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The multiple ionization and fragmentation of N, induced by ion impact is studied using time- and position-
sensitive detectors in multihit coincidence mode. With Ar®* at a projectile velocity of 1 a.u., we observe a total
of seven fragmentation channels originating from multiply charged transient molecular ions. The preference of
symmetric charge breakup channels over the asymmetric ones is clearly observed. A signature of core excita-
tion of the target followed by Auger emission is observed in the N3*-N3* fragmentation channel. The kinetic
energy release spectra of all the observed fragmentation pathways is explained on the basis of calculated ab
initio (using the multiconfiguration self-consistent-field method) potential-energy curves.
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I. INTRODUCTION

The dynamics of formation and subsequent decay of un-
stable molecular ions produced due to interaction of neutral
molecules with strong potential fields of slow highly charged
ions (HCI) is important not only for the fundamental under-
standing of atomic collision physics but also for practical
applications in astrophysics and plasma physics. Molecular
fragmentation can be induced by electron impact [1], syn-
chrotron radiation [2], femtosecond lasers [3], as well as
multicharged ions [4-7].

The difference between photon-induced and ion-induced
dissociation is the interaction time. With the present photon
sources (lasers and synchrotron radiation), the interaction
times leading to fragmentation are typically of the order of
intrinsic  molecular  vibration and rotation  times
(10 fs—10 ps), so that the photon field is intertwined with the
dissociation process. For slow ions, the interaction times are
in the sub-femtosecond regime. Slow multicharged ions be-
cause of their large cross section for electron capture are
effective sources for studying dissociative ionization.

Multiple ionization of stable molecular systems leads to
the formation of unstable or metastable states of the transient
molecular ions. An unstable molecular ion dissociates releas-
ing energy in the form of kinetic energy of the dissociated
fragments. The metastable states can also decay via tunnel-
ing through the potential barrier releasing energy. With the
interaction times much smaller than the typical vibrational
and rotational time scales of molecules, the molecular exci-
tation is a Frank-Condon process and the kinetic energy re-
lease (KER) depends on the internuclear distance at the time
of excitation. A distribution of kinetic energies of the frag-
ments is usually observed due to excitation in more than one
state of the intermediate molecular ion. Experiments in
which the detection of correlated fragment ions is carried out
provide valuable information about the charge-state and po-
tential energy surfaces of the multiply charged molecular
ions and also shed light on the excitation and fragmentation
dynamics.
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From the studies on molecular dissociation it is known
that in the case of fast collisions in the strong interaction
regime (i.e., Q>v>v,, where Q is the projectile charge, v
its velocity, and v the Bohr velocity, all quantities in atomic
units), the KER distributions are practically independent of
the projectile charge and velocity [8,9], while in the case of
low velocity projectiles the shape of the KER spectrum
shows a distinct dependence on projectile energy and projec-
tile type [4-6]. In collisions with fast projectiles, direct ion-
ization is the dominant process of electron removal, in con-
trast to the case of low-energy projectiles where electron
capture and transfer ionization are the dominant processes.
Ion-induced molecular fragmentation at different energy re-
gimes has shown that electron removal due to capture pro-
cess transfers less excitation to the target than direct ioniza-
tion [10]. For studies in which the HCI-molecule interaction
times are of the same order as the time scales for molecular
dissociation, the subtle effects of the high field of the outgo-
ing projectile are also observed [11,12]. Hence the different
energy regimes give information about different excited elec-
tronic states of the same multiply charged molecular ion.

Studies on core excitation using soft x rays followed by
Auger emission and fragmentation exist in the literature
[13-17]. In the sub-keV region, where the 1s binding ener-
gies of the first-row elements are found, the Auger yield is
typically around 99.9%, leaving 0.1% for radiative decay
[17]. In the case of electron-ion and ion-ion studies, CS,
upon core electron excitation [18], corresponding to the re-
moval of electrons from the deep valence levels, results in
the atomization of the system. The process of Auger deexci-
tation following direct ionization was reported in electron
impact ionization of H,O [1] and also in the collision of H*
(4-23 keV) with H,O [19].

