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Electron-impact dissociative double ionization of N, and CO: Dependence of
transition probability on impact energy
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We present an experimental and computational analysis of dissociative double ionization of N, and CO
molecules under electron impact. Experiments are performed at three energies, viz. 1, 3, and 5 keV, in order to
observe the effect of impact energy on the dissociative ionization kinematics. We compare the kinetic energy
release (KER) distributions of the charge symmetric dissociation channels of N%+ and CO*" at these impact
energies. An approximately linear trend between the transition energy and the expected KER values is inferred
on the basis of the calculated potential energy curves of the dications. Experimentally, the normalized differential
KER cross sections for these channels show an increasing trend in the low KER range and a decreasing trend
in the high KER range as the electron-impact energy is increased. This observation indicates that the transition
probability for excitation to different molecular ion states is not only a function of energy difference between
the ground and excited states, but also a complicated function of the impact energy. In addition, nature of
the observed trend in the differential KER cross sections differs significantly from their differential transition
probability, which are calculated using inelastic collision model for fast-electron-impact case.
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I. INTRODUCTION

In a molecular collision process, large differences in time
scales of the electronic and the nuclear dynamics allow one
to treat ionization and following evolution of the molecular
ion separately. This specific property of the molecular system
leads one to consider many assumptions and approximations,
like vertical transition, adiabatic approximation, etc., which
are used to construct the molecular picture [1-3]. In the
ionizing collisions, these approximations can be divided in
two categories: one which addresses the excitation process
and the other energy dissipation and dynamics of the system
after electronic excitation. However, often in these processes,
the composite kinematics is observed and, for this reason,
the underlying set of approximations and assumptions can
be probed only jointly. As a result, some characteristics of
electronic excitation and nuclear dynamics which are not
having strong influence in the final kinematics cannot be
discerned.

In the study of dissociative ionization processes, electronic
excitation which leads to ionization of the molecular system
and the following nuclear dynamics are normally treated as two
separate processes; the average time scale difference between
ionization and the nuclear dynamics of the molecular ions is of
three orders of magnitude [4,5]. With this view, a dissociative
ionization process is described as a two step process: a
molecular system first gets ionized and then dissociates. Since
the dissociation always preceded by ionization of the parent
molecular system, the kinematical study of the fragmentation
of molecular ion inevitably inherits properties of ionization.
Probability of the transition in a given potential energy state,
normally termed as transition probability, of the molecular ion
is the parameter which manifests the properties of ionization.
Apart from the dependence on symmetry of excited states,
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transition probability is assumed to be strongly dependent on
the transition energy: the energy required to reach the excited
potential energy curve (PEC) of ionized molecular ion from
the ground state of neutral molecule in vertical transition
and weakly dependent on the impact energy. For the high
impact nonresonant excitation processes, transition probability
becomes a uniparameter function of the transition energy: an
inverse quadratic function [6]. In this paper, we try to examine
the nature of the transition probability as a function of impact
energy of the projectile.

Total ionization cross section of many atomic and molec-
ular systems at different electron-impact energies have been
studied quite extensively in the past, theoretically as well as
experimentally [7-11]. From these studies, it can be observed
that below 80 eV, the total ionization cross section of molecular
systems are normally arising function. Above 100 eV, the cross
section becomes a falling function of the impact energy. In en-
ergy range above 1000 eV, the total cross section for all molec-
ular systems are a weak falling function which is almost similar
for all molecules irrespective to their molecular structures.

