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Abstract. Absolute cross sections for electron-impact dissociation of NoDV cations to the light DV frag-
ments are reported for the first time. The animated electron-ion crossed-beam method is applied in the
energy range from thresholds up to 2 keV. The heavy Nj fragments are also detected and their kinetic
energy distribution is analyzed at a selected electron energy. The measured cross-sections are corrected
for incomplete collection of the light DT fragments by performing careful analyser magnetic field scan
together with a Monte-Carlo procedure. Inclusive absolute cross sections are determined. Dissociative ex-
citation (DE) and dissociative ionization (DI) contributions are separated and the corresponding partial
cross sections for DT fragment production are determined at selected electron energies. The inclusive cross
section for DT fragment production has a maximum of (87 % 7))(10718 cm?, at 95.1 €V, with the dominant

contribution from the DI process.

PACS. 34.80 Electron and positron scattering — 52.20 Elementary processes in plasmas

1 Introduction

Protonated or deuterated molecular species and their ions
are of great importance in plasma chemistry and related
phenomena. In particular, they play a role in the low-
temperature regions of fusion plasmas [1], in astrophysical
phenomena and in the interstellar medium [2]. Such proto-
nated species are also involved in the on-line monitoring of
gas impurities at pptv levels by means of proton-transfer-
reaction mass spectrometry (PTR-MS), for medical appli-
cations, food control and environmental research [3].

The diazenylium cation, NoH™, was one of the first
ions to be observed in interstellar clouds [4], and has since
then been seen in other interstellar environments [5]. It
gives information about the fractional ionization and the
chemistry that takes place in atmospheric environments,
and is often used as a tracer for molecules that are not
as easily detected (such as Nz). Its 1-0 rotational transi-
tion occurs at 93.174 GHz, a region of the spectrum where
the Earth’s atmosphere is transparent. It can thus be seen
from ground-based observatories. The NoH™ ion has been
detected in the ionosphere of Titan [6]. This ion is pro-
duced mainly via ion-molecule reactions involving the N7,
H;r, NHT, H;r , No and Hs species, and thus may provide
diagnostics of nitrogen and hydrogen abundances through
modeling the complex chemistry of Titan’s ionosphere [6].

The neutral NoH molecule was subject to numerous
studies. For both the neutral and the cationic species,

non-adiabatic interactions strongly mix their electronic
states, which results in a complex electronic spectral pat-
tern. Because of its importance for astrochemistry and
atmospheric chemistry, NoHt was widely studied both ex-
perimentally and theoretically, and the literature on this
cation has been reviewed in detail [7]. The adiabatic three-
dimensional potential energy surface (PES) and the cor-
responding dipole moment surface describing the ground
electronic state of NoH' (X 137), of linear Co,, symme-
try, have been calculated at different levels of ab initio
theory[6],[8]. The ground-state configuration of NoH™ is
10?% 202 302 40?% 502 17* ¥+, Excitation of either the 50
or 17 electrons corresponds to the first excited states. It
has been pointed out that the lowest-lying excited states
of NoH* are mainly dissociating to NJ + H while the first
excited state to dissociate into Ny + H™ is much higher
in energy.

Using an ab initio methodology, the structure and the
electronic excited states of the NoH21 dication have also
been investigated in detail [9]. The ground electronic state
of NoH?t is of 2%+ term symbol, one in which a 50 elec-
tron is removed from the NoH™ ion. Deep potential wells
are predicted for this dication in its ground state (0.6 eV
below the barrier to the Coulombic repulsive part of the
PES leading to the formation of charged fragments) and
some of its electronically excited states. There is a dense
set of dication excited state potential energy surfaces, that
also exhibit a number of avoided crossings arising from
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degenerate C; symmetries. These intersections allow for
vibronic coupling between states and provide a pathway
for fast predissociation. As in isovalent ABH?* triatomic
molecular systems, the electronic states of NoH?T are cou-
pled by vibronic, spin-orbit and Renner-Teller effects. Be-
cause of the strong couplings existing in ionic systems be-
tween the excited electronic states, the actual dissociation
process could involve at least two electronically excited
potential surfaces of the molecular ion, thus leading to
possible nonadiabatic fragmentation [9].