In the present paper, we discuss the various dissociation
channels of the Nzqu molecular ion, formed during the im-
pact of low-energy Ar’* (v=v,, v, being the Bohr velocity)
on N,. At this projectile velocity, the interaction time of 145
attoseconds is much less than typical rotational and vibra-
tional time periods of the molecule. Hence the molecular
core remains essentially frozen during the interaction. This
time being much less than the characteristic fragmentation
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FIG. 1. Coincidence map of the N, fragmentation.

times of molecules (around 10 fs [8]), the kinetic energy dis-
tribution of the fragments directly reflects the properties of
the molecular states of the multiply ionized molecule. We
have determined the KER distributions for all seven frag-
mentation pathways and have calculated ab initio potential-
energy curves for the N,7* (3 <¢=<6) molecular ions to in-
vestigate the origin of the kinetic energy releases observed.
At the projectile velocity of 1 a.u., transfer ionization is the
dominant mode of electron transfer [20]. In transfer ioniza-
tion, either the projectile, target, or both may be left in ex-
cited states during the ion-atom or ion-molecule interaction.
The excited particle then relaxes to the ground state via Au-
ger emission or by emitting one or more photons. The pro-
cess of Auger emission following core excitation is observed
in one of the seven fragmentation channels observed in the
present experiment and is discussed in light of target excita-
tion. To the best of our knowledge, there is no prior report on
the role of target excitation in ion-induced N, fragmentation.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was carried out at the Low Energy Ion
Beam Facility (LEIBF) of the Inter-University Accelerator
Centre (IUAC), New Delhi, India. Low-energy Ar’* ions are
produced from a 10 GHz Nanogan ECR ion source placed
on a 200 kV high-voltage platform along with its extraction
system [21]. The ions are mass analyzed by a 90° bending
magnet and transported to the collision chamber at the center
of which the projectile ions interact with N, molecules ef-
fusing from a grounded needle located at right angles to the
beam direction. The contamination of other charge states in
the Ar’* beam was measured to be less than 1%. The disso-
ciated fragments are extracted from the interaction zone in a
linear two-field time-of-flight mass spectrometer (TOFMS)
by applying a uniform electric field perpendicular to both the
ion beam and the gas jet. At the end of the TOFMS, the
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FIG. 2. Kinetic energy release spectra of the N*-N* fragmenta-
tion channel.

dissociation products are detected by a position-sensitive mi-
crochannel plate (MCP) detector. The ejected electrons are
extracted in the opposite direction to TOFMS and detected
by a channel electron multiplier that gives the trigger for
starting the data acquisition. The TOF spectrum was acquired
in multihit mode by a time-to-digital converter (TDC) inter-
faced to a computer where the fragment ions were recorded
in coincidence to obtain information on correlated dissocia-
tion products. The details of the setup and data acquisition
have been published elsewhere [22].

We have done an event-by-event analysis of the acquired
multihit coincidence data to determine the three velocity
components and hence the kinetic energy (\rv§+v§+vf) of
each fragment ion individually. The KER distribution was
then obtained from the contributions of correlated fragment
ion pairs. The velocity component parallel to the TOFMS
axis (v,) is deduced from the measured TOF of the fragment
ion. A reference time 7, for each possible fragment ion was
calculated from the calibration of the undissociated molecu-
lar peaks appearing in the TOF spectrum. The time differ-
ence between the measured and the reference values was
used along with the TOFMS parameters (i.e., geometry and
fields) to determine v,

qE(t - 1)
v,=———

Z m 4
where ¢ is the charge state of the ion and E is the extraction
field of the TOFMS.

The other two components of the velocity (v, and v,)
were determined from the position of impact (x and y) of the
fragment ion on the MCP. The reference points x, and y,
were determined for each event by taking the center of mass
of the x and y position of each pair of fragments detected in
coincidence. The x and y components of the velocity were
then determined as

X=X Y=o
and v, = .

U, =

where ¢ is the measured TOF of the fragment ion.
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FIG. 3. Kinetic energy release spectra of the N*-N>* fragmen-
tation channel.

III. RESULTS

Figure 1 shows the coincidence map of the dissociation of
N, following Ar’* impact. From the coincidence map, the
interparticle correlations between the different fragment
charge states can be clearly identified. Each point in the map
is due to the coincident detection of two nitrogen ions origi-
nating from the dissociation of the N,7" molecular ion. The
dark patches are due to the high density of points represent-
ing the various fragmentation pathways. In a majority of the
fragmentation channels, the number of counts obtained is
reasonably large except for the two fragmentation channels
N3+-N'* and N*-N2*, where statistics are low. However, in
spite of the low statistics, the major energy components in
the above-mentioned KER distributions can be considered as
we have eliminated the contributions from the overlap of the
N3* forward and N** backward peaks.

