems to be independent of the charge in the range r=4,5,
the internal energy window in which the AF and MF com-
pete was found much lower and narrower for the Ceo4+ (40—
100 eV) than in the case of Cy," (80-220 eV). This phenom-
enon is considered as a charge-effect-assisted “phase
change” of Cg, that occurs at a much lower energy (40 eV)
than in the case of Cg," (80 eV). A sequential multistep pro-
cess is proposed for the MF of multicharged Cg(, based on the
analysis of the internal energy for channels with the ejection
of a doubly charged small fragment and on the comparison
of the TOF peak profiles of a singly charged fragment result-
ing from AF and MF.
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