Most experiments on NoH™T are focused on photofrag-
ment spectroscopy and ion-molecule reactions [10]. Some
dissociative recombination measurements have also been
carried out in flowing afterglow [11] and storage ring [12]
experiments. After reevaluation of the latter [13], both
techniques concluded to a dominant contribution of the
N5 + H channel over the NH + N channel. The yield of
electronically excited Ny molecules from the dissociative
recombination of NoHT with electrons has also been stud-
ied [14].

Electron impact dissociation and dissociative ioniza-
tion of the diazenylium cation NoH™T, more specifically of
its isotopologue NoD™, have been studied in detail [15].
Absolute cross sections for NoD™ fragmentation, produc-
ing NJ, NDT, and N* heavy-ion fragments, were mea-
sured in the 5 to 100 eV range, using a crossed electron
beam technique. In that experiment deuterated species
was used solely for the purpose of separating the ion frag-
ments produced during dissociation from the parent ion
beam. The light D™ fragment was not detected, neither
was the NoD?t dication, i.e. the product of simple ioniza-
tion.

Electronic collisions with molecular cations have long
been the subject of experimental investigation within our
laboratory. By using the animated electron-ion crossed-
beam method, diatomic species, such as NJ [16], NO* and
ND* [17],[18], as well as polyatomic, for instance CoD*
[19], CDF [20], OF [21] were investigated. The diazenylium
cation, NoHT has also been studied [22], only regarding
dissociation to heavy charged fragments, NHT and N, in
the energy range from reaction threshold up to 2.5 keV.

The production of charged fragments from NoDT due
to electron scattering can proceed through various chan-
nels, which are listed in [15] and [22]. The following reac-
tions to be considered here are:

o~ o~

—S Nt + NDt 4+ 2¢~ DI

e~ + NoDT — NoD*T  2¢™ (SI) (1)
— Nay+ Dt +e” (DE) (2)
— N +D+e” (DE) (3)
— Nt +ND+e” (DE) (4)
—+ N+ ND" +e (DE) (5)
— (N2D)* = Ny + Dt +e~ (RDE) (6)
— N+ Dt +2e” DI) (7)
) (8)
)

Reaction (1) represents the simple ionization (SI) pro-
cess. The direct dissociative excitation (DE) processes (2-

5) proceed via a vertical transition to either a repulsive
excited state or a bound excited state that couples to a dis-
sociative pathway. Both of these pathways result in singly
charged fragments. Reaction (2) leads to a light DT ion
and others give heavy N5, N* or ND* ions. Three-body
fragmentations have not listed here, while their contribu-
tion to the various charged products may not be ruled out,
specially at the highest collision energies.

The resonant dissociative excitation process (6) pro-
ceeds through the resonant capture of an electron to a
core excited (NoD)* Rydberg state. This state then de-
cays via autoionization and subsequent dissociation, pro-
ducing charged and neutral fragments. Other dissociative
pathways, leading to the same products as (3-5), are also
possible. We will refer to both of these processes, direct
and indirect, jointly as dissociative excitation (DE).

Dications formed in SI (1) are metastable against dis-
sociation: an electron is removed from the target. Having
two positively charged ions initially in close proximity usu-
ally leads to two ionic fragments via Coulomb repulsion,
completing dissociative ionization processes (7) and (8).
In this case, potential energy transfer results in a large
increase of the kinetic energy release to the dissociation
fragments. The dissociative ionization (DI) processes are
in fact in competition with SI and the corresponding sig-
nals are time dependent, if the detection occurs in a short
period of time after collision. This will be addressed later
in the section devoted to the discussion of the results.

One additional process, not considered here, is reso-
nant ion-pair formation (RIP). This proceeds via capture
of the incoming electron followed by dissociation at least
to two fragments of opposite charge, but the correspond-
ing cross sections for this process are small [15].

