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the radiative cooling rate through its
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Abstract

Cgo ions are produced in an ion trap by crossing a collimated effusive beang,@r@ an electron beam of energy lower
than the Gg fragment appearance energy. Being trapped, thei@s can be further excited by another electron impact,
inducing the well-known ¢evaporation. By varying the electron pulse length while counterbalancing it with the intensity in
order to maintain a constant total number of electrons in a pulse, the mean time between two successive electron impacts c
be modified. The influence of this time on the amount of fragmentation is direct experimental evidence of the competition
between radiative cooling and dissociation, invoked to explain the abnormally high internal energies needed to observ
fragmentation even at long times. For ions with internal energies in the range 15.4-22.4 eV, a mean radiative rate constant
3.3 X 107 s~ * has been determined. (Int J Mass Spectrom 189 (1999) 93-102) © 1999 Elsevier Science B.V.
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1. Introduction the first ionic fragmentation threshold following elec-
tron impact under single collision conditions is ob-
served at an electron energy close to 45 eV [6,11].

As a consequence of this large energy shift, the
energetics of the first fragmentation step:

lonization and dissociation of the ¢ fullerene
molecule has been the subject of a large number of
experimental and theoretical investigations [1-9].
One of the most striking features is the very large
energy shift observed for the dissociative ionization: Cgo— Cag + Cs (2)

Ceo+ € —Cig+ C,+ 26 (1) is still controversial (see for example Fig. 1 in [12]).
The fragmentation activation energies are deter-
mined by fitting experimental and calculated quanti-
ties like kinetic energy release distributions (KERD),
breakdown curves (BDC), appearance energies (AE),
or time resolved metastable fraction (MF). To calcu-
* Corresponding author. late these quantities one has to introduce a theoretical

The appearance energy ofi(7.6 eV) is well
established and the binding energy of:4&C,) has
been recently calculated at 10.2 eV [10]. However,
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Fig. 1. View of the open-ended trap cell.

model of the unimolecular fragmentation; the frag-
mentation energies derived from fitting the experi-
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indication of the existence of a competitive radiative
cooling.

Laskin and Lifshitz [7] extended this type of study
up to 100us using a combination of quadrupole ion
trap and TOF mass spectrometer. They showed that
the experimental time-resolved metastable decay of
C2g can be modeled only by taking into account the
radiative cooling. Their model included radiative rate
constants derived from the radiative energy loss rates
calculated by Chupka and Klots for neutral J15]
and dissociation rates calculated via RRKM/QET
(quasi-equilibrium theory). The best fit between ex-
perimental and calculated metastable decay probabil-
ity of C25 was obtained with dissociative activation
parametersAE(Cg) = 8.3 eV and AE(CZp) = 8.1
ev.

This study has been extended recently [9] to a set
of ions from Gz to C2, using a more elaborate kinetic

mental and theoretical curves depend, of course, onscheme and the same method as before to calculate

the model.

As an example, by comparing measured and cal-

culated breakdown curves Foltin et al. [2] found 7.4
eV using the finite heat bath (FHB) model of Klots
[13] and 7.2 or 6.8 eV with the Rice—Ramsperger—
Kassel-Marcus (RRKM) theory depending on
whether the transition statedg is supposed to be
loose or tight. Calculation of £&-C, binding energy
by fitting experimental BDC with BDC calculated
with the RRKM theory [5] gaveAE(CZg-C,) = 7.06
eV. The calculated binding energy was shown to

the dissociative and radiative rate constants. The best
fit between experimental and calculated time resolved
MF’s for all four ions, and also for the peak positions
of the breakdown curves, was obtained &&i(Cqo) =

9.5 eV. This gives for the neutrakE(Cgy = 10.04
eV—in excellent agreement with recent ab initio
calculations.

