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bstract

Collisions of fullerene ions (C60
+) with helium and neon were carried out over a range of laboratory energies (3–20 keV) on a unique tandem

ime-of-flight (TOF/TOF) mass spectrometer equipped with a curved-field reflectron (CFR). The CFR enables focusing of product ions over a
ide kinetic energy range. Thus, ions extracted from a laser desorption/ionization (LDI) source are not decelerated prior to collision, and collision

nergies in the laboratory frame are determined by the source extraction voltages. Comparison of product ion mass spectra obtained following
ollisions with inert gases show a time (and apparent mass) shift for product ions relative to those observed in spectra obtained by metastable

issociation (unimolecular decay), consistent with impulse collision models, in which interactions of helium with fullerene in the high energy range
re primarily with a single carbon atom. In addition, within a narrow range of kinetic energies an additional peak corresponding to the capture of
elium is observed for fragment ions C50

+, C52
+, C54

+, C56
+ and C58

+.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Collision-induced dissociation (CID) is one of the methods
sed in many different types of mass spectrometers to produce
tructurally informative fragmentation. The collision process
nd the transfer of kinetic energy to internal energy of the
rojectile ion have undergone detailed investigation and are bet-
er understood for small molecules [1,2]. The dissociation of
arge molecules is complicated by the increase in the number
f degrees of freedom, which restrict the rate of dissociation
nd the fragment ion yield [3]. To increase the relative collision
nergy (in the center-of-mass frame) and the internal excita-
ion energy, it is common to use higher acceleration voltages

nd heavier target gases; however, it has been noted that the
ower ionization potential and the lower energy between excited
nd ground electronic states of heavier noble gases results in
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heir excitation as well, thus decreasing the energy available
or transfer to the analyte ion [4–7]. Another consequence of
his additional inelasticity is that heavier target atoms result in
somewhat smaller shift in the velocity of the parent ion (and

ragment ions) than would be expected solely from consideration
f their relative collision energy and excitation of the projectile
olecular ion [8]. In the time-of-flight (TOF) mass spectrome-

er, collisions with a target gas will result in fragment ions with
onger arrival times than their counterparts resulting from uni-

olecular (or post-source) decay. These shifts in arrival times
expressed as shifts in apparent mass) are used here to probe the
echanisms involved in very high energy collisions by compar-

ng the experimental results with those predicted from impulse
ollision models [9,10].

In the case of the spherical fullerene C60 molecule it is
lso possible to capture different targets [10–24]. For noble
as atoms this interaction does not involve the formation of
chemical bond. The atom penetrates the fullerene sphere,
osing sufficient energy in the process to prevent its escape.
he threshold for penetration of He through a six-membered

ing of C60 has been evaluated as 9.35 eV, and through a five-
embered ring as 13.1 eV [13], while the decomposition energy

mailto:rcotter@jhmi.edu
dx.doi.org/10.1016/j.ijms.2007.06.006
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f C60
+ with C2 loss has been evaluated as 7.0–7.6 eV [14,16].

molecular dynamics simulation predicts the maximum yield
t a laboratory collision energy of 8 keV [13], though the max-
mum yield in our experiments (see below) was observed at
keV (33 eV in the center-of-mass frame) [12]. Most of the
xperiments involving high-energy collisions of fullerenes have
een carried out using sector instruments or time-of-flight mass
pectrometers combined with a retarding field energy analyzer
10–13,16–18,20,21]. In this investigation we detect helium-
rapped fragments using a unique time-of-flight mass analyzer
ith a curved field reflectron. In this case, it is not necessary to
ecelerate the ions to very low kinetic energies prior to collision
n order to accommodate the focusing bandwidth of the reflec-
ron [25]; therefore, it is possible to investigate a wide range
f collision energies by simply reducing the initial acceleration
oltage. Within each single spectrum we detected metastable,
ID and (for lower collision energies) trapped helium fragments,

rom which we determined the time (apparent mass) shifts that
nabled us to assess the different types of collisions based on
mpulse collision theory (ICT) [9].