Kinematics observed in charge symmetric dissociation
(CSD) of dications of N, and CO molecules upon electron
impact of few keV energy span PECs in the range 40-60 eV
above the ground state [12—14]. Experimental and theoretical
investigation of dissociation dynamics of these channels have
been thoroughly studied recently as well as in the past for many
ionizing agents [12-26]. It has been found that dissociation
dynamics of these two systems are significantly different and
that has been attributed to the intrinsic symmetry of their
molecular states. Extensive knowledge of the dynamics of
dissociative ionization of these dications provides a solid
ground to examine questions about their excitation processes.
In addition, participation of the excited states of N%* and CO**
which span more than 20 eV energy range, from 40-60 eV,
creates a good opportunity to expect some variation, if any,
because of dependence on the impact energy.
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In this article, we compare KER spectra of CSD channels
of these dications for three electron-impact energies and have
observed a common trend for both molecular ions. We reason
that the resultant trend in the intensity pattern of the KER
spectra must be arising from the properties of ionization,
i.e., differences in their transition probabilities rather than the
variation in dynamics of the dissociation at different impact
energies. It is suggested that the transition probability should
be a decreasing function of the electron-impact energy.

II. EXPERIMENT

Experiments are performed employing Recoil Ion Mo-
mentum Spectrometer (RIMS) to record ionizing collision
products of N, and CO molecules at three electron-impact
energies: 1, 3, and 5 keV. In the setup, molecules forming
an effusive beam collide with electron beam in cross-beam
geometry resulting in an ionization region of volume less
than 3 mm®. A constant electric field over 11 ¢cm from the
ionization region, called the extraction region, is applied to
extract the positive ions created in the collision. A field-free
region, drift region, of 22 cm is used after the extraction
region to achieve the first-order space focusing Wiley-Mclaren
condition [27]. Electrons created in ionization are directed in
the opposite direction and detected by a microchannel plate
(MCP). They are used as a start for recording time-of-flight of
ions that reach the ion detector. In the ion side, a MCP along
with delay-line detector is used to detect the ions. For each
ion detected, time-of-flight (TOF), and their positions, two
perpendicular coordinates with respect to spectrometer axis,
(X,Y), on the detector are recorded in a list mode format. These
parameters are used to calculate the momentum components
(P, Py, P,) of ions. Kinetic energy of ions are estimated using
their measured momentum components. RIMS operates in
multihit coincidence, four-hit in our case, and thus is capable
of detecting ion pairs created in the collision process and it
enables distinguishing dissociation channels of the detected
ions in a single collision condition. KER of CSD of a N,
(or CO) dication is the sum of the kinetic energies of the
fragmented ions, detected in coincidence [28,29].

Experiments are performed at 90 V/cm to minimize the
transmission loss that causes alteration in the relative cross
section of dissociation products in high KER range. Effect of
transmission loss and its nature as a function of KER can be
found in [30]. At 90 V/cm extraction field for RIMS setup,
transmission loss for a single ion starts at 7.25 eV. In the
case of fragmentation, in KER spectra, effect of transmission
loss starts appearing when one of its fragments acquire more
than 7.25 eV kinetic energy from dissociation. In two-body
fragmentation, KER value at which loss will start can be
calculated for any pair of fragments of known masses. In this
case, geometry of the molecular system does not contribute
which is the reason for an inability to derive the functional
form of the transmission loss in many-body fragmentation.
In the case of N§+ dissociating to N*, N*, KER value at which
the transmission loss starts occurring is 14.50 eV, whereas in
the case of CSD of CO?*, it is 12.65 eV. In our case, only a
little fraction of the total cross section falls above these KER
values, and thus KER spectra in these cases are not corrected
to transmission losses. Only 20% of the total cross section
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falls above 14.5 eV KER in CSD of N3* and 12.65 eV in
the case of CSD of CO** for these electron-impact energies.
The estimated increment in the total cross section after apply-
ing the transmission loss correction is less than 5% in each
case. Apart from transmission loss, other correction factors
like detector efficiency and ion transmission coefficients are
also used to estimate the accurate cross section of dissociation
channels [31-33]. Since we are interested in relative variation
of the same dissociation channel at different impact energies,
these correction factors are not necessary for our discussion
and hence ignored.