Another interesting result is that the dissociation
rate becomes larger than the cooling rate at an energy
close to the appearance energy of fragmentation (see
Fig. 3 in [9]).

increase as the transition state becomes looser. Avery These results clearly indicate that radiative decay
loose transition state leading to a binding energy of plays an important role and that using the radiative
9.2 eV was considered unrealistic and the upper limit rate calculated for neutral & for the ions is an

for the binding energy was set at 7.6 eV.

acceptable approximation. To our knowledge no cal-

The basic assumption of all these treatments was culation for the G, ions has been published to date,
that the ions are losing their energy by sequential but in the energy domain whereigcan dissociate,

evaporation of ¢fragments and that radiative cooling
is negligible in the time range of conventional mass

electronic emission is predicted to largely dominate
over vibrational cooling and, becausg,@bsorbs at

spectrometry experiments (a few microseconds). The longer wavelengths than &g its emission rate is
importance of radiative cooling has been pointed out expected to be larger [15].

by Hansen and Campbell [14]. Using a time of flight

Emission of radiation from ions is very difficult to

(TOF) mass spectrometer, they showed that the meta-observe, especially when the lifetimes are longer than

stable fragmentation probabilities for flight times up

10 ®s (emission rate smaller than®® %); therefore,

to 20 us are smaller than predicted by the evaporative an indirect method to determine the cooling rate of
ensemble theory. This has been interpreted as anC¢, has to be worked out.
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Fig. 2. General view of the experiment.

The monitor ion technique has been successfully
used to follow slow decays of excited levels in small
(diatomic and triatomic) ions [16,17]. For large ions,
mainly aromatic hydrocarbons, the infrared radiative
cooling has been investigated by different groups
(see, for example, the 1992 review paper by Dunbar
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Fig. 3. Appearance potential curves fofg0Cds, Co, fragment ions
obtained at low electron beam intensity.

[18]). Most of the experimental techniques were
based on the dissociation of an ion by sequential
absorption of two photons:

12 hv,
At — AT — AT* — fragment

(3)

The first photon excites A below its dissociation
limit. The absorption of the second photon by #Ais
in competition with its radiative relaxation and the
internal energy of A**, i.e. its capability to dissoci-
ate, depends on this competition.

The extent of photodissociation can be calculated
via the kinetics of this competition and compared to
the experimental fragmentation in order to deduce the
radiative relaxation rate of A",

More recently Boissel et al. [19] used the mul-
tiphoton fragmentation of anthracene ions as a tool to
determine their radiative cooling rate. Comparison of
the experimental results with a numerical simulation
allowed the determination of the absorption lines
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oscillator strength and showed that the contribution of These beams are crossing the electron beam in the
electronic emission is dominant in the energy range center of the cell.
where the dissociation rate becomes comparable to For the present work, the outer chamber is
the cooling rate. equipped with a Knudsen cell, as shown in Fig. 2. The

In the present article we propose a similar method oven containing the & powder is heated resistively
using two electron dissociative ionization of{Cat in order to obtain a suitable density of neutra},C
electron energies where the single electron processcrossing the electron beam. Its temperature, measured
does not occur. with a platinum resistor, is maintained around 663 K.
The effusive beam coming out of the exit channel of
the Knudsen cell is collimated twice, first by the
entrance hole in the cell chamber, then by a slit
parallel to the magnetic field (and to the electron
beam), to prevent soot deposition on the cell elec-
trodes.

Because of the relatively low temperature of the
cell chamber wall, most of the g neutrals condense

2. Experimental

The present work has been performed with a
Fourier transform ion cyclotron resonance (FTICR)
spectrometer built “in house,” using an lonSpec con-
sole for detection. The basis of this new machine is an . .

_ended trap cell (see Fig. 1), designed to allow 'out'3|de this enclosure ayounc? the entrance hqle, and
open-en inside around the opposite exit hole after crossing the

easy access for molecular and laser beams (pulsed or . .
y . . . .(p cell. Observation of the deposits around the two holes
not), while being accommodated in a classical elec-

. . and the possibility to work for days without cleanin
tromagnet. Only the details pertinent to the present P y y 9
. the cell strongly suggest that rebound of molecules on
work are given here.