. Experimental

Tandem mass spectra were obtained on a Kratos (Manch-
ster, England) AXIMA CFR time-of-flight mass spectrometer
odified, as described previously [26,27], with a collision cell
ounted at the top of the ion source and ion focusing optics in

he region ahead of the mass selection gate (Fig. 1). The colli-
ion chamber is a stainless steel cylinder (1.13 in. long, 0.2 in.
.d.) and the collision gas is injected into the chamber through
long (2 m) 0.07 mm i.d. glass capillary tube at a flow rate of
–1 ml/min. The collision gas pressure in the chamber cannot be
easured directly, so that the vacuum chamber pressure (Torr)
as monitored to insure reproducible conditions. The experi-
ents reported here were carried out at pressures which we have

hown earlier from pressure dependence measurements on this
nstrument to correspond to primarily single-collision conditions
25]. The normal acceleration energy for ions in this instrument
s 20 keV. In order to carry out collisions over a wide range of
laboratory) collision energies, including those that would per-
it capture of helium, the acceleration voltage was varied in
he range from 3 to 20 kV. The ion extraction field, Einzel lens,
eflector and reflector voltages were changed proportionally and
hen adjusted to optimize ion beam focusing on the detector. Data
as first acquired in the linear TOF mode, which does not reveal

t
k
w
c

Fig. 1. Schematic diagram of the modifications to the TOF/TOF mass spectrometer
f Mass Spectrometry 265 (2007) 372–381 373

he fragment ions, but permits more direct assessment of the dif-
erence in velocity of the molecular ions that have and have not
ndergone collisions. In the reflectron mode experiments, with
r without a target gas, the peaks corresponding to the parent
on C60

+ and fragments arising from unimolecular (metastable)
rocesses were detected and used for mass calibration. The time
elay was unchanged in all experiments and equal to 100 ns.

Buckminsterfullerene C60 was obtained from Aldrich (Mil-
aukee, WI) and used without further purification. 0.5 �l of

aturated solutions of C60 in benzene (Baker, Inc., Phillipsburg,
J) were transferred directly to the sample plate and allowed to
ry. Substance P was obtained from Sigma Chemical (St. Louis,
O). High purity helium and neon (99.999%) were obtained

rom BOC Group, Inc. (Murray Hill, NJ).
The target gas density inside the collision cell was estimated

o be about two orders of magnitude higher than the density in
he acceleration chamber, based upon previous measurements of
he beam attenuation. The pressure of residual gas in the source
hamber did not exceed 0.5 �Torr when no target gas was used,
nd up to 10 �Torr with the target gas. However, the parent-
as interactions outside of the collision chamber appeared to
ead to negligible reduction in mass resolution. Some scatter-
ng losses were observed, primarily at low collision energies.
pectra were averaged over 100 shots. It should be noted that

n our preliminary experiments it was found that fullerene frag-
entation yield is increased several times as the laser irradiation

s changed on our instrument from 50 to 60 (attenuator units).
hus, ions desorbed by the laser will carry considerable internal
nergy, which could decrease the effective dissociation energy
o less than 10 eV. A sample plate was moved step by step so that
ach laser pulse hits a new spot of a sample, which is important
or the reproducibility of the plume density and the ion internal
nergy.

. Impact collision theory

Collision induced dissociation (CID) is essentially a two step
rocess that involves excitation of a precursor ion upon impact
ith a target atom or molecule (usually an inert gas atom), fol-

owed by cleavage of chemical bonds in the ion to form separated
onic and neutral fragments [1–3,9]. After an elastic collision

he precursor ion and target atom fly apart with velocities and
inetic energies that are different from their initial ones, but
hich conserve the center-of-mass velocity of the system. No

ontribution is made to changing the internal energy, so that

with a curved-field reflectron showing the location of the collision chamber.
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ig. 2. Diagram of the impulsive collision model showing the impact angle ϕ
etween the target atom mg and a carbon atom ma. The angle ψ shows the
osition of ma in the fullerene M with respect to the direction of velocity.

n elastic impact would not itself be responsible for inducing
on dissociation. However, the product ions mp resulting from

etastable dissociation of already activated precursor ions after
n elastic collision would have velocities and kinetic energies
hat are slightly different from metastable products formed in
he absence of a collision.