To compare the kinematical differences of dissociation for
three electron-impact energies, it is essential to establish that
all experimental conditions were identical and any discernible
experimental artifact cannot be a cause for the trend observed
in KER spectra of N, and CO dications. The first source
of artifacts could be the change in the TOF of ions at
different impact energies. In order to exclude this possibility,
RIMS setup is optimized using argon gas at each electron-
impact energy, i.e., minimizing the effect of finite position
and initial velocity distributions of molecular ions in their
TOF distributions. The observed calibration curves of Ar in
optimized condition are identical; TOF(m/q) equations are
similar indicating the fact that the ionization regions are
identically situated in the RIMS in all cases. Any change in
KER spectra because of the variation in the calibration curves
would be negligible for the range in which the trends in the
KER spectra have been observed. Experiments for N, and CO
are performed under the same conditions as for Ar.

The second source of artifact that may contribute to the KER
spectra arise because of the finite distributions in two positions
(X and Y) and TOF spectra of ions which are manifestations
of the initial thermal and space distributions. In order to know
these distributions, spectra of argon gas, which is monoatomic,
are analyzed and they are found to be quite similar in all
cases. At 3000 eV electron-impact energy, resolution of P,
Py, and P, momentum components of Ar™ ions are 30, 25,
and 12 a.u., respectively. These momentum resolutions are
calculated using full width at half maximum (FWHM) of the
position and time distributions. Corresponding kinetic energy
resolution of ions can be calculated using observed momentum
resolutions and it turns out to be 300 meV. For two-body
fragmentation, KER resolution can be estimated using kinetic
energy resolution of ions as independent variables. It will
be 430 meV. For all results, we have taken 500 meV as the
resolution of the spectrometer for two-body fragmentation and
only those features which sustain are considered as relevant.
Calculation of KER resolution from the recorded TOF and
(X,Y) distributions can be found in [29]. The procedure
of the estimation of KER from the momentum components
of the fragmented ions, recorded in coincidence, is identical to
the study reported by Tarisien et al. [26]. In their case, however,
better resolution in KER, less than 250 meV, is achieved
because target molecules are introduced by a supersonic gas
jet which has reduced interaction region and thermal width;
for the supersonic beam, thermal width is much smaller than
thermal width of the gas ensemble in an effusive beam, which
we have used in our study.

Third and the last factor which can be a component
in observed KER spectra is due to the strength of the
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FIG. 1. Kinetic energy release spectra of CSD of Ng+ [left] and CO?** [right] are shown. For direct comparison, KER spectra for different
electron-impact energies are normalized for their total cross section (area under curve). Relative variations can be compared for the features of
normalized KER spectra. KER spectra are plotted with 500 meV bin size which represents the resolution for two-body dissociation channel.
Features in KER spectra, in both molecular ions, appear at the same positions for different impact energies. Spectra observed at different impact

energies are plotted with a shift of 20 for visual clarity.

observed statistics. In order to minimize the statistical errors,
experiments are performed for a sufficiently long time. And in
the entire observation period, precautions have been taken to
maintain all the experimental conditions constant. Each run is
performed for at least more than 18 h, resulting in a minimum
of 7000 counts in CSD of N%*' and about 12000 counts in CSD
of CO?*. In all cases, counts at the maximum of a distribution
is more than 500 (in the bin size of 500 meV). Statistical error
for the range where counts are larger than 100 would be less
than 0.1. The range of KER in which the observed counts are
always bigger than 100 is about 12 eV, starting from 6 and
going up to 18 eV for the N%*' case. For CO?*, this is about
15 eV in the range 2—17 eV. Statistical error for these cases will
not be more than 10% for these ranges. This suggests that any
trend, if observed, having more differences than 10% would
be resulting from the differences in the kinematics and cannot
be attributed as experimental artifacts.