Figures 2—6 show the KER distributions for the dissocia-
tion channels observed in this experiment. Almost all the
KER spectra obtained in the present experiment exhibit a
high-energy tail beyond the peak of the KER distribution.
Table I lists the most probable KER values for the different
fragmentation channels obtained in the present experiment
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FIG. 4. Kinetic energy release spectra of the N2*-N”* and
N!*-N3* fragmentation channel.
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FIG. 5. Kinetic energy release spectra of the N**-N3* fragmen-
tation channel.

along with the KER values from other experiments studying
N, fragmentation. The values calculated from the pure Cou-
lomb explosion model (see discussion) are also listed.

It should be noted that for the N,%" molecular ion disso-
ciating into N"*-N"*, for the ones with even g we observe
dissociations with m=n (the symmetric charge breakup chan-
nel) and also m=n+2 (the asymmetric charge breakup chan-
nel). In the case of odd g values, we observe channels with
m=n+1 only.

To investigate the peaks of the KER spectra, we have
calculated ab initio potential-energy curves for some of the
low-lying states of N, (3<¢=<6) molecular ions. The
MCSCEF energies are calculated as a function of the internu-
clear distance for N," (3<¢=<35) with a 6-311G basis set
including three d-type and one f-type polarization functions
using the GAMESS [23] package. For the N,*" molecular ion,
we did a UHF calculation using the same basis set. Using the
MCSCF method, we have also calculated the various
asymptotic limits for the decay of the transient molecular
ions. Our values for the excitation energy of the atomic ions
are in good agreement with the NIST database values [24].
Our calculated value for the excitation of N*(°P) to N*('D)
is 20eV (1.9eV), for N*(*P) to N*(*P) is 6.99 eV
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FIG. 6. Kinetic energy release spectra of the N3*-N3* and N+
-N** fragmentation channel.
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TABLE 1. This table shows the KER values obtained for the various fragmentation channels N"*-N** in
N, fragmentation induced by ion impact. The values calculated from the pure Coulomb explosion model are

also included.

KER values (eV) for different projectile velocities

Fragmentation Coulomb
channel 5.9 MeV/amu [8] 0.2 keV/amu [31] 24 keV/amu (this work)  energies (eV)*
NI*-N!* 14.5 10.6 7.5, 14.5 13.1
NI*-N2* 30.3 222 20 26.2
NI*-N3+ 53.5 20, 44 39.3
NZ*+-N2* 51.3 39.0 32.5 52.5
NZ*+-N3+ 79.9 722 68 78.7
N2 N** 103.2 40, 100 104.9
N3+-N3+ 108.7 112.6 72, 105 118.0

®At equilibrium internuclear distance of 1.089 A.

(7.09 eV), and for N**('S) to N3>*(°P) is 8.32 eV (8.33 eV),
which agrees well with the NIST values (given in parenthe-
ses). Table II shows the results of our calculations in terms of
KERs when the various states of the N,7" (3<¢=<6) mo-
lecular ion decay into two atomic fragments in their lowest
possible states. Thus the tabulated values of the KER denote
the upper limit of the KER in each fragmentation channel.
We now discuss each of the fragmentation channels individu-
ally.

A. Decay of N,**

The KER spectrum corresponding to the N*-N* fragmen-
tation channel (Fig. 2) shows two major energy components,
one at 7.5 eV and another at 14.5 eV. Table III lists the vari-
ous molecular states of N22+ (taken from [25]) and the asso-
ciated energy release, when they dissociate into two N* ions

TABLE II. Theoretically calculated values of KER in the case of
N, (3<¢=<6) dissociating to the lowest possible states of N"*
+N"™ with m+n=¢. These values denote the upper limit of the
KER.