.1. The initial interaction

For large biological molecules the initial impact occurs more
ocally, between the target atom (usually a noble gas) and only
ne atom ma or group of atoms of the projectile. The simplest
ase of the so-called impact collision theory (ICT), described
y Uggerud and Derrick [9], involves an initial elastic impact of
he target atom with ma, which then interacts with the remaining
on with full inelasticity, predicting an ion velocity and kinetic
nergy:

ICT = V0
M(mg +ma) − 2mgma cos2ϕ

M(mg +ma)
(1)

ICT = T0

(
M(mg +ma) − 2mgma cos2ϕ

M(mg +ma)

)2

(2)

here V0 and T0 are the initial ion velocity and kinetic energy,
espectively, and ϕ is the initial impact angle (Fig. 2). In this
ase the increase in internal energy of the projectile molecules

VICT,knockout = V0
M(mg +ma)
s

QICT = T0
4mam

2
g(M −ma)

(mg +ma)2M2
cos2ϕ (3) t

m

f Mass Spectrometry 265 (2007) 372–381

more complete picture of ICT includes the possibility for
xcitation of the target gas in the initial collision [5,6] and
epends upon the target ionization potential and excited elec-
ronic states (e.g., 19.8 eV for He and 16.6 eV for Ne). In this
ase the initial interaction of target gas with the effective mass
a is partially elastic, and it is convenient to characterize the

nteraction by a restitution coefficient k that ranges from 1
elastic) to 0 (fully ineleastic) (see Ref. [28] and Appendix
). As was noted in Ref. [21] existing molecular dynamic
imulations of collisions are valid when electronically excita-
ion is negligible. The present approach is an effort to take
nto account this excitation, though not its specific depen-
ence on the ionization potential. The restitution parameter is
nknown, but might be determined empirically by evaluating
xperimental data for shifts in arrival times in line with this
odel.

.2. The second interaction

If as described above the second step is inelastic and the first
artially elastic, the parent velocity along the x-axis (or original
irection of travel) would be

ICT,inelastic = V0
M(mg +ma) − (1 + k1)mgma cos2ϕ

M(mg +ma)
(4)

hile the velocity in the y direction is important in evaluating
he scattering angle, the internal energy excitation of the parent
on maybe written as

QICT,inelastic = T0
(1 + k1)2mam

2
g(M −ma)

(mg +ma)2M2
cos2ϕ (5)

here these expressions reduce to the simpler ICT case when
1 = 1. Shukla and Futrell [2] have considered the case when
he second step of ICT is a knockout impact, while the first is
lastic. Here, we consider that both steps are partially elastic,
ut in the second step the atom ma is knocked out of the ion.
he final velocities in the x and y directions are defined by the

estitution coefficient k2 and the angle position ψ of ma in the
arent ion (Fig. 2). Along the flight direction (x-axis) the velocity
s

+ k1)(1 + k2)mgma cosϕ cosψ cos(ϕ − ψ)

M(mg +ma)
(6)

nd the internal energy of the ion and ma is

QICT,knockout = T0
(1 − k2

2)(1 + k1)(M −ma)mam
2
g

M2(mg +ma)2

× cos2ϕ cos2(ϕ − ψ) (7)

.3. Fragment (product) ions
For decompositions of the type M+ → mp
+ + mn, induced by

he different processes described above, the ion mp and neutral
n fragments will have close to the same translational velocities
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s their precursor ions, but their kinetic energies are proportional
o their respective fractional masses.

.4. Evaluation of ion flight times for each process

The time-of-flight (TOF) for any ion includes the times spent
n the source, the drift space L and the reflectron, in this case a
urved-field reflectron (CFR). The potentials defining the elec-
ric field in the CFR may be presented by the linear and quadratic
erms of a longitude coordinate x if any higher field harmonics
re negligible [29]: U(x) = ax2 + bx, so the TOF of the ion with
inetic energy T is calculated by

CFR = 2
∫ d

0

(
2e

m

)−1/2

(T − ax2 − bx)
−1/2

dx

= 2
( m

2ea

)1/2
(
π

2
− arcsin

(
1 + 4aT

b2

))−1/2

(8)

ere the integral limit d is the penetration depth when U(d) = T:

= − b

2a
+
(
b2

4a2 + T

a

)1/2

(9)

f the quadratic component of the field is small (aT/b2 � 1) one
ay expand Eq. (8) to

