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Abstract

The rearrangement of H-atoms is studied in the interaction of energetic (50-2000 keV) H* and Ar%* (q=1, 8) ions with N H;.
The technique of recoil ion momentum spectrometry is used to obtain various dissociation channels involved in these colli-
sion events. The variation of the relative yields of the H,™ and H;* ions is obtained as a function of the interaction strength
q/v, where q and v are the charge state and velocity of the projectile. It is observed that the yield of H," increases with q/v
of the projectile, however, Hy* is observed only at the highest g/v.
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Introduction

The rearrangement of atoms in molecules has been stud-
ied widely due to its importance both in chemical reactions
(Antonov 2016; Laksman et al. 2014; Oghbaie et al. 2015)
and in astrophysics (Dyson and Williams 1997; Rauchfuss
2008). The rearrangement of Hydrogen atoms has gained
attention in particular as it is considered to play a crucial
role in the evolution of galaxies and in the formation of
stars (Rauchfuss 2008). The studies on rearrangement and
dissociation processes are also important in complex bio-
chemical reactions (Schoenlein et al. 1991). The time for
rearrangement process is found to vary from few femto sec-
onds to few microseconds. The rearrangement of atoms is
mostly observed in neutral molecules and in some cases in
mono- and di-cations of the molecules also (Stankiewicz
et al. 1989; Jochim et al. 2009; Sorensen et al. 2014). In case
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of a highly charged molecular ion, generally the Coulomb
explosion is a dominant process. This results in a prompt
dissociation of the molecular ion thereby reducing the pos-
sibility of comparatively slow bond rearrangement process.
However, ultrafast bond rearrangement is still observed in
few cases (Krishnamurthy et al. 2004; Bhatt et al. 2017). The
rearrangement of atoms is observed under various ionizing
radiations for example, by synchrotron radiation (Laksman
et al. 2014; Oghbaie et al. 2015), by laser (Jiang et al. 2010)
and by ion impact (Jochim et al. 2009; Bhatt et al. 2017).

In case of ion induced processes, the velocity of the inci-
dent projectile plays a crucial role in the ionization process
of a target molecule. If the velocity of a projectile is close
to 1 au and if it is comparable to the velocity of a molecular
electron, the probability of capture of one or more electron
by the projectile increases as compared to that of pure ioni-
zation. In a capture process, the electron from a bound state
of the target molecule gets attached to some bound state
of the projectile; thereby the charge state of the outgoing
projectile changes. However, in case of a pure ionization
event, one or more electrons from the bound states of the
target reach the continuum and are free particle afterward.
These processes may affect the rearrangement probability of
atoms. The quantitative data on the formation probabilities
of bond rearrangement processes are scarce in the literature.
Therefore, we have used different species and velocities of
the projectile ions to understand the bond rearrangement
process.
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For present study, we have chosen the NH; molecule
as it has a trigonal pyramidal structure with a lone pair at
the Nitrogen-atom. These factors enhance the probability
of interaction among the H-atoms in NH;. The reports on
bond rearrangement in NH; are very few (Locht and Momi-
gny 1987; Senba et al. 2005; Jochim et al. 2009; Bhatt et al.
2017) and the theoretical calculations for the electronic
states involved in such rearrangement processes are scarce
(Jochim et al. 2009). We report in this article the formation
of H,* and H;" in an NH; molecule under ion impact. This is
the first report on the study of variation of the relative yield
of the formation of H,™ and H;* in NHj as a function of the
interaction strength.

Experimental method

The details of the experimental setup can be found in (Kumar
et al. 2014). Briefly, the experiments are carried out at the
Electron Cyclotron Resonance (ECR) based low energy ion
beam facility at Inter University Accelerator Centre, New
Delhi. A schematic diagram of the experimental setup is
shown in Fig. 1. The projectile ions (H* and Ar%") are pro-
duced using the ECR ion source. These projectile ions inter-
act with an effusive jet of the neutral target molecules, NH;
in present case. The charge state of the projectile ions may
change after collision if they capture one or more electrons
from the target molecule. These post collision projectile ions
pass through a parallel plate electrostatic analyzer (ESA) and
are dispersed according to their energy and charge state and
are detected by a channeltron. In present work, the analysis
of these projectile ions is not performed. The collision is
performed in a high vacuum chamber with a base pressure
of 2x 1078 torr. With NH; gas load this pressure reaches up
to 8x 1078 torr.