Dissociation channels Kinetic energy release (eV)

N, (P2) = N*(?P) +N'*(°P) 25.40
N, (*2) = N2*(?P) +N'*(°P) 19.77
N,*(a°S) — N> (*P)+N>*(‘P) 35.48
N,*(a %) —N"*(*P)+N**(’P) 33.07
N, (b °3) — N>*(?P) +N2*(*P) 45.40
N, (b %) = N'*(°P)+N3*(°P) 42.89
N,** (%) = N2*(?P) +N?*(°P) 46.59
N, (P2) = N*(CP) +N3+(1S) 28.78
N, (22) = N>*(?P)+N**('S) 67.56
N, (U3) = N2 (*P) + N3*(1S) 59.68
N, (1) = N3*('S)+N3*('s) 114.67
N, (13) = N2 (?P) + N**(°S) 86.96
N, (°%) = N3*('S) +N**(°P) 98.46
N, (P%) — N2#(*P) + N**(°S) 69.80

in their *P ground state. Many of these states are metastable
in their lowest vibrational levels with very long tunneling
lifetimes. In the present experiment, only the higher vibra-
tional levels of these states are excited by a vertical Frank-
Condon transition and undergo dissociation releasing energy.
The theoretical energy release values are in good agreement
with the experimentally obtained KER values. In electron
impact ionization experiments [26], similar energy releases
have been observed for N22+ decay. The higher resolution in
those experiments enables the separation of the individual
vibrational levels leading to dissociation into the N*-N* ion
pair. In the present experiment, excitation into the low-lying
a I, and A 'TI, states of N,** has not been observed.

B. Decay of N,**

The maximum KER that can be released on dissociation
of N23+ is 25.40 eV. The peak of the KER spectra of the
N*-N?* fragmentation channel (Fig. 3) occurs at around
20 eV and can be explained by considering the decay of N23+
to N2+ (’P), the ground state of N** and N'* (!S), and the
excited state of N!*,

N,**(%3) — N*(*P) + N'*('S), 21.35 eV.
The high-energy components of the KER spectra are possi-

bly coming from the dissociation of the higher excited states

TABLE III. The possible molecular states of N22+ dissociating
into N*(°P) +N*(°P) along with the theoretically calculated values
of KER [25].

Molecular states Release energy (eV)

d's} 8.4
c'A, 8.1
DI, 7.9
g '3y 14.2
h'sy 14.9
3
G°Il, 152
B3 14.1
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of N,**. Our values for the lowest electronic state of the N,**
molecular ion are in agreement with the calculations given in
Ref. [27], and the high-energy component of our KER spec-
tra can be explained on the basis of the higher excited states
of N,’* calculated in the same reference.

C. Decay of N,**

The N,** molecular ion can dissociate to give either
NZ*-N?* (the symmetric channel) or N*-N3* (the asymmetric
channel) (Fig. 4). The dominant channel observed is the
symmetric one. Our calculations for the lowest states of N,**
explain the KER spectrum of the N>*-N?* and N*-N3* frag-
mentation channels. In the cases in which the KER value is
lower than the maximum KER (Table II), the decay to ex-
cited states of the atomic fragments explains the experimen-
tally observed values,

N, (b°2) — NZ*(°D) + N**(*P), 32.88 eV,
N,*(a3) — N'*(°D) + N**(°P), 21.64 eV,

N, (b3) — N (°P) + N*(°P), 42.89 eV.

In the Frank-Condon region, the a 33 state is the ground
state of the N,** molecular ion. It cannot dissociate into two
N2* ions in their P ground states because of the spin con-
servation rules. It can, however, decay into one ground state
N2*(?P) and one excited N2*(*P) ion with the release of
35.48 eV as KER. The most probable energy of 32.5 eV ob-
tained in our experiment is lower than this by about 5 eV,
which can result if b °3 decays into two excited states of
N2*, namely the (*P) and the (D) state.

The KER spectra for the N*-N3* channel shows two en-
ergy components. The lower-energy component around
20 eV can come from the decay of a’% into N'*(°D)
+N3*(°P) releasing around 21.64 eV. The origin of the high-
energy component (44 eV) is the decay of b°3 into
N*(*P)+N3*(°P) releasing around 42.89 eV energy.

D. Decay of N,

The fragmentation channel of N**-N3* (Fig. 5) has its
origin in the dissociation of the N,>* molecular ion. The
most probable KER value in this case is around 68 eV. From
our calculated potential-energy curve for N25+ we find that
the dissociation of the 23 ground state of this ion into two
ground-state ions of N2*(*P) and N3*('S) explains the most
probable KER,

N> (%3) — N2*(?P) + N3*('S), 67.56 eV.