CFR = 2
( m

2ea

)1/2
(

(4aT/b2)

(1 + 4aT/b2)

)1/2

= 2

(
2mT

eb2

)1/2(1 + 4aT

b2

)−1/2

(10)

or a linear reflectron (a = 0), one may obtain simple expressions
or elastic and inelastic head-on collisions, impulsive collisions
ICT) and metastable fragmentation (see Appendix 1). Analysis
f the flight times for these different collision models (A1)–(A6)
n an instrument with a linear reflectron (or a � b) predicts that
ragments produced in collisions with a heavier target would be
haracterized by longer flight times than those produced with a
ight target. Increasing the quadratic coefficient a for the field
urvature (for the CFR) leads to an increase in time shifts, but
he relative shifts involving light and heavy targets is still the
ame.

The two step processes involving inelastic or partially elastic
econd collisions lead to further decreases in the loss of kinetic
nergy compared to ICT (thereby narrowing further the time
ifference when compared to unimolecular decomposition). The
quations for describing the TOF for these processes are cumber-
ome expressions; however, it is convenient to calculate the TOF
sing Eq. (8) directly by substituting the appropriate velocity and
inetic energy described by Eqs. (4)–(7).

For an accurate analysis and comparison with observed data,
owever, it is necessary to evaluate the actual field curvature in
he CFR. This was accomplished empirically by measuring the

ight times of a test species as the reflectron voltage was changed

n intervals ±2 kV from the nominal value. No gas was present in
he collision cell and the acceleration voltage was unchanged, so
hat the times spent in the extraction and drift regions are constant

f
a
3

eflectron used to map the quadratic electric field in the reflectron by fitting the
quation: U(x) = ax2 + bx.

nd the variation in the time spent in the reflectron could be used
o find the coefficients a and b that provide the best fit between
he experimental data and Eq. (8). The ion kinetic energy T is
ssumed to be less than the acceleration energy for 20–50 eV as
result of the expansion of the laser evaporated plume during
time delay of 100 ns. (The speed of plume is assumed to be

bout 500–900 m/s [30–35], and the electric field strength in
he extraction acceleration gap is evaluated as 450–500 V/mm.)
hus, using the fitting method of ORIGING6, the TOF data

or fullerene and substance P (Fig. 3) give an estimate of a as
.7 ± 0.2 and b as 1.85 ± 0.07.

The flight times evaluated for simple elastic and inelastic pro-
esses using Eq. (8) for the CFR are shown in Fig. 4a as a mass
hift relative to fragments with the same mass, but produced in a
etastable process. It should be noted that the time scale is pro-

ortional to the mass in the vicinity of fragment with any mass
− mn. This allows us to convert the calculated time differ-

nce (tin − t1) for any process i into a mass scale dmin using the
elationship: dmin = 4[Da] (tin − t1)/(tn4 − tn), where tn4 and tn
ean calculated flight time of PSD fragments with mass release

f (mn − 4) and mn accordingly. The units on the abscissa cor-
espond to the masses of neutral fragment mn released from the
arent ion. The calculations were made for an acceleration volt-
ge at 6 kV, the location of the collision cell at 10 cm, a drift space
f 80 cm, and reflectron field curvature parameters as estimated
bove.

. Results and discussion

.1. Collision-induced dissociation versus post-source
ecay
Tandem mass spectra were obtained for the product ions
ormed from fullerene C60 with no collision gas, with helium
nd with neon, over a range of ion accelerating energies from
to 20 keV. Without a collision gas only the C58

+ fragment is
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Fig. 4. (a) Expected shifts in apparent mass for the Cn
+ ions formed from col-

lisions of C60
+ with helium or neon calculated using a simple elastic collision

model and impact collision theory. (b) Experimental apparent mass shifts for
the C2n

+ and C2nHe+ fragments formed by collisions of C60
+ with helium, and
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Fig. 5. (a) Tandem 20 keV CID mass spectrum of C + with helium. Gas pressure
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t
t

he C2n fragments formed by collisions with neon at collision energies of 6 and
0 keV.

isible [25,36]. An MS/MS spectrum of fullerene with helium,
t high attenuation and at 20 keV, is shown in Fig. 5a. The major
ons in the upper mass region are the even-carbon species from