. these surfaces is negligible and that consequently the
In a conventional electromagnet, access to the cell g9 q y

has to be perpendicular to the magnetic field. In order background pressure remains low in the cell, outside

to obtain direct access to the center of the cell the two the heutral beam. This low background pressure 'S
o ._confirmed by the fact that the coherent motion of the
excitation plates are suppressed and each of them is, i e

ions during FTICR detection is not perturbed by the

replaced by a set of four electrodes electrically con- i wal b
nected together. The resulting two lateral sections act contintous r'1eu ral beam. , )
The density of molecules in the effusive beam can

as the end plates of a normal cubic cell, and have beenb | 4 n i q
used in this work to apply the ion excitation signal, e evaluated from the vapor pressure in the Knudsen

thus avoiding time sharing of the same pair of cell and the geometry of the experimental setup. The
vapor pressure in the Knudsen cell (in the temperature

electrodes for excitation and detection, as reported in -
range 723-1096 K) is given by Matsumoto et al. [23]

[20]. Because of the relatively low value of the

magnetic field (0.85 Tesla), trajectory calculations for 8209.7

Céo ions performed usingsvion [21], showed the 109 (Payn) = 4.91— —— (4)

necessity of a large enough cell (3535 mm cross

section) and the need to screen the trapping platesExtrapolation toT = 663 K gives P = 3.37 X

with grounded wires, following Wang and Marshall 10~*° atm.

[22]. The flux of molecules coming out of the cell,
The cell is enclosed in a vacuum chamber pumped obtained following Pauly [24], id = 6.4 X 10*2

by a 180 Is* turbomolecular pump. This chamber is molecules steradiart s™*. Finally, the density of

located inside a larger chamber, pumped by a 458 s molecules at the center of the cell, located 7 cm away

turbomolecular pump. Six channels of 6 mm diameter from the oven exit hole, is [g] = 9.6 X 10° mol

and length allow differential pumping while ensuring cm 2.

entrance and exit of either molecular or laser beams.  With this density of neutrals in the cell the colli-
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sion frequency of an ion with g can be evaluated trating them n a 2 mspulse leads to a small

using the Langevin rate constdqt For a polarisabil- fragmentation [Fig. 4(b)].

ity « = 80 A%[25],k, = 1.1 X 10°cm®s *and the Because the energy of one electron is lower than
collision frequency, = k, * [M] = 0.0106 s* cor- the appearance energy for fragmentation, a multielec-
responds to a mean time between collisieps= 94 tron process has to be assumed. It has already been