E. Decay of N,**

In this case, as for N24+, we find that the symmetric chan-
nel dominates the fragmentation products. The high-energy
peak in the KER spectra of the N**-N3* channel (Fig. 6) at
around 105 eV can be explained from our UHF calculations
on the N,** molecular ion,
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N, ('S) — N¥*(19) + N3*('S), 114.7 eV.

Our UHF calculations are in reasonable agreement with the
experimentally obtained value. Although we cannot identify
the most probable KER value for the N**-N** fragmentation
channel due to poor statistics, two distinct energy compo-
nents are clearly visible in the KER spectrum. The low-
energy component (40 eV) in this channel can be explained
from the decay of the transient *3 state of the molecular N26+
ion decaying into ground as well as excited states of the
atomic fragments. The high-energy component above
100 eV cannot be explained from the low-lying 'S and °3,
states of N26+. This component is possibly coming from the
higher excited states of the N26+ molecular ion,

N, (*S) — N> (P) + N**(°S), 86.96 eV,
N, (°S) — N> (*P) + N*(%S), 69.8 eV,
N, (’3) — N> (°P) + N**(*P), 354 eV,
N, (S) — N2 (*P) + N*(*P), 28.3 eV,

N,* (%) — N*(°D) + N*(*P), 22.9 eV.

The low-energy sharp peak at around 72 eV in the N3*-N3*
fragmentation channel cannot be explained by molecular dis-
sociation of N26+. This energy is very close to the most prob-
able KER in the case of N,”* fragmentation (68 eV). The
difference of around 4 eV in the most probable KER ob-
tained in the case of N?*-N3* fragmentation channel and the
low-energy peak in the N3*-N3* KER spectra can be ex-
plained by the population of highly excited states of the N25+
transient molecular ion dissociating into N**-N3*. The origin
of this energy component thus lies in the Auger decay of the
N?* ion formed from the dissociation of highly excited states
of N,’* into N>* and N3*,

IV. DISCUSSION

Experimental measurements of the KER’s have shown
that the energy releases are usually lower than those
predicted by the Coulomb explosion model [E(eV)
=14.4¢,¢,/R (A), where ¢, and ¢, are the charges on the
two fragments and R is the internuclear distance of the neu-
tral parent molecule]. In the Coulomb explosion model, the
simplest model describing a breakup of molecular ions, a
point charge is put on each atom of a molecular ion and the
motion of each atom is governed by the Coulomb repulsion
from the others. Since the Coulomb explosion model does
not take into account the electronic charge cloud in the in-
ternuclear region, generally it predicts a higher KER than
that obtained experimentally. In a simple Coulombic model,
the width of the KER distribution is determined by the re-
flection of the ground-state probability density off the Cou-
lomb potential curve [28]. The resulting KER distribution is
approximately a Gaussian with a width of a few eV [29,30],
which is much less than the observed width of up to
120-140 eV for higher degrees of ionization in the present
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experiment. Hence the Coulomb explosion model is insuffi-
cient to explain either the most probable KER or the ob-
served width of the KER spectra.

If the fragmented atomic ions are left in an excited state
upon molecular dissociation, the resultant KER would be
lower than that expected with the fragment ions in their re-
spective ground states. On the other hand, excited transient
molecular ions dissociating into ground-state atomic frag-
ments would result in a higher KER as compared to that
obtained on dissociation of ground-state molecular ions. The
high-energy component observed in almost all the KER
spectra thus hints toward the contribution of excited molecu-
lar states to the KER spectra.

Experiments studying N, dissociation at high impact en-
ergies [8] have yielded higher values of KER than those
obtained in the present experiment. This may be because at
high projectile energies, higher excited states of N,?* mo-
lecular ions are populated, leading to larger KER values on
dissociation.

