PHYSICAL REVIEW A 67, 023201 (2003

Fragmentation of cesium-carbon cluster anions CsC (n=<10)
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We present the fragmentation dynamics of ¢SCn=10) in collision with argon at 15 keV impact energy.
The propensity for the formation of the fragment iong €m=n) exhibits even-odd oscillations, with the
yield being larger whem is even; and this is correlated with the larger electron affinity of the product ion
whenm is even. We observefdoss in the case of CgC clusters. We find an unexpected oscillatory pattern
in the kinetic-energy releas(KER) spectra of ¢ fragments. The ratio of the width of C to the parent
CsG, . which is a measure of the KER in the center-of-m@sm) frame, shows even-odd oscillation, with
the ratio being larger whenis even than when is odd. The oscillatory pattern is correlated with differences
in fragmentation pathways accessed in the Franck-Condon region. Applying the reflection method with model
potentials for two different fragmentation paths, we find that the KER in the c.m. frame oscillates if an ion-pair
formation pathway is preferred for clusters of even
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[. INTRODUCTION tion process can be obtained. We have used this method ear-
lier for the fragmentation of simple systems like CQ4]
Fragmentation of molecular ions has been a subject of and CG* [7]. The transition function to the excited state can

large number of studiegl,2]. The reaction dynamics of a be computed by the reflection method, wherein the excited
number of simple systems has been understood by a numbstate wave function is taken to beSdunction at the classical

of experimental and theoretical methods. A large number ofurning points. We have also used the TDWP method,
reaction dynamics studies have been carried out with diyherein the excited-state function is computed more rigor-
atomic molecules due to the fact that rigorous computationahysly by numerical techniquds,7].

methods can be applied for better understanding of the dy- cjyster-ion fragmentation has attracted a lot of attention,

namics of interactiorf3—5]. lon translational energy spec- nqt only because of the challenge posed by the detailed un-

trometry has been very successfully applied together withye standing of the system, but also for applications involving
both time-dependent wave pack&€DWP) dynamics and re- the production of doubly charged anion systefasd]. In-

flection methods, to correlate the energy carried away by th(érease in the number of degrees of freedom does limit the

f_ragment ion to the Qynam|cs of collision induced dISSOCIa'accuracy of the computations that can be carried out and the
tion [4,6]. Such studies have revealed the shapes of the re; . ; . .
: details of the dynamics that can be obtained from the experi-

tion. Polyatomic systems are much more difficult to mental observations. In spite of the limitations, the ability to

understand, because of the complexity of obtaining accuraf@oduce simple systems such a§C[8_] raise questions as
information on the multidimensional potential-energy sur-to the structural basis of their formation and their stability.
faces and the large number of fragmentation pathways thathe dynamics of the collision process in which these dian-
are possible. A better understanding can be achieved by wdgns are produced from “metcar” clusters such as £sC
of simplification in choosing to observe certain fragmenta-for example, is an open question that has been partially an-
tion pathways only and modeling the system as a pseudodswered recentlf10]. Studies of the fragmentation of such
atomic molecule. Model potentials are often used to derive @lusters are of interest, as they reveal the electron delocaliza-
qualitative understanding of the dynamics of interaction.  tion in the presence of electropositive atoms. Dynamics of
Collision induced fragmentation of molecules, for largetheir fragmentation are rather complex due to the formation
impact-parameter collisions, is considered to be a two-stepf the ion-pair excited state. Electron-loss channels are the
reaction. The first involves the collisional excitation of the most prominent in the fragmentation. But those states that
molecule into an excited electronic state. The second inlead to the negative-ion products reveal the potential-energy
volves the dynamics of the molecular ion in this excitedstates of the excited negative ion. The repulsive excited state
state. If the potential-energy function is purely repulsive, theof the negative ions are very difficult to compute theoreti-
molecule can roll down the repulsive potential-energy func-cally because of the diffuse nature of the atomic wave func-
tion, giving the excess energy to the fragments in the centetions, and it is harder to access experimental information
of-mass(c.m, frame. The width of the kinetic-energy release about these due to the larger propensity of the electron-loss
(KER) in the c.m. frame reflects the slope of the repulsivechannels. The difficulty of producing copious amounts of
potential-energy function in the Franck-Condon regime. Sonegative ions and also observe the negative-ion product
by measuring the KER of the fragment ions, one can usehannels, together with the difficulties in theoretical compu-
experimental data to simulate the repulsive potential-energtations, are perhaps the reason that these studies have at-
function accessed and, thus, the dynamics of the fragmentéracted very little attention when compared to the studies of
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FIG. 1. Schematic layout of the negative-ion beam apparatus used in the experiments.