s. Therefore, ion molecule collisions during an exper- shown that multielectron collision reactions can, at
imental sequence (maximum 100 ms) can be ne- high enough electron beam current, lead to fragmen-
glected. tation for electron energies well below the true ap-
lons are formed in the central part of the cell at the pearance energy of these fragments [27]. In the
crossing of the electron beam and the neutral beam of present experiment at least two electrons of 30 eV are
Cso- Whereas the neutral molecules exit from the cell, needed. Fragmentation occurs when the number of
the ions remain trapped in pressure conditions where electrons per time unit, i.e. the density of electrons in
collisional relaxation can be neglected. Depending on the beam, is large enough so that an excitgg iGn
the neutral precursor velocity the ions can either stay formed by a first electron still has enough internal
inside the electron beam or only cross it every 5 energy when interacting with a second electron to be
(period of the cyclotron motion in the 0.85 Tesla fragmented. When, on the contrary, the electron beam
magnetic field). Commercial & with a purity of intensity is low, the “primary” excited ions have
99.9% from ThermUSA (New York, NY), stored enough time to radiatively lose their internal energy
under vacuum, has been used without further purifi- before encountering a second electron.
cation. This is direct experimental evidence of the com-
petition between radiative cooling and fragmentation
invoked to explain the anomalous fragmentation en-
3. Appearance energies of fragment ions ergy thresholds observed for these ions [6] and it can
also be the basis of an experimental determination of
Although our apparatus is not particularly suitable the radiative cooling rate.
for appearance energies measurements (because of the
limited dynamic range inherent to the FTICR tech-
nique), it is clear from Fig. 3 that when the electron 4. Radiative cooling measurements
beam intensity is low enough to ensure single electron
collision conditions, threshold for fragmentation of The number of electrons involved in the dissocia-
Cgo in our machine is compatible with recently tive ionization of a G, molecule can be determined
published values (43.7 eV by electron impact [11], 45 simply by varying the electron beam intensityat a
eV in a photoionization study [26]). This is in agree- constant pulse length. Because thg ©ns fragment
ment with the conclusion of Lifshitz et al. [6] that the sequentially into g, Cdy, . . . [3] thedependence on
long delays achievable in an FTICR trap do not I, of the ratio of the total number of fragment ions
significantly decrease the energy shift of the appear- over the total number of ionsR(= X[F"]/2[I"])
ance energies, showing that there is a very large gives the number of electrons involved in the disso-
intrinsic kinetic shift. ciation of G- As shown in Fig. 5R is proportional
In contrast, as shown in Fig. 4, fragmentation can to the electron beam intensity, indicating that one
be observed in our ion trap at energies well below 45 electron is needed to dissociatg,dto Clg.
eV if the density of electrons in the beam is increased.  Therefore, the dissociative ionization of{Js a
Both spectra in Fig. 4 have been obtained at 30 eV two electron process and the dissociation of, C
with the same number of ionizing electrons in a pulse. induced by the second electron can be used to probe
When these electrons are spread along a 30 ms pulsehe internal energy of the g produced by the first
no fragmentation is observed [Fig. 4(a)], but concen- electron.
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Fig. 4. Spectra obtained with the same number of 29 eV electrons (the areas corresponding to the product of the beam intensity by duratic
are the same). {g fragmentation is occurring when the electron beam pulse is very short (b) and does not when the electron beam pulse i
lengthened (a). The small peak appearing betwegrafd Gy is due to a combination of the cyclotron and magnetron motion.
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0.025 (e ; gain insight on the radiative cooling rate by fitting the
y experimental data with a kinetic model.

The question arises of whether the observed decay
is entirely due to radiative cooling of the ions or partly
due to their progressive diffusion out of reach of the
well-collimated electron beam.

Among the three phenomena that can cause expan-
sion of the ion cloud in an ICR cell, collisions with

neutrals can be ruled out because the mean time

O e T s s s w between collisions is of the order of 90 s, and increase

Electron beam intensity (LA) of the magnetron motion amplitude because of the
detection circuit impedance [28] occurs on a time
Fig. 5._Variat_i0n of the fragmentation ratio as a function of electron scale much |0nger than the maximum electron beam
beam intensity. . )
pulse length (40 ms). Finally, self repulsion of the
o . ] ions due to space charge could have been a problem

Data presented in Fig. 6 have been obtained in the ¢ e presence of a continuous electron beam during
same way as the two spectra of Fig. 4. The number of ye oroquction and excitation of the ions counter
electrons in a pulse is kept constant so @gat= It, balances the space charge of positive ions, preventing
is constant; therefore the electron curreR) has 0 heir giffusion. Therefore, the contribution of diffu-

be decreased when the electron pulse duratignig sion to the observed decay must be negligible.
increased. When the electron density in the beam

decreases the mean time between ionization and

further excitation of the ion by a second electron 5. Kinetic model

increases, and as a consequence the mean relaxation

time experienced by the primary excitedidons The following kinetic model has been used to

increases. describe the time evolution of the fragmentation ratio
As expected, the relative amount of fragmentation as a function of the electron pulse length, in experi-

decreases when the electron density decreases angnents where the electron beam duration and intensity

from the curve presented in Fig. 6, it is possible to are varied simultaneously so as to keep constant the

number of electrons in the pulse.