Remscheid et al. [31] have calculated potential-energy
curves for N,** and N,%" molecular ions to explain their
study on N, fragmentation induced by an Ar®* (8 keV) pro-
jectile. They have concentrated on the symmetric channel of
charge breakup of N,** and N,°*. In our experiment, we
observe both the symmetric and the asymmetric charge
breakup of the N,** and N,°* so we have calculated the
potential-energy curves for these molecular ions to investi-
gate the origin of the energy peaks in our KER spectra. For
the symmetric breakup, our theoretical values are in agree-
ment with those obtained by Remscheid et al. They have
calculated the two lowest electronic states of the N,** tran-
sient molecular ion, namely the *%* ground state and the * 3,
state. Although the major component in the KER spectra of
NZ*-N2* obtained in our experiment comes from the disso-
ciation of the °3 ground state of N,** into N**(*P) and
N?*(*D), there is also a high-energy component, part of
which could be the contribution from the *3 state of N,**
dissociating into two ground states N 2+(?P). The dissociation
energy for N26+ as calculated by Remscheid et al. agrees
with our experimental as well as our theoretically calculated
values.

Safvan and Mathur [32] have also theoretically investi-
gated the dissociation of highly charged N, (¢ =2) ions via
non-Coulombic potential-energy curves. Some of the disso-
ciation channels shown by them are multiplicity-forbidden
and would result in KER values lower than predicted by
them. In general, our theoretical values are in agreement with
the values obtained by them.

From the comparative yield of the two ion pairs that cor-
respond to different dissociation channels of a single parent
molecular ion, we find that the symmetric breakup is pre-
ferred over asymmetric, in agreement with the experimental
observations of Ref. [31]. From the comparisons of the KER
distributions of such ion pairs, we observe that for the asym-
metric charge dissociation channel there are two energy com-
ponents in the KER distribution while the charge symmetric
channel has a single peak for the most probable KER. Also,
in the case of N,** and N,°* breakup, the two possible chan-
nels (symmetric breakup and asymmetric breakup) show dif-
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ferent energy components. This implies that the states lead-
ing to the symmetric and the asymmetric breakup are
independent of each other.

At the projectile velocity range used in the present experi-
ment, transfer ionization is the dominant process of electron
transfer [20] and thus there is a possibility of the target being
left in an excited state after the ion-molecule interaction. The
excited particle then relaxes to the ground state either by
Auger emission or radiative decay. The Auger emission life-
times are of the same order as the characteristic fragmenta-
tion time of the molecules and hence only an energy analysis
of the emitted electrons in the case of ion-molecule collisions
can explain the origin of the emitted electrons. Target exci-
tation following ion impact has been observed to play a sig-
nificant role in multielectron capture studies in ion-atom col-
lision experiments [33]. Not many reports exist to comment
on the role of target excitation in ion-molecule collisions.
Lablanquie er al. [34] had reported the possibility of auto-
ionization in CO* leading to production of C* and O* ions
with low kinetic energy releases. A later study [35] using
high- and low-energy projectiles interacting with CO, how-
ever, indicated that target excitation does not seem to take
place. The occurrence of a low-energy peak at 72 eV in the
N3*-N** fragmentation channel is strong evidence of core
excitation of N, during ion impact as this peak can only be
explained by the Auger emission of N** formed during the
dissociation of N,** into N?* and N3*. It is worth noting that
the relative cross section for production of the N**-N3* jon
pair following Auger emission is much greater than its pro-
duction following decay of the N26+ transient molecular ion.
This implies that the probability of direct ionization of six
electrons is less than the probabilty of five-electron ioniza-
tion accompanied by core excitation.

V. CONCLUSION

We have presented the results of a study of ion-induced
fragmentation of N, using time-of-flight coincidence tech-
niques. The time and position data obtained during the ex-
periment were analyzed on an event-by-event basis to deter-
mine the KER spectra corresponding to the various observed
fragmentation channels. The KER spectra are explained on
the basis of existing and calculated ab initio potential-energy
curves of the molecular N,7* ions with (3<¢=<6). Good
agreement is found between the theoretically calculated and
experimentally determined KER values. The high-energy
component in almost all the KER spectra is originating from
the population of the excited intermediate molecular states
resulting in the formation of low-lying atomic fragments. We
have found a signature of core excitation of the target mol-
ecule following ion impact in the form of a clear distinct
peak at 72 eV in the N**-N** KER spectra having an energy
close to the probable KER in the case of the N?>*-N3* frag-
mentation channel. The origin of this peak lies in the Auger
emission of the N2* ion formed during the dissociation of the
N, transient molecular ion into N>* and N3*. Further stud-
ies measuring the energy of the emitted electrons are needed
to verify the origin of the electrons and identify the role of
target excitation in ion-molecule collisions.
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