III. RESULTS

KER spectra of CSD of N3* and CO** for three electron-
impact energies are shown in Fig. 1. KER spectra are plotted
with 500 meV bin size which represents the resolution for two-
body fragmentation. Spectra at each electron-impact energy is
normalized to their total area under curve that is the absolute
cross section of the CSD. Normalization is carried out to
compare the relative intensities of the features in KER spectra.
It can be easily observed that the main features appear at
identical KER values in spectra for different electron-impact
energies. In the case of CSD of N2T, the main features appear
at 6,9 and 15 eV energies. Similarly, in the case of CSD of
CO?*, the main features in KER spectra appear with common
energies at 3, 6, and 9 eV. The appearance of features in KER
spectra is associated with the dynamics on the excited PECs
of molecular ions. Nature of the dynamical evolution for these
two dissociation channels has been extensively worked out in
the previous study [12]. From the available knowledge of the
PEC:s of these dications, it can be easily deduced that a change

in the dynamics of these states would alter the KER features
by about one electron volt or more, by the energy separation
between asymptotic limits of the dications, which is not the
case.

In Fig. 2, the asymptotic limits of the dications are shown
as different lines on which the PECs are falling. KER values
associated with PECs of the dications of N, and CO are plotted
with respect to the transition energy €. KER and transition
energy, €, for a given PEC are related by a linear equation:
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FIG. 2. KER values associated with PECs of the dications of N,
and CO are plotted with respect to the transition energy €. KER and
transition energy for a given PEC are related by a linear equation:
KER = ¢ — a, where a is energy of the associated asymptotic limit.
Each dot in the plot represents one PEC; the € is the vertical transition
energy: energy difference between ground state of the molecule from
the excited PEC of the dication. KER value represents the resulting
dissociation energy via direct decay from the PEC. Consequently,
PECs of adication leading to a common asymptotic limit, a, appear on
a straight line. Asymptotic limits of N§+ are shown by dotted-dashed
lines and of CO** are shown by dashed lines.
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FIG. 3. Cross sections of the KER spectra of dissociation channel N%+ — N*, N* [left] and CO** — C*, O" [right] at electron-impact
energies 3 and 5 keV compared with KER spectra at 1 keV are shown. If transition probability is a uniparameter function of transition energy,
the difference spectra would be constant. The observed common trend in dissociation kinematics suggests that transition probability is also a

function of the impact energy.

KER = € — a, where a is the energy of the associated asymp-
totic limit. KERs, transition energies, and asymptotic limits
are estimated using previous calculations of the PECs of these
dications, reported in Pandey et al. [12]. These calculations
were performed using MOLPRO program package [34]. Using
correlation-consistent cc-pV5Z basis sets of N, C, and O,
complete active space self-consistent field (CASSCF) method
and multireference configuration interaction (MRCI) method
have been used for calculations. Full-valence type CASSCF
wave functions have been employed as the reference function
in the MRCI calculations. The details of the calculation
can be found in Pandey et al. [12]. KER originating from
indirect pathways are not shown in Fig. 2. Indirect dissociation
channels would appear as additional points in the same range
bounded by the lowest and highest asymptotic limits. Since the
dissociation dynamics is unaltered at different impact energies,
these additional points would be identical in all cases and will
not cause the observed trend in the difference KER spectra
shown in Fig. 3.

In Fig. 3, cross sections of KER spectra of dissociation
channel N%Jr — NT,NT and CO** — C*, O observed
at electron-impact energies 3 and 5 keV are compared with
KER spectra observed at 1 keV. Since these are differences
drawn from normalized KER spectra, it can be easily seen
that the relative cross section in low-KER range increases and
as a result less cross section is seen in high-KER range. In
the case of N§+, below 10 eV, relative cross sections in 3,
5 keV impact cases become positive with respect to the KER
spectra at 1 keV, whereas in case of CO*, 8 eV is the KER
value below which relative cross sections become positive.
To compare the variation in the relative cross sections, these
KER values can be used as a marker. In the case of N§+, for
3 and 5 keV electron-impact case, the average increase of cross
section below 10 eV is about 8%. For CO**, the average cross
section below 8 eV increases by about 6%.

As discussed in the experimental section, the first two
cases of artifacts would not be the reason for the relative
change of the cross sections when comparing for different
electron-impact energies. The third experimental condition,

the statistical error of the recorded spectra, could contribute to
some extent in this result. However, as discussed previously,
the statistical error for the relevant range of the KER spectra
in both cases is less than 10%, which is small compared to
the observed change in the cross section. It is also interesting
that the magnitude of changes in KER cross sections for 3 and
5 keV with respect to 1 keV are large compared to the relative
change between 3 and 5 keV.