0.10 ‘ : : : The radiative cooling rate depends of course on the

] initial and final energy of the ions, but we make the

K =33x10°s' 1 simplifying assumption of a single radiative rate over

e : the whole energy domain of the ions. This is naturally

E not true if the internal energy domain is large and the

9 radiative lifetime obtained from the experimental data

E will be an average over the internal energy domain

003 | 1 considered.

o2 | ‘ Ll LA The rate of formation of g, ions following the
St ez En impact of the first electron is

0.020

0.015

0.010

0.005 +

fragment ions/total ion signal

0.09 |-

0.08 F
0.07 |
0.06 [

0.05 [

0.04 -

Fragment ions/total ion signal

Electron beam duration (ms)

d
Fig. 6. Fragmentation ratio as a function of the electron beam pulse dt [Caol = Tionl d Csol (5)
duration. The electron beam intensity is varied simultaneously in
order to keep the number of electrons constant. Fitting the analyt- . L . .
ical function resulting from the kinetic model to the experimental whereo;,, is the ionization cross section angis the

data givesk,q = 3 X 107 s % electron beam intensity.
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The number of neutral & molecules in the ion-  and integration of this equation gives the number of
ization volume can be considered constant becausefragment ions:
they are renewed by the effusive beam flux much
faster than they disappear by ionization. The total » [F*] =
number of G, ions produced during the electron

2]
anonUfragl e[ CGO]

k

rad

beam pulse, which is equal to the total number of ions exp(—K,ado) — 1
appearing on the mass spectrum, is : [ e Kog ] (11)
> 070= [C¢e0= oionl etd Cool (6) Finally, the fragmentation ratio is
wheret, is the electron beam duration. S F]
The number of €, ions that can be dissociated by R = S0
a second electron—denoted hereafter gg-&fol-
lows the differential equation: _ al Tpag « |:te N expl—Kade) — 1} (12)
d kradte krad
- +x7 ) o +%
dt [Ce01 = @Tionld Cool = (Kraa T Oragl L Coo The fact that at constant pulse lengthR is found to
(7) be proportional td . (see Fig. 5) is an experimental

wherea is the fraction of G initially produced inthe ~ confirmation of the validity of the simplifying approx-
internal energy domain where they can be dissociated IMation: oyagle < Krag

by a second electromy,, is the fragmentation cross In exper_iments where the total number of _eIectro_ns
section of G¢ by a second electron, arkd,, is their Q. = lte is kept constant, the fragmentation ratio
radiative rate constant down to energies too low to Can be expressed as a functiontgf

allow dissociation by a second electron. 1 exp(—K adeo) — 1
If the depletion of Gg ions by the two electron  R(te) = aQeTirag| | i K2 12
dissociation process is small compared to the deple- race race (13)

tion by radiative cooling, them,gle << Kia¢ This L L . .
= The fitting of this simple analytical function to the
should be a reasonable approximation because the . . !
experimental fragmentation ratio allows one to deter-

fraction of G, ions that are dissociated in the two- ) o
. ... mine the normalization factoh = aQ.0,, and the
electron process is very small. Then, Eq. (7) simplifies . 9
radiative rate constar 4

to

d +x7 +%
dt [Ced ] = aoionld Ceol — Krad Ceo | (8) 6. Results and discussion

Integrating this equation gives the total number of

i ) . . Experimental results have been obtained for elec-
Cso i0ns as a function of time (with 0 = t = t)

tron beam energies of 22, 26, 30, and 35 eV. At lower
_ a0ionld Ceol energies, where more than two electrons are needed,
[Ced] = Koag [1— exp(—kiad)] (9) the signal to noise ratio was very low. Fitting the
analytical function described above to the experimen-

The production rate of fragment ions by the second | i rve gives a radiative rate constant of thgC

electron is averaged over the internal energy domain probed by

d Q00 trad A Ceol the experiment. Fig. 6 shows the experimental points

dt ( > [F+]> = Lag S8 and the fitting curve obtained for 30 eV electrons and
rad Q.=10"C.