34
+ to C58

+, with the lower mass ions arising from multiple col-
isions [26]. In order to insure that only single collisions were
nvolved in these experiments, the collision gas pressure was
djusted to the point that only the ions C42

+–C58
+ were observed

n the 20 keV spectra. Under these conditions the fragment ion
ignal was reduced somewhat, particularly at the lower kinetic
nergies in which generally only the C50

+–C58
+ ions could be

bserved. Fig. 5b shows the metastable, He and Ne collision
pectra at 6 keV over the range of C54

+–C58
+. In the He colli-

ion spectrum C54He+, C56He+ and C58He+ are also observed.
hese additional peaks are seen in all of the He collision spectra
rom 4 to 8 keV, and previous results from sector instruments
10–14] have suggested that they result from initial capture of
e by C60

+, and subsequent fragmentation. The maximum yield

b
w
g

60

n the drift chamber is 2.5 × 10−5 Torr. (b) MS/MS spectra of fullerene obtained
y PSD or by CID with helium or neon target gas.

as observed at 6 keV (33 eV in the CM frame) [13], while a
reviously reported molecular dynamics simulation predicted
he maximum around 8 keV [13]. No adducts with neon were
bserved.

.2. Comparison with models

Using the C58
+ and C60

+ ions for mass calibration, the appar-
nt mass shifts were determined for all of the collision-induced
ragment ions and are shown in Fig. 4b for the C42

+–C58
+ ions

t 20 keV, and for the C50
+–C58

+ and C50He+–C58He+ ions
t 6 keV. Comparison with Fig. 4a shows that there is good
orrespondence between experiment and calculations (around
.5 Da) when helium is the target gas. The apparent mass
hift accompanying the formation of CnHe+ is consistent with
he lower velocity expected following the capture of helium,
hile the shifts for Cn

+ may be described by ICT or a sim-
le elastic collision in which a portion of the kinetic energy
s partitioned to the helium atom. In the Ne case there is con-
iderable apparent discrepancy between theory and experiment.

ass (time) shifts for neon predicted by ICT are nearly 5 Da
reater than observed by experiment; indeed the shift for Ne
s less than for He in all experiments at any reflectron voltage
6 or 20 kV), while the theory predicts that this should be just
he reverse for a heavier target. This discrepancy suggests that
he loss in parent ion kinetic energy is much less than would

e predicted by a simple ICT model for collision with neon,
hich does not take into account the excitation of the target
as.
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Fig. 6. (a) Calculated excitation of helium and C60
+ by collisions C60

+ with helium at 6 keV vs. restitution coefficient k1 for different collision processes and different
i keV
ϕ ith ne
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mpact angles ϕ. (b) Calculated excitation of neon and C60
+ at collision energy 6

. (c) Calculated mass shifts resulting from excitation of C60
+ by collisions w

nd different impact angles ϕ.

.3. Comparison with partially elastic impact and knockout
odels

Thus, at least two factors could reduce the kinetic energy
oss: a large impact parameter and/or inelastic scattering, both
f which processes we had considered above. The latter includes
ossible internal excitation both for the projectile and for the
arget, for example, when the first step is partially elastic and
he second is inelastic. Fig. 6a shows the conversion at 6 keV
rom collision energy to internal energy of both the helium tar-
et and the projectile molecule as a function of the restitution
oefficient, k1 = 0 (inelastic) to 1 (elastic), for the first colli-
ion step with ma. Each of the curves represents a different
mpact parameterϕ varying from 0.08 (nearly head-on) to 1.0 rad
glancing). Thus, for example, the curve for the impact param-
ter ϕ = 0.08 shows a complete conversion into internal energy
f the target gas (around 24 eV) for a completely inelastic first

nteraction. This decreases with increasing elasticity and, since

ore kinetic energy becomes available for the second step, the
onversion to internal energy of the precursor ion increases at
igher elasticity. For higher impact parameters, the conversion

c
t
s
o

vs. restitution coefficient k1 for ICT inelastic process at different impact angles
on at 6 keV versus restitution coefficient k1 for ICT inelastic collision process

o internal energy of both particles decreases, and the curves are
onsiderably flatter. Fig. 6a also shows that at an impact angle
= 0.08, k1 < 0.45 would be required to excite the electronic

tate of He (19.8 eV) in its interaction with ma, leaving a rela-
ively small energy (Q < 12 eV) for excitation of the remaining
ullerene ion. While the dissociation energy to form the frag-
ent C58 (7.3 eV) is exceeded for k1 > 0.1, the fragmentation

f the parent ion would have low probability for such inelas-
ic collisions, occurring only for very low impact parameters
direct hits). Indeed, for observation of fragments C56