The transition probability, do, as a function of transition
energy, €, and electron-impact energy, E, is given in Eq. (1).
The transition probability in Eq. (1) is derived for fast moving
electron collisions in atomic systems [6]:

1
do = rrZe4[— + (1)

1 3 1 i|de
€2 (E—¢€)? €(E—e)

E.

The second term in Eq. (1) can be dropped for the impact
energies which we have selected in our experiments. For the
range of energy covering the transition energies of dications,
relative increment in the normalized transition probabilities at
3 and 5 keV impact energies are compared with respect to the
1 keV case and is shown in Fig. 4. Transition probabilities for
each impact energy are normalized to the 40-60 eV transition
energy range in order to establish a comparison with the
difference KER spectra shown in Fig. 3. It can be observed
that the relative cross section for 3 and 5 keV with respect
to the 1 keV impact case is smaller in low transition energy
range, up to 48.75 eV; above this value the relative transition
probability is larger. This suggests that the higher range in
the KER spectra would be slightly more populated for larger
impact energies. The predicted nature of the relative cross
section is opposite to the nature which has been observed from
the KER analysis. It is also evident that only a minor change
would occur in the transition probability for three impact
energies in the doubly ionized transition energy range. The
maximum change in the transition probabilities are occurring
at 40 eV and 60 eV transition energies; these are about 8 and
12 units, respectively, in the same scale in which the difference
KER spectra in Fig. 3 are plotted.
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FIG. 4. Relative increment in the normalized transition proba-
bilities at 3 and 5 keV impact energies are compared with respect
to the 1 keV case. Transition probabilities for each impact energy
are normalized to the 40-60 eV transition energy range in order
to establish a comparison with the difference KER spectra shown
in Fig. 3. It can be observed that the relative cross section for 3 and
5keV withrespect to 1 keV impact case is smaller in the low transition
energy range, up to 48.75 eV; above this value the relative transition
probability is larger.

Our observation suggests that the transition probability
would be a weak function of the impact energy E, but the
dependence is stronger than it is predicted by Eq. (1) [6]. It is
hard, though, to discern the exact form of the function, but the
observed trend suggests that it would be a decreasing function
that may appear as an additional term, possibly in (E-¢) form,
in the transition probability equation. The observed trend is
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opposite to the predicated nature of the relative increments
in cross section for different impact energies. Equation (1)
is using two assumptions that might be the reason for the
observed deviation. It considers the transition energy as the
energy gained by the ionizing electron in collision and does not
take into account the effects of collision on remaining Z — 1
electrons in the system; multiple excitation in the collision
may be a contributing factor. Equation (1) also considers
a single-centered Coulomb field and is derived for atomic
systems; a two-centered Coulomb field is another possible
factor for the observed change. Our work provides further
insights about the dissociation dynamics of the molecules;
in this article, the nature of the excitation in a dissociative
ionization process is addressed.

IV. CONCLUSIONS

In this paper, we have analyzed KER spectra of CSD
channels of dications of N, and CO molecules for three
electron-impact energies, viz. 1, 3, and 5 keV. KER spectra,
which is a measure of the undergoing dissociation dynamics,
observed at different impact energies are compared. To make
a comparative study, experiments were performed in identical
conditions and all the experimental parameters have been
considered and their effects have been evaluated to ensure that
the observed differences in the KER spectra are significant
and are not due to experimental artifacts. The observed result
suggests that the transition probability should be a decreasing
function of the impact energy of the projectile. Multiple
electronic excitation and many-centered Coulomb field are the
possible contributing factors in the transition probability. More
experimental observations at many impact energies especially
in the low-energy range, between 1000 and 200 eV, as well as
for many other molecular systems may reveal the specificity
of the transition probability as a function of the impact energy.
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