Previous experiments [15] and [22] were concerned with
heavy ionic fragments production, while the current one
will mainly concentrate on the light D* fragment. The
deuterated target is used and the primary ion beam en-
ergy is increased from 8 keV to 12 keV in order to (i)
separate neighboring ions, and (ii) to improve the trans-
mission efficiency of the light Dt fragments from reactions
(2), (6) and (7). Inclusive cross sections for the DT frag-
ment production are measured in the energy range from
threshold up to 2 keV. Measured cross sections are put
on an absolute scale by performing scans of the charged
fragments with the analyzing magnetic field, associated
with a Monte-Carlo simulation. In the same procedure,
the DE and DI contributions are determined separately,
for selected electron energies. The scans are also used to
determine the total kinetic energy released to the frag-
ments.

The experimental procedure is briefly described in the
next section. Results are presented and discussed in sec-
tion 3. First, in subsection 3.1, KER distributions are de-
termined for N;r, as they are taken into account in the
Monte-Carlo calculation. Subsection 3.2 is devoted to the
presentation and discussion of the results obtained for DT
production.
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2 Experimental procedure

The animated crossed electron-ion beam technique is used
in this experiment. It has been described elsewhere in
detail [23] and only a brief summary is given here. The
molecular ion beam is produced in an ECR ion source by
introduction of No and Dy simultaneously. The beam, of
12 keV energy, interacts at right angle with the electron
beam of tunable energy, from a few electron volts up to
2 keV. Product ions are separated from the primary ion
beam by means of a double focusing 90° magnetic ana-
lyzer. Product ions are further purified and deflected by a
90° electrostatic spherical deflector to be directed onto a
channel electron multiplier.

In the animated electron-ion beam method, the elec-
tron beam is swept across the ion beam in a linear mo-
tion, at a constant speed u. The total number of events K
created during one complete sweep of the electron beam
across the ion beam is related to the measured cross sec-
tion o, by the following expression:

_ukK VeV;qi€>
LeLiry \Jv2 + v?

Om

(9)

Here, v is the detection efficiency, I. and I;, e and
q;e, ve and v;, are the electron and ion beam current in-
tensities, the charges and velocities of electrons and ions,
respectively.

In the ST process (1) the total signal is detected and
the cross section is easily determined by equation (9). In
reactions (2-8) the target is first excited to a repulsive
intermediate state, from which it spontaneously dissoci-
ates. Due to the transfer of internal potential energy into
kinetic energy of the fragments, dissociation products ex-
hibit broad angular and velocity distributions in the lab-
oratory frame.

For a particular fragment, the width of the angular dis-
tribution 6 is determined mainly by its maximum kinetic
energy of ejection. If 05, exceeds the angular acceptance
of the magnet analyzer 6, = 0.05 rad, part of the signal
is lost. It has been shown [22] that to avoid this loss, the
maximum total kinetic energy release (K ;) must satisfy
the condition:

2 mi
Ky < oa(Eo— + Vo) (10)
ma2

where Eg is initial kinetic energy of the target, m; is the
mass of the detected fragment, ms is the mass of the resid-
ual fragment, and Vj is the post-collision energy due to
application of a positive bias voltage to the collision re-
gion.

In the present experiment, Eqg=12 keV, V3=1000 eV,
6,=0.05 rad and, for the present target (NoD*, M=30),
application of (10) indicates that the upper limit of Ky,
is 4.5 eV for the light DT fragment.

For DE processes, kinetic energy release distributions
(KERD) are usually concentrated in the low energy range,
so that the condition (10) is met. However, for DI pro-
cesses, they may extend up to 15-20 eV due to Coulomb
explosion. The particular tests performed here for DT

showed that full angular acceptance is well achieved for
DE, but not for DI. To estimate the loss affecting the
DI signal, and hence to determine the DI cross section, a
Monte-Carlo simulation may be performed, in combina-
tion with a numerical treatment of velocity distributions
obtained for N;r , the companion of DT in the DI process
(7).