+–C50
+

he internal energy must exceed about two to three times the
nergy needed for release C2 [14]. In the case when k1 = 1 (first
lastic impact) the excitation energy would be 24 eV and the
issociation becomes considerably more probable. In addition,
he calculated shifts for k1 < 0.45 are in disagreement with the
bserved data (see below), so one may conclude that at parent ion
nergies of 6 keV, the fragmentation occurs rather via first elastic

ollisions with He. It should be noted that the molecular parame-
ers, such as ionization potential and dissociation energy are not
trongly affected in our model, though they may affect the range
f restitution parameter k1 for which fragmentation occurs.
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The excitation dependences for the knockout impact mech-
nism are similar and are also shown in Fig. 6a. In this case
he helium acquires slightly more energy (because the knock-
ut mass ma is taken as 24 Da, consistent with the experimental
bservation of even-carbon fragments), which increases the col-
iding energy. As a result the parent excitation is lower than the
nelastic case, so that neither of these processes (which begin
ith a first inelastic step) would appear to play a role in the frag-
entation. At the same time we have noted that the formation of

ragments C2n
+ following collision with helium (Fig. 4a) shows

good correspondence with the experimental data (Fig. 4b). Fur-
her support for that mechanism was obtained by scanning the
±5 Da width) mass selection gate across the molecular ion. Our
bservation shows that the ratio [C2nHe+]/[C2n

+] remains con-
tant (data not shown) suggests that both types of fragment ions
raverse the gate with the same velocities and are thus formed
rom the same complex, He at C60

+, in accordance with [12].
The situation is very different when Ne is used as the collision
as. As shown in Fig. 6b, the target excitation in a first inelas-
ic step exceeds the excitation threshold of 16.6 eV over a wide
ange of inelasticities k1. Parent ion excitation exceeds 30 eV, so
he fragmentation is possible for impact parameter up to ϕ = 1.

w
i
o
H

ig. 7. (a) Calculated excitation of C60
+ by collisions with helium at 20 keV vs. res

ngles ϕ. (b) Calculated excitation of C60
+ by collisions with neon at 20 keV vs. res

ngles ϕ. (c) Calculated mass shifts resulting from excitation of C60
+ by collisions

rocess and different impact angles ϕ. (d) Calculated mass shifts resulting from excit
CT inelastic collision process and different impact angles ϕ.
f Mass Spectrometry 265 (2007) 372–381

ig. 6c shows the mass shifts calculated as a function of restitu-
ion coefficient k1 for different impact angles ϕ corresponding
o the parameters plotted in Fig. 6b. The calculated mass shifts
or collision with neon with a first partially elastic step provides
ood agreement with the 2.2 Da experimental shift over a range
mpact angles (0.6 <ϕ < 0.8) and inelasticities (0.2 < k1 < 0.5).

.4. 20 keV collision energy

At a projectile ion kinetic energy of 20 keV processes in
hich the first step is partially elastic, second is inelastic or
nockout give considerably more excitation both for the target
nd parent particles, which make these processes possible over
ide range of k and impact angle ϕ for both He (Fig. 7a) and Ne

Fig. 7b). Focusing on one set of conditions, Fig. 7a shows that
f the impact angle is 0.5 rad helium target excitation exceeds
9.8 eV for k1 < 0.85, a nearly elastic first step. At the same time
he fullerene excitation (when the second step is inelastic) that

ould exceed the energy (7.3 eV) required for dissociation lead-

ng to the loss of a C2 fragment for k1 > 0.2 even if ϕ = 0.8 could
ccur for a wide range of impact angle and restitution coefficient.
owever, the mass shift in agreement with the experiment data

titution coefficient k1 for ICT inelastic collision process and different impact
titution coefficient k1 for ICT inelastic collision process and different impact
with helium at 20 keV vs. restitution coefficient k1 for ICT inelastic collision
ation of C60

+ by collisions with neon at 20 keV vs. restitution coefficient k1 for
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0.4 Da) shows a somewhat narrower interval of 0.3 < k1 < 0.6 if
.7 <ϕ < 0.9 (Fig. 7c). Thus, an interaction in which the first step
s a partially inelastic impact may explain the value of the mass
hift. The interaction when the second step is a knockout process
s possible as well; it would be in agreement with experiment
or the larger impact angle of about 1 rad.