the fragmentation dynamics of positive ions. In this study, It is known that the doubly charged negative ioff Cis

we make an attempt to study the fragmentation dynamics ofore stable and readily formed wharis even than when

negative-ion clusters and access the information of the natuiig odd [11]. So FP-1 would be preferred whem is even

of the repulsive potential-energy function of the negativecompared to FP-Il, and the preference would be converse

ions. whenn is odd. We formulate the model potential for both of
This work presents the collisional dissociation of GSC these pathways and use the reflection method to obtain rela-

(n=<10) cluster anions and attempts to probe their dissociative KER widths for the two channels. The model calcula-

tion dynamics. We measure the energy spectrum of the negéions show that due to the change in the potential in the

tive fragments formed in the collision of CsC with Ar at ~ Franck-Condon regime, the KER is larger when FP-I is ac-

15 keV. The propensity of the fragment ions, @m=n) cessed compared to when FP-Il is accessed. We correlate the

shows a preference to produce fragments with ewefue to ~ 0bserved oscillation in the KER width to these two different

their larger electron affinity. The energy spectra reveal thapathways.

the ratio of the width of the fragment ion,C to that of the

width of the parent CsC ion shows even-odd oscillations:

the ratio is larger when is even than when is odd. These IIl. EXPERIMENTAL METHOD

experimental observations, Which persist for a wide range of ¢ present measurements are conducted using a

n values accessed in the experiment, are correlated t0 thggaiive-ion beam apparatus that has been described in detail

fragmentation dynamics of the parent ion. We postulate thalisewherd12]. Figure 1 presents a schematic of the experi-

the fragment ion ¢ is formed in two different pathways mental setup. Negative ions of interest generated in a source

upon collision with Ar, as depicted below. of negative ions by cesium sputtering are extracted and fo-
Fragmentation pathway (FP-)), cused into a beam by an Einzel lens. A double focusing 90°
_ P N analyzing magnet, with a mass-energy product of about 10
CsG +Ar—[C," J* +Cs™+Ar, (1) amu-MeV, is used for selecting an ion of a particuatg
value. The slits were adjusted so that a unit mass resolution
[C]*—C, +e. (2)  is obtained up to 300 amu. The mass selected ions are made
to interact with an inert gas, such as Ar, in a collision cell
Fragmentation pathway (FP-II), under single-collision conditions. Post-collision energy
B B analysis of the forward-scattered ions is carried out using a
CsG, +Ar—C, +CstAr. (3 parallel-plate electrostatic deflector that measures the mo-
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M T T T T T yields with an increasing number of lost atoms. Superposed
) CsC, on this general decrease are strong odd-even oscillations of
or Cs 1 7 carbon anion fragments, i.e.,C(m=n) fragments with
evenm are more abundant than odudfragment ions. These
oscillations in the yield have some resemblance to the obser-
vations in fragmentation of pure,C cluster anions and can
be correlated to the differences in the electron affinities of
the fragment ions formed. The fragment ions with even car-
c’ bon atoms are more prominent, as their electron affinities are
] relatively higher[13]. Apart from the even-odd oscillations,
. in case of some cluster ions such as gs@nd CsG , the
OsCs . C,_5 is the second most prominent product ion. The pref-
n—3 '
erence of G_5; , which has resemblance to the fragmenta-
7 - tion of G, , is once again possibly due to the larger electron
4 affinity of these product ions.
V ] It has been observed that the loss gfi€dominant in the
fragmentation of small pure carbon clusters @14]. In the
case of metcar clusters such as ¢sChowever, it would be
00 w0 oo 00 1000 much easier to break a metal carbon bond rather than a co-
. 1 valently bonded carbon-carbon linkage. The observations
C9j\l J L concur with this argument and, C is the most abundant
0.0 1 PR | P N 1 " L X ; i “n
200 400 6800 800 1000 1200 1400 anion formed in the fragmentation. However, we do also see
C; loss in the fragmentation spectra for GSC The unusual
Analyzer Voltage (Volts) channel of breaking a strongly bound carbon linkage is prob-
ably possible in this case due to the exceptional stability of
CsG . The exceptional stability of CsC is also reflected
in its most prolific production through the sputter ion source.
Atypical spectrum of CsC cluster anions sputter generated