Fragment velocity distributions, in the laboratory frame,
generally exceed the actual magnet transmission window,
at a given magnetic field. This results in a further loss of
signal which is controlled in the following way [24].

In order to put the cross section on an absolute scale
[17], [25], the apparent cross section o,,(B) is first mea-
sured at a given electron energy as a function of the an-
alyzer magnetic field B. Next, the velocity distribution
is computed from this cross section scan and the total
cross section ¢ is obtained by integrating this distribution
over the entire velocity range. The signal transmission ef-
ficiency of the experiment is defined as the ratio of the
apparent cross section o,,(B) and the total cross section
o. This efficiency is used to calculate total absolute cross
sections.

Furthermore, the distribution of total kinetic energy
released to the dissociation fragments (Fx gr) is expressed
[23] in terms of the above velocity distribution.

The shape of the velocity distribution of the detected
fragments depends on the electron energy, i.e. on the vari-
ous channels involved in the reaction. At low energies, i.e.
below the ionization threshold, only DE is observed. The
width of the spectrum increases with increasing electron
energy, due to the larger kinetic energy released to the
fragments associated with the successive opening of pos-
sible dissociation channels. Above the ionization thresh-
old, the spectra become even broader as a result of the
Coulomb repulsion experienced by the DI fragments. In
most cases, DE and DI contributions can be successfully
isolated.

In the experimental procedure, analyzer magnetic field
scans have been performed at several incident electron en-
ergies and transmission factors are extrapolated to the
whole considered energy range. They are used (i) to esti-
mate absolute inclusive cross sections, and (ii) to deter-
mine separately the absolute DE and DI cross sections.

The total uncertainty is estimated to be about 10% for
absolute inclusive dissociation cross sections and, at max-
imum, to be about 15% for the DE and DI contributions
(90% confidence limit). The uncertainty associated with
the electron energy is estimated to be £0.5 eV.

3 Results and discussion

As pointed out in section II, dissociation fragments have
broad velocity and angular distributions and this results in
a partial loss of signal. This is strongly experienced by the
light DT fragments and in particular for the DI process.
In order to correct for the loss of DT signal, we have
used companion N3 fragments from reaction (7), which re-
tain all necessary information, including both fragments
DI contributions. The inclusive dissociation cross section
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Fig. 1. (Color online) Analyzer magnetic field scan of N
fragments produced at 95.1 eV. Measured cross sections (solid
circles) and Monte Carlo simulations (open circles) are com-
pared. Vertical dashed lines show the acceptance window AB
(see text).

for NJ heavy ion fragments is determined for the selected
electron energy of 95.1 eV. This process is further charac-
terized by performing magnetic field scans of the signal in
order to determine the velocity and kinetic energy distri-
butions of the studied fragments.

3.1 Inclusive cross sections and KER distribution for
N3 fragment production

In this section we present new results on heavy ion frag-
ment NJ cross section measurements and corresponding
kinetic energy distribution. Particular attention is focused
on Nj production, since this fragment is partially pro-
duced via DI process (7) and thus, by using energy and
momentum conservation arguments, brings some valuable
information about DT fragment production.

The result of the analyser magnetic field scan (o,,(B))
is presented in Fig.1 for NJ at 95.1 eV. All these heavy
fragments enter the analyzer magnet, but only the frac-
tion which corresponds to the interval AB/B equal to
0.007 can be detected at a given magnetic field value [23].
For this particular case, the window AB is shown in Fig.
1 by the vertical dashed lines. Thus, the transmission ef-
ficiency is determined as the ratio of 0,,(B) integrated
over the field window and the integral of the total sig-
nal. For this case, at an electron energy of 95.1 eV, the
transmission efficiency is found to be 70.5%. In the ex-
periment of Fogle et al [15], the transmission efficiency
has not been considered and is not included in the data
evaluation procedure. El Ghazaly et al [22] have not de-
tected NJ fragments, which are very close to the NoH*

0.4

E, __ (eV)

KER

Fig. 2. (Color online) Kinetic energy release distributions of
N fragments at 95.1 eV: total signal (open circles) is decom-
posed by four Gaussian contributions (full lines), the sum of
which (shown by full triangles) is compared to the total signal.
The sum of the two energetic peaks (dashed line) represents
total DI contribution.

primary ion beam and thus could not be isolated from the
excessive background generated by the latter. The present
situation is much more favourable, due to the use of the
isotopologue NoDT.