In the case of neon (Fig. 7b) the target excitation is more
ffective than for helium (k1 < 0.9), while parent excitation is
till high and fragmentation extensive. Excitation of Ne of more
han 100 eV is not feasible, so small values of k1 should be
xcluded. The agreement with experiment for mass shift of C58

+

0.4–0.5 Da) would be only for relatively high impact parame-
ers (ϕ is about 1.1). Smaller ϕ leads to more energy transfer
nd induces larger mass shifts, which would be in better agree-
ent with the experimental results for fragments C56

+ and below
Fig. 7d).

Indeed, it is important that the yield of the fragments depend
pon the internal energy, which depends upon impact angle.
ccording to RRKM theory [2,3] the unimolecular dissociation

ate has a threshold E0. For a rough estimate the Arrhenius law
aybe used [15]:

iϕ = N0ϕ exp

(
− E0

Qiϕ

)
(11)

ere, index ϕ means the value connected with impact angles
. The amount of the collisions at these angles depends on
cattering angle and maybe expressed as

0ϕ = cosϕ sinϕ dϕ = 1

2 sin 2ϕ
dϕ (12)

sing Eqs. (11) and (12) and calculating the magnitude Qiϕ by
q. (5), the contributions of different impact angles on fragmen-

ation yield can be estimated (Fig. 8). The maximum yield for

he C58

+ fragment is at ϕ = 0.75 rad and for C56
+ at ϕ = 0.7 rad.

hile this is a rough estimate, it has the right behavior, and is
n qualitative agreement with the experimental shifts.

ig. 8. Fragmentation yield (C58
+and C56

+) vs. impact angle ϕ at a constant
estitution coefficient k1.
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. Conclusions

The tandem (TOF/TOF) time-of-flight mass spectrometer
rovides a unique opportunity to evaluate collision energet-
cs and mechanisms based on the small differences in arrival
imes of the product ions that reflect the partitioning of the ini-
ial collision energy into the kinetic and internal energy of the
arget and products. The curved-field reflectron is helpful for
his approach in that it enables us to access very high colli-
ion energies, because it does not require reacceleration of the
roduct ions after collision to accommodate the more limited
andwidths of single- and dual-stage reflectrons. On the other
and it is necessary to model the field of this reflectron carefully,
s we have described above using a semi-empirical approach, to
redict ion arrival times that reflect collisions occurring at a spe-
ific location in the flight tube. Using this approach we find that
elatively low energy collisions of fullerene C60

+ with helium,
round 4–8 keV, produce adducts with helium C2nHe+ and even
arbon fragments whose apparent mass shifts can be explained
s products of direct elastic collision processes, but are also con-
istent with ICT theory in which a first elastic collision with a
ortion of the fullerene molecule ma is followed by a fully inelas-
ic collision. Collisions with neon at 6 keV resulted in relatively
mall shifts in arrival times (reported as shifts in apparent mass)
hat suggested a modified ICT model that included a first (at
east partially) inelastic step that resulted in much smaller to the
inetic energies of the fragments. The combination of higher rel-
tive energy with a neon target and the lower ionization potential
nd upper electronic states for neon suggests that this step may
nvolve conversion into the internal (electronic) energy of the
arget. ICT mechanisms that include a knockout of the collid-
ng partner (most likely C2) can also contribute to this process.
t laboratory collision energies of 20 keV, the modified ICT
odels suggest that there is sufficient energy in a second fully

nelastic interaction between ma and the rest of the fullerene
on for abundant fragmentation to occur over a wide range of
mpact angles and inelasticity in the first encounter. For low
mpact angle collisions (nearly head-on) the energy transfer at
ery high collision energies is results in the production of lower
ass Cn