The recoil ions and ejected electrons produced in these
interactions are extracted using a homogeneous electric
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Fig. 1 Schematic diagram of the experimental setup

Y
X(a-n)+
n=0,1,2..

@ Springer

field applied in a time-of-flight (TOF) mass spectrometer.
The electrons are detected using a channeltron. No energy
analysis is done for these electrons. The recoil ions are mass
and energy analyzed using the time of fight mass spectrom-
eter coupled with dual micro channel plates (MCP) and a
position sensitive delay line anode detector (DLD). The
arrival times of the ions at the detector are recorded event-
by-event with respect to an electron. The mass resolution
of the present spectrometer system is 0.006. A typical TOF
spectrum of a NH; molecule generated in the interaction
with 2000 keV Ar®* ions is shown in Fig. 2. The positions
of these ions where they hit the detector are also recorded.
The data is stored in a list mode file and is used for offline
analysis. The technique of multi ion coincidence is used to
identify various ions produced in a given collision event.
The minimum possible values of the target gas density
(~10'2 cm™) and projectile beam current (< 10 pA) are used
in the experiments to achieve a single collision condition and
to minimize the false coincidences.

By knowing the TOF and (x,y) position of the recoil
ions, the momentum components along the three axes can
be obtained (Kumar et al. 2014). The momentum resolu-
tions along the x (ion beam direction), y (gas jet direction)
and z (TOF) directions are 49 au, 32 au and 34 au, respec-
tively (Kumar et al. 2014). 1 au of momentum corresponds
to 1.992x 1072* kg m s™'. In present article the collision
events of interest are those in which rearrangement of one
or more Hydrogen atoms are observed when the projectile
ions interact with NH;.

Results and discussion

We have measured the relative yields Y(H,*) (n=2, 3)
of H," and H;* formation with respect to that of NH;*
at 50 keV H*, 250 keV HT, 250 keV Ar* and 2000 keV
Ar®* impact. The rearrangement yields as a function of the
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Fig.2 TOF spectrum (raw data) generated in the collisions of
2000 keV Ar®* with NH;. The unmarked peaks around 1 s are traces
from a molecule (OCS) used in an earlier experiment
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interaction strengths of the projectile ions are obtained. For
present work, we have chosen four projectile ions having a
range of g/v values, where q and v are the charge state and
velocity of the projectile (both in atomic units), respectively.
The q/v factor of a projectile ion is closely related to the
interaction strength of a given system.

The yield Y(H,*) denotes the sum of all channels con-
taining H,". This relative yield is obtained by summing the
intensity of H,* from single, double and triple ion hit events
after correcting for the detection efficiency of the spectrom-
eter system and dividing this sum by the integrated area of
NH;* ions in single hit event duly corrected for detection
efficiency. Detection efficiency of the present system is given
as DP, where D=0.45 and p=1, 2, 3 for single, double and
triple hit, respectively. The value of D is estimated as the
product of the overall transmission efficiency of the spec-
trometer (0.81 for two meshes, each with 90% transmission,
used on recoil ion side) and the detection efficiency of the
recoil ion MCP detector (55%) with the information that
the detection efficiency of MCP can be approximated to its
physical open area ratio (Ma et al. 1991). The detection effi-
ciency of the electrons is assumed to be the same in present
measurements. H;* is observed only in single hit spectrum,
therefore its yield Y(H;") is obtained by ratio of its inte-
grated area to that of NH;* from the single hit spectrum
shown in Fig. 2. The detection limit for the relative yield of
H;™ is 0.0002.

The measured yields of H," and H;* are summarized in
Table 1 and the variation of yield of H,* formation with g/v
of the projectile is plotted in Fig. 3. The error involved in
the measurement of this relative yield comes mainly from
the statistical fluctuations (~13%) and the range of data
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Fig.3 Variation of relative yield Y(H,") as a function of g/v of the
projectile

Table 1 Comparison of relative yields Y(H,*) (n=2, 3)

Ton species Energy (keV) v(auw) q/v Y (H,") Y (H;)

Ar®* 2000 1.41 5.66 0.212  0.06000
Art 250 0.50 2.00 0.154
H* 50 141 0.71 0.080
H* 250 3.16 0.32 0.018
H* (Jochimetal. 4000 12.65 0.08 0.004  0.00011

2009)

selection (~ 10%). Therefore, the error involved in the rela-
tive yields reported in Table 1 is less than 16%.