The total KER meassured at an electron energy of
95.1 eV for NJ fragment, is shown in Fig. 2. The total
kinetic energy of produced fragments is due to reactions
(3), (6) and (7) and it is seen to extend up to 11 eV. This
distribution has been decomposed by multiple Gaussians
fit into four separate contributions, as shown in Fig. 2.
The two lower peaks are associated to the direct (3) and
resonant (6) DE processes (channel leading to NJ ion),
and the two more energetic peaks are believed to be from
DI reactions (7). It should be noted here that the latter
contributions should be the same as the DI contributions
to the production of DT fragment via (7). This fact will
be used in section II1.2 in order to correct for the loss of
more energetic DT fragments produced by the very same
DI process (7).

Here we will bring back our attention to the previ-
ous results for absolute cross sections of heavy fragments,
NJ, NDT and N*, reported by Fogle et al [15] and El
Ghazaly et al [22]. In most cases significant disagreement
can be seen between these two sets of data and with the
present results. For instance, the total cross section, at 95
eV, derived for NJ fragment by Fogle et al is 4.2x10717
em?; and it is found to be (7.240.4)x10717 cm? from the
present experiment.There are two possible explanations
for these discrepancies: (i) the transmission efficiency has
not been corrected for in the previous data set [15], and
(ii) working conditions in [15] or in [22], allow the presence



D.S. Belic et al.: Electron-impact dissociation of NoD™ cations to D fragments 5

of metastable species in the primary ion beam to be sig-
nificant and to vary from one case to another. We believe
that the first of these two explanations prevails, but the
importance of metastable species created in the ion source
should not be neglected.

The two previous experimental data sets ([15] and [22])
have been collected from the various thresholds up to 100
eV and 2.5 keV, respectively. Absolute cross sections are
determined in a wide energy range, and threshold ener-
gies are also determined for each considered fragment.
These publications exhibit comparisons of their findings
with the existing literature data. In reference [15] com-
parisons are based on the results of [12] and the NIST
data base [26]. These thresholds are extended in [22] by a
list of the thermodynamic threshold energies found in the
literature. Some of these values for dissociation and ion-
ization are used here, later in analysis of the experimental
data on DT fragments production.

It has been anticipated [15] that the cross section for
”deprotonation” i.e. DT formation, would be considerably
larger than for the production of other fragments, but this
channel could not be measured in the cited experiment.
This process will be investigated in the following section.

3.2 Absolute cross sections for Dt fragment
production

Light D* fragments are detected and magnetic field scans
of the apparent cross sections are performed at selected
electron energies. These results are shown in figure 3, for
electron energies of 19.1 eV, 25.1 eV, 35.1 eV, 95.1 eV
and 295.1 eV, respectively. Generally, the scans consist of
two distinct contributions: the narrower one in the middle
is due to the DE contribution and the wider one origi-
nates from the DI process. As expected, these scans differ
significantly from the above analyzed Nj heavy fragment
results (see Fig. 1).

Due to the spread over a relative wider range than
the magnetic field window AB/B, the average count rate
of D* is much lower than for instance for NJ fragments.
This is one of the reasons why the DT fragment was not
detected (nor HT) in the previous experiments [15] and
[22].