[1 = exp(—Kead) ] (10) As shown in Fig. 7, the maximum internal energy
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Fig. 7. Energetic scheme of the two electron dissociation process.

of Cag is the sum of the thermal energy of thg,C
neutralsE,(Cq), plus the electron kinetic enerdsy,,
minus the ionization energy IE(Q):

Emax: Eth(CGO) + EeI - lE(CGO) (14)

The minimum internal energy required to allow
dissociation by a second electron is the fragmentation
threshold energy minus the electron kinetic energy. In
single electron dissociative ionization conditions (low
I,) formation of G fragment ions is observed at
electron kinetic energies above AE(L = 45 eV.
The corresponding &g internal energy is AE(&) +
En(Cso) — IE(Coo) and only G ions having an
internal energy higher than

Emin = AE(C5+8) + Eth(c60) - |E(C60) — Eo (15)

can be dissociated by the second electron.

The thermal energy distribution ofggat 663 K,
calculated using the Whitten and Rabinovich formula
for the density of state [29] and the vibrational
frequencies of Stanton and Newton [30], scaled by a
factor of 0.88 [31] is peaked at its mean value
Ein(Cso) = 4.0 eV as shown in Fig. 8.

Therefore, the internal energy domain probed with

101
1 T T T T
T=663 K
0.8 -
'; 0.6 |- -
a
k=Y
x
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=
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=]
0.2
0 d 1 L
0 2 4 6 8 10

Internal energy (eV)

Fig. 8. Thermal energy distribution ofsgat 663 K.

26 eV electrons extends froB),,, = 15.4 toE, ., =
22.4 eV (AE = 7 eV). When the electron energy is
increased, the width of the internal energy domain
increasesAE = 15 eV for 30 eV electrons), but the
median value stays around 19 eV.

To get a better definition of the ginternal energy
one should decrease the electron energy, but below 26
eV the signal to noise ratio becomes too low.

The total number of electrons in a puls@4=
I te) cannot be varied very much either; the maximum
is limited by the trapping capacity of the cell and the
minimum by the detection sensitivity. Experiments
have been performed at different valuesgfand the
radiative rates obtained are the same within the
experimental uncertainties f@, values differing by
a factor of 2.

Thus, in the internal energy domain (19 3.5) eV
the mean radiative rate (obtained with 26 eV elec-
trons) isk,.q = (3.3 + 1) X 10° s *. When the elec-
tron energy is increased the radiative rate is averaged
over a broader internal energy distribution but no
significant variation ok,,4is observed.

This result can be compared to the radiative rates
modeled recently by Laskin et al. At an internal
energy of 30 eV the value extracted from Fig. 3 in [9]
is 6 X 10° s, In the energy range of our experi-
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ments the radiative rate is expected to be significantly
lower, in agreement with our experimental result.

Calculations of the cooling rate of ;g as a
function of its internal energy, similar to those per-
formed for anthracene [19], are in progress.

7. Conclusion

An overall radiative rate constant ofgg excited
ions has been determined using two electron dissocia-
tive ionization of Gy in a pulsed ICR ion trap.
Varying the electron beam intensity and the pulse
length t, so as to keep constant the produgt =
lte, resulted in a variation of the experimental frag-
mentation ratioR = S[F")/2[I"]. This ratio has been
modeled using a simplified kinetic scheme of the com-
petition between radiative cooling and electron impact
dissociation of @g. Because the internal energy
distribution is not known, the radiative cooling rate is
supposed to be the same for all thg;CTherefore,
fitting of the experimental curves to our model pro-
vides an overall radiative rate constant integrated over
a rather large internal energy domain: (193.5) eV.
Our experimental value [(3.3 1) X 10 s Y] is
compatible with the more recent calculation of Laskin
et al. [9]: 6 X 10° st at an internal energy of 30 eV.

Experiments are planed to get a better definition of
the G internal energy and try to determine the
internal energy dependence of the radiative rate.
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