To see the effect of projectile velocity on bond rearrange-
ment process, we have chosen two different projectiles (H*
and Ar®") keeping their velocities the same. It can be seen
from Table 1 for a velocity of 1.41 au that the yields for H,*
are completely different under H and Ar®* impact.

The formation of H,* has been reported in photo-ioniza-
tion (Stankiewicz et al. 1989; Winkoun and Dujardin 1986)
and in core excitation near N1s ionization threshold (Ma
et al. 1995) in NH;. In core excitation the highly excited
states of the molecular ions are populated whereas in ioni-
zation near and above the dissociation limit, the low lying
states are observed. In general, if the excitation energy avail-
able is low, bond rearrangement competes with dissociation
and the lowest energy dissociation channels are observed. In
fact, in electron ionization below 70 eV the bond rearrange-
ment followed by dissociation is found to be favoured over
the simple dissociation of the molecular ions (Johnstone and
Rose 1996). At high excitation energies, the processof bond
rearrangement is considered to be slow as compared to dis-
sociation and the entropically favoured dissociation channels
are observed. However, in present results the probability of
formation of H,* is found to be increasing with increase in
the value of q/v (q and v are the charge state and velocity) of
the projectile, a parameter closely related to the interaction
strength and hence to the excitation energy.

Further, in our measurements the rearrangement process
is observed in singly to multiply charged NH;** (x =1-5)
ions. The observation of H,* from multiply charged pre-
cursor indicates that the rearrangement process must have
occurred at ultrafast time scale in competition to the Cou-
lomb explosion process. These findings are in contrast to
the previously reported results (Johnstone and Rose 1996)
in the literature on slow bond rearrangement at high excita-
tion energies.

The formation of H;" is observed only at 2 meV Ar®*
impact which is the highest q/v used in present measure-
ments. The H;* ion is observed only from the dissocia-
tion of singly charged NH;*. It is puzzling as to why the
formation probability of H;* is very low even at the high-
est q/v value of the projectile as compared to that of H,*
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under present energies of impact (see, Table 1). However,
the formation of H,* has been reported at a very low q/v
value in the measurements of (Jochim et al. 2009). We do
not have an exact answer to this problem at present. How-
ever, the small value of the detection limit of H3+ in our
measurements can be one of the reasons for its absence as
coincidence signals. As per calculations of (Jochim et al.
2009) for H;* formation from singly charged NH; along
the most probable path, a potential barrier of 11 eV is
present for a symmetric bond stretch. The presence of a
barrier with such large height indicates a low formation
probability for Hy*. Further, we have also not observed any
indication for the formation of H;* in coincidence with
nitrogen ions, i.e., from dissociation of doubly or multi-
ply charged NH;%* ions. This can be understood by con-
sidering the presence of a large potential barrier (8.8 eV)
and the requirement of a specific geometry for the parent
NH32Jr ions towards the rearrangement of three hydrogen
atoms (Bhatt et al. 2017).

Conclusions

Under slow highly charged ion impact on NHj;, the rear-
rangement process of hydrogen atoms is studied. The for-
mation of H," is observed in the dissociation of singly as
well as multiply charged NH; precursors. However, H;" is
observed only in the dissociation of singly charged NHj;.

The yield of H,* ion is found to increase with increase
in the interaction strength of the projectile. The earlier
reported theoretical calculations suggest that the formation
of Hy* is offered a very large potential barrier in case of
singly and doubly charged precursors. Further, these calcu-
lations suggest that in case of NH32+ a particular geometry
is also required for rearrangement of H-atoms to form Hs*.

It should be noted that we have measured the yields
without caring about the initial process of ionization. As
discussed in Section 1, the ionization and capture pro-
cesses both are relevant at present energies. The ion yields
presented in this work may get affected by electron capture
processes. Therefore, we propose to measure these yields
separately in case of pure ionization and electron capture
reactions and study their variation as a function of the
interaction strength of the projectile.
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