In particular for high electron energies, the wider part
of the spectra, created by the DI process, exhibits a broad
dip in the middle. This situation is similar to what was
found for D™ fragments formed by electron impact on
ND™* [18]. In order to minimize this effect in the present
experiment we have used the deuterated target NoDV, in-
stead of NoH™, increasing the mass of the detected frag-
ments. For the same purpose, the kinetic energy of the
primary beam was increased from 8 keV [22] to 12 keV,
reducing the influence of the kinetic energy release in the
centre-of-mass frame on the final velocity distribution of
the DT fragments in the laboratory frame.

In Fig. 4, the analyzer magnetic field scan of DT per-
formed at an electron energy of 95.1 eV, is presented once
more to be subjected to further analysis. Apparent cross
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Fig. 3. (Color online) Analyzer magnetic field scans of DT
produced at electron energies of 19.1 eV (open triangles), 25.1
eV (open circles), 35.1 eV (full triangles), 95.1 eV (full cir-
cles) and 295.1 eV (full squares). Dashed lines show the signal
transmission window (see text).

sections are represented here by solid circles. This spec-
trum is clearly composed of two contributions. The narrow
one in the middle originates mainly from DE process (2).
The wider one, from 27 mT to 29.7 mT, with the broad
dip in the middle, represents the DI contribution (7). This
dip arises from the loss of signal, which is caused by the
limited aperture size at the entrance of the magnetic an-
alyzer.

Let us consider the kinematics of the DI process. In
the collision region, fragments keep the same velocity in
the laboratory frame as the parent ion, but in addition
they are sharing the excess of energy liberated, in the
centre-of-mass frame, by the dissociation process. The cen-
tre magnetic field of the spectrum in Fig. 4 is tuned for
the target ion beam velocity. If the dissociation occurs in
the centre-of-mass along the beam trajectory, the D frag-
ment may be directed in the forward direction. Its velocity
will increase and it will appear at higher magnetic field.
On the opposite, when scattered backward, it will acquire
a lower velocity and will be detected at lower magnetic
field. However, fragments scattered perpendicular to the
initial beam velocity will be dispersed in a plane perpen-
dicular to the initial direction. If their divergence exceeds
0.1 radian (full angle) they will hit the entrance aperture
and be lost. This situation is experienced by DV fragments
only, since their mass is much smaller than that of N;r and
the velocity they reach in the centre-of-mass frame is sig-
nificantly higher.

In order to correct our measurements for the loss of
signal, we have assumed that the DI signal comes mainly
via (7), neglecting possible three body target fragmenta-



6 D.S. Belic et al.: Electron-impact dissociation of NyD™ cations to DT fragments

14
o 127 R
g
15)
'72 10 |
=
.g 8k i
15)
)
n
2]
z Oooo OoO
15) 4 + O O ,
5 ¢
5 : B
< 2+ O ‘e i

.i O
r
OID:;LE : A | A A | A A ar"v.—.r
27 28 29 30

Analyzer magnetic field (mT)

Fig. 4. (Color online) Analyzer magnetic field scan of DV frag-
ments produced at an electron energy of 95.1 eV, measured
(solid circles), simulated DI contribution (squares) and cor-
rected DI (open circles).

tion or multiple ionization followed by dissociation. In that
case, the DI signal of the DT fragment’s velocity distribu-
tion should be equal to the DI signal contributing to N
fragments production. Knowing the latter, and employing
momentum conservation arguments, it is easy to calculate
the DT fragments velocity distribution. The velocity dis-
tribution of the N fragments was already discussed in
connection with the NJ magnetic field scan, Fig. 1. The
KER distribution of N fragment corresponding to DI is
shown by the dashed line in Fig. 2.

First, we have tested whether our velocity distribution
for N3 is correct. By using the total kinetic energy distri-
bution (Fig. 2) we have applied Monte Carlo simulation to
reproduce the magnetic field scan of N3, shown in Fig. 1.
The initial velocity of the fragment was selected from the
given velocity distribution, by a random number genera-
tor. It was used to calculate its trajectory from the colli-
sion volume to the entrance of the magnetic analyzer. For
a large number of simulated trajectories, the correspond-
ing magnetic field scan may be reconstructed. This signal
is normalized at the maximum and the result is shown by
open circles in Fig.1. We find the shapes of measured and
calculated signal to be in reasonable agreement.