mentum of the ion and is remotely scanned by a computerdy 5-keV Cs bombardment of the graphite surface is shown
ized data-acquisition card. The size of the slits at the exit of? Fig. 3.
the collision cell and at the entrance of the energy analyzer Favoring of the reaction channel CGsC-CsG~ +Cs in-
and the distance between the two are adjusted to ensure ttdicates that the vertical electron affinity of Gs€hould be
forward-scattered ions are detected with an estimated angulgreater than the electron affinity ok Csince the extra elec-
resolution of+0.01°. The fragment energy measured by itstron is likely to be carried by the species that has the higher
deflection voltage is a direct measure of its mass, and thuglectron affinity value. We have made ah initio quantum
the fragment ion mass spectra along with the energy of thealculation to compute the vertical electron affinity of GsC
fragment ion is determined. lon signal detection is with aThe optimized geometry for CgGs computed with Lanl2dz
channel electron multiplier coupled to conventional pulsebasis by a density-function method, B3LYP, using the
counting electronics. The recoil mass spectrometer is ngBAUSSIAN 92 software system. We obtain a vertical electron
used during the course of these measurements. affinity of 2.29 eV for CsG, which indeed is larger that the
In the present experiments, C#ons are made to impinge electron affinity of G, which has been measured to be 1.995
on a high-purity polycrystalline graphite surface at 5 keV toeV [15].
produce Cs¢ (n=1-10) cluster anions. The extracted ions  The kinetic-energy release measurements in the fragment
are accelerated to a final energy of 15 keV and made tépns yield information on the dynamics of the fragmentation
collide with Ar. All the different fragment ions formed in the Pprocess. By measuring the width of the energy release in the
collisional event are detected. In this paper we concentratiagment ions, one can decipher the nature of the excited
only on the negative-ion fragments formed in the collision.state that is the intermediary in the fragmentation mecha-
We measure the propensity of their formation and measurgism. From the energy width in the laboratory frame, one can
their energy distributions. obtain the KER in the c.m. frame and use it to obtain the
details of the potential-energy function in the Franck-Condon
regime. The measured width of the fragment ion energy dis-
tribution in comparison to the width of the parent ion energy
Figure 2 shows a typical fragmentation spectrum fordistribution is thus the measure of the energy release in the
CsG,” in collision with Ar at 15 keV. As can be seen for the c.m. frame. The ratios of the energy width of the fragment
case demonstrated with=9, fragment ions with all the pos- ion (AE;) to that of parent ion £ E,) is
sible values ofn are observed, with the exception of C
which is never positively identified. The general trend in the
fragmentation spectra is that of decreasing anion fragment (AE)I(AEp)emi/my, (4)
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FIG. 2. Mass spectrum of fragment ions formed in collision of
CsG~ with Ar at 15 keV impact energy. The inset shows the for-
mation of Cs@~ product ion formed after £loss.

IIl. RESULTS AND DISCUSSION
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FIG. 4. RatioR of energy width of product C ion to the

FIG. 3. Yields of Cs¢~(n=1-10) produced in the sputter ion €nergy width of Csg™ parent ion plotted as a function of sire
source by the bombardment of 5-keV'Cions on graphite surface. 1n€ line joining the points is to guide the eye.

is much larger than with odd carbons. Based on the higher
stability of the G2~ , whenn is even we propose that FP-I,
c\)q/hich involves the dianion intermediate, is preferred. We
compute the KER for the model potentials for the two frag-
ment pathways and test if the KER is larger when FP-| is
accessed.