+ fragments.
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ppendix A

For a linear reflectron (a = 0), the expressions of TOF are
he most clear for head on collisions. Specifically, one may

etermine the TOF of metastable products [37] by substituting
he velocities Vp,m = V0 and energies Tp,m = T0(M−mn)/M for

etastable ions into Eq. (10) to determine the time in the CFR
nd then computing the total time tp,m from the relationship
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= tacc + L/V + tCFR:

p,m = L

V0
+ 2

eE

[
2T0

(M −mn)2

M

]1/2

= L

V0
+ 4

d0

V0
− 4

d0

V0

mn

M
(A1)

here d0 is the reflectron penetration depth of the parent ion
ith energy T0, E the electric field strength (E = T/d), and the
ery short time tacc is omitted for simplicity. Similarly, if the
ollision takes place at a point C in the drift space (the location
f the collision chamber), one can determine the TOF for the
ragments following an elastic collision:

p,elastic = C

V0
+L− C

V
+ 2

eE

[
2T0

(M −mn)2

M

(
M−mg

M+mg

)2
]1/2

= t1+2
L− C

V0

mg

M −mg
−8

d0

V0

mg

M +mg

(
1 − mn

M

)
(A2)

n the case of inelastic collisions fragment ions are generated
ith flight times:

p,inelastic = C

V0
+ L− C

V0

M +mg

M

− 2

eE

[
2T0M

(
M +mg −mn

M +mg

)2
]1/2

= L

V0
+ L− C

V0

mg

M
− 4d0

V0

M +mg −mn

M +mg
(A3)

he fragment may or include the target gas (or a portion of the
arget gas in the case of a molecular target). Specifically in the
ase of fullerene with helium two different species: CnHe+ or
n

+ would be possible. Using the appropriate mass mn for the
eaving neutral the flight time for a fragment ion incorporating
elium CnHe+:

pHe,inelastic = L

V0
+ 4

d0

V0
− 4

d0

V0

mn

M +mg
+ L− C

V0

mg

M

= t1 + L− C

V0

mg

M
+ 4

d0

V0

mnmg

M2 (A4)

t should be noted that if intact precursor ion/helium complex
oes not dissociate (mn = 0), the change in the flight time occurs
n the drift time only; while the flight time in a linear reflectron
s still the same as for a parent ion. If helium and mn are released
rom the activated ion complex to form products of the type C +,
n

heir flight times are

p,inelastic = L

V0
+ L− C

V0

mg

M
− 4d

V0

M +mg − (mn +mg)

M +mg

= t1 + L− C

V0

mg

M
− 4d

V0

mg

M

(
1 − mn

M

)
(A5) [
f Mass Spectrometry 265 (2007) 372–381

f fragments are formed according to ICT the TOF of the frag-
ent ion has a simple result when the impact angle ϕ = 0:

p,ICT = C

V0
+ L− C

V0

M(mg +ma)

M(mg +ma) − 2mgma

+ 4d0

V0

(M(mg +ma) − 2mgma)(M −mn)

M2(mg +ma)

= t1 + L− C

V0

2mgma

M(mg +ma) − 2mgma

− 8d0

V0

mgma(1 −mn/M)

M(mg +ma)
(A6)

ppendix B

.1. Partially elastic impact

A more detailed analysis would distinguish different types of
xcitation in each step of the collision process. Thus, the first step
n ICT theory might also be considered as an elastic–inelastic or
artially elastic impact. It is convenient to characterize this type
f interaction by a restitution coefficient k that depends upon
he molecular structure and ranges from 1 to 0 [28]. That is: in
n elastic impact k equals 1; in an inelastic collision to 0. For
n off centered impact between two hard spheres ma and mg (a
elocity vector Va does not coincide with the line of the impact)
he velocity component Van0 on the impact line AT (Fig. 2, at
= 0) becomes:

an = (ma − kmg)Van0

ma +mg
(A7)

hile the tangential components are not changed. Here,
an0 = Va0Cosϕ. The increase of the internal energy of the par-

icles is

Qa+g = (Van − Van0)2 (1 − k2)mamg

2(mg +ma)
(A8)

he restitution parameter is unknown, but might be determined
mpirically by evaluating experimental data for shifts in arrival
imes in line with this model.
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