We use the reflection principlg4,17] in modeling the
kinetic-energy release formed in the two fragmentation path-
ways. The molecule is excited from the ground electronic

tate to the excited state and depending on the nature of the

i . . : xcited potential-energy state, fragmentation occurs, givin
the repulsive potential-energy function accessed in th P gy 9 gving

) e excess energy to the fragment ions in the center-of-mass

Franck.-Condon region and sgggestg thgrejore, that the fragr'ame. The transition probability for the excitation of the
mentation path for clust'ers with evens distinctly different molecular ion is given to be
from that for clusters with odd.

We model the collision reaction based on the following Pi r (i il Mis| s )| %, (5)
two different pathways presented in the earlier section. In the
first pathway(FP-I), the excited state is characterized by thewhere ¢; and ¢; are the electronic wave functions of the
ion-pair formation involving metastable & . The other initial and final state, respectively; and ¢ are the wave
pathway is a repulsive state that is essentially characterize@inctions for the nuclear motion in the initial and final state,
by the ion-induced dipole interaction. It has been shown extespectively, and;; is the multipole operator for the tran-
perimentally for clusters witm=7 that the propensity of sition. Following the Franck-Condon approximation, we can
producing G2~ with evenn can be two to three orders of take the electronic transition operatoy; ,
magnitude largef16]. These experimental results are corre- P 2
lated with the theoretical computations of electron affinities i i *o (il Miel @)% )
for C,” for n as small as 211]. The electron affinities are g pe slowly varying with the nuclear coordinate and get
larger whem is even compared to whemis odd and, there-
fore, the propensity of forming a dianion with even carbons Pisoc| i 1|21 i) |2 (7)

wherem, andm; are the masses of the parent and the frag
ment ion. For clusters of CgC, asn increases the ratio
increases. Figure 4 shows the measured ratio of the width
the fragment ion ¢ to that of CsG™ against the sizen,
indicating that the ratio does increase withHowever, it is
also clear from the figure that the ratio exhibits oscillations,
with higher values when is even and lower values when
is odd. We note that the measurementsifer3 could not be
made due to low ion signal.

The kinetic-energy width essentially reveals the nature o
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In the reflection method, the initial nuclear wave packet or  (a)
the vibrational wave function of the molecule in the ground V,(R)=(1/R")-(2R)
electronic state ¢;) is evolved on the excited potential- 2/ b ee--- Vo(R)=(1/R™)-(1/RY)
energy curve by taking the excited-state nuclear wave func-
tion ¢ to be aé function, as the classical turning point,

P O(r—re). (8

The reaction system is essentially modeled as the frag-
mentation of a pseudodiatomic system Gs-The potential-
energy curves for the two-fragment pathway are modeled
taking the attractive component of the potential to be the
Coulomb interaction of the ion pair in FP-I and the ion- 1
induced dipole interaction for FP-II. The repulsive part of the
potential is modeled by anr? potential. The initial state;
is modeled to be a simple Gaussian function that depicts the
molecule in the initial vibrational state of the ground elec-
tronic state. Here we are making an assumption that, irre-
spective of the size of the cluster, the vibrational state of the R(A)
molecule remains close to the harmonic-oscillator solution
for the vibrational motion, even though the electronic state (

V(R) (arb. units)

=
-’

itself may differ in nature. The peak position of the ground- 0.9
state wave function, which essentially denotes the bond dis- __ | for V4(R)
tance of the pseudodiatomic system Gs-@& chosen such 2"
that the kinetic-energy release in the center-of-mass frame S 07/
peaks around zero, to correlate with the measured fragment g
ion spectrum. The change in the width of the ground-state & 96 1
Gaussian function or the peak position are parameters thatdo ¢

. . . 6 05
not influence the conclusions based on this model calcula- .2
tion. Figure %a) shows the model potentials for the two path- 2 04
ways and Fig. B) shows the computed transition function =
for the two potentials. This directly gives the KER in the S 031
c.m. frame for the two fragmentation pathways. The KER is =
essentially dependent on the variation in the slope of the 2 021

. . . . o
potential-energy function in the Franck-Condon region. As = ¢4 |
can be seen from the figure, a change in the binding part of
the potential from the Coulombic attraction to the ion- ] ——
induced dipole interaction does change the KER in the 0 1 2 3 4 5 8 7 8 9 1
center-of-mass frame and that KER width is larger for frag- :
mentation with FP-[potentialV,(R)] compared to that with Energy (arb. units)
FP-II [potential V,(R)]. FIG. 5. (@) Model potentials for the two fragmentation path-
The energy of the fragment ion peak in the laboratoryways. Attractive Coulomb interactiofv,(R)] for FP-I and ion-
frame is given to be induced dipole potentiglV,(R)] for FP-II. (b) Transition function
for the two potentiald/,(R) andV,(R) computed using reflection
mg my method.

my

Efjab=—Ep+ — Ec_m_co§0tm—(Ec_m_Ep)l’zcosa,

P P P (99  ergy amplificatiorhas been used even to probe the rotational

excitation of the molecular ion in the collision induced dis-

where Ef,lab is the fragment ion energy in the lab frame, sociation [18] Thus, even thOUgh the model calculation
E..m is the kinetic-energy release of the fragment ion in theshows a very small difference i, , it would be signifi-
center-of-mass framé&, is the projectile ion energy as mea- cant for the energy widths measured in the lab frame.
sured in the lab framed is the angle of orientation of the S0 if CsG,~, with evenn access the ion-pair intermediate
molecular axis with respect to the projectile ion beam axisin their fragmentation(FP-I), which is likely based on the
m; andm,, are the masses of the fragment ion and projectildavorable electron affinities, the KER in the c.m. frame
ion, respectively. This equation, which is obtained by thewould be larger. This would result in the experimental obser-
vector addition of the velocities, shows that small values ofvations that the ratio of energy width of the Cfragment to
energy release in the center-of-mass frame will appear asthat of the parent ion (C/CsG, ) is larger for evem. We
large change in the lab frame energy, when the projectile iomhus correlate the experimental observations presented in
energy is very large. In the past, this appardnematic en-  Fig. 4 with the different fragmentation pathways accessed by
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the molecule with evem as compared to odud. ~ expected oscillatory pattern of the ratio of width gf Cand
The model calculations presented here only qualitativelyyigin of CsG,~, which is a measure of the kinetic-energy
explain the measured observations. To make a quantitatiVg|ease in the center-of-mass frame and reflects the nature of
comparision, we require information of the potential-energyihe potential-energy function accessed in the fragmentation.
SL_lrface of the excited negative-ion clusters. It is difficult\yie model the reaction to occur in two distinct pathways, one
with even the most advanced quantum chemsitry computgg,lying an ion-pair formation and the other involving an
tions to obtain information on the excited states of the dijon_induced dipole potential. The former is preferred by the
atomic negative ions and nearly impossible to obtain the,ster with evem due to larger stability of the &~ with n
same for polyatomic negative-ion clusters. even. The two potentials result in different KER in the
center-of-mass frame as shown by the model calculation, and
IV. CONCLUSIONS the observed oscillatory pattern in the KER observed is cor-
We have studied fragmentation of GsG2<n<10) related to be due to the preference of the ion-pair pathway

clusters in collision with Ar at 15 keV impact energy. The whenn is even.
anion fragmentation spectra mainly consist gf €m=n)

ions exhibiting an odd-even oscillatory pattern, i.e., frag-

ments with evenm are produced with higher yields. The A K.G. thanks Dr. S. Kailas for his encouragement in
oscillations are ascribed to the alternating electron affinitiegompleting this work. We thank Professor D. Mathur and
of carbon clusters. Lloss is observed in the case of GSC  Professor E. Krishnakumar for useful comments and sugges-
fragmentation due to the large stability of GSG which is  tions in reviewing the manuscript. Thanks are due to R. M.
also recorded as the most abundant cesium-carbon anion sp€ale and S. C. Sharma for providing valuable technical as-
cies produced in the sputter ion source. We observe an ursistance during the course of these measurements.
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