Second, the above described procedure enables us to
reproduce the DI contribution of DT, at an electron en-
ergy of 95.1 eV. For this purpose we used the DI velocity
distribution for N3, adjusted to D* fragments by applying
momentum conservation. The result of Monte Carlo sim-
ulations is shown with open circles in Fig. 4. The result
obtained when taking into account the analyzer magnet
entrance aperture, i.e. by eliminating signal with diver-
gence angle greater than 0.1 radian, is shown by open

: |
B iﬂﬁ ﬂ

;.) 60 L % % %% § i
(é 40 | g%% % 1
E ? @ ¢

:g ol ¢ %é%éfﬁ % s
< ﬁ Y 5o § s

2 5 10 20 50 100 200 500 1000 2000
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Fig. 5. (Color online) Absolute cross sections for Dt fragment

production by electron impact on NoD™ ion: inclusive cross
section (solid circles), DE (squares) and DI (open circles).

squares in Fig. 4. This result is in a reasonable agree-
ment with the experimental points representing the DI
contribution of DT (solid circles outside the DE contri-
bution). It turns out that 55.5% of DI signal was lost. In
this way, we are able to correct for the loss of DT signal
at the entrance aperture of the analyzer magnet. The DE
contribution, represented by the narrow structure in the
middle of the spectrum is ’lifted up’ by this DI contribu-
tion and this corrected scan is further used to estimate
absolute cross section for DT fragment production at this
energy. The transmission factor is estimated here to be
only 14% and absolute cross section at 95.1 ¢V is found
to be (8747)x107 1% cm?.

Transmission factors for D fragments have been de-
termined for other electron energies at which magnetic
field scans were measured. For these energies correspond-
ing transmission factors for DE and DI contributions are
determined as well. These results are extrapolated to the
complete energy range and the inclusive absolute cross
sections for DT fragment production are determined. In
the same way, corresponding DE and DI cross sections
are also determined. They all are presented in Table 1
and are shown in Fig. 5.

The threshold energy for total DT cross section is found
to be (4.54+0.5) eV. This is in a fairly good agreement
with the value of 5.12 eV quoted by El Ghazaly et al
[22] (among the other thresholds summarized in their ta-
ble 1). The present value is slightly lower, which is in
accordance with the statement of some target ions be-
ing vibrationally excited. The cross section maximum is
found to be (87.4+6.6)x107!® cm?, at 95.1 eV. Another,
local peak value is seen at 35.1 eV, with the value of
(73.1£3.8)x10718 cm?. This structure results from the two
distinct contributions appearing in the DE cross section.
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Table 1. Absolute cross sections (in 107'® ¢cm?) for DT frag-
ment production: inclusive (op4), DE (0pg) and DI (opr), by
electron impact on NoD™.

E(eV) op+ Aop+ opr Aopr opr Aopr
4.1 2.5 7.2 2.5 7.2 - -
5.1 14.5 8.0 14.5 8.0 - -
7.1 27.1 3.9 27.1 3.9 - -
9.1 30.8 4.4 30.8 4.4 - -
10.1 33.1 2.9 33.1 2.9 - -
15.1 39.5 6.0 32.1 3.7 7.4 10.6
19.1 50.3 6.3 31.2 2.8 19.1 7.0
25.1 61.2 5.5 24.8 2.4 36.4 6.3
35.1 73.1 3.8 25.0 1.6 48.1 4.6
45.1 69.4 4.8 22.4 2.0 47.0 5.6
55.1 67.0 4.9 18.4 2.3 53.6 5.3
65.1 71.1 5.0 17.5 2.0 53.6 5.9
75.1 80.9 7.5 20.9 3.1 59.9 8.8
85.1 84.7 6.7 27.3 3.4 57.4 6.7
95.1 87.4 6.6 26.4 2.9 61.0 7.0
115.1  79.6 5.2 26.0 2.6 53.6 5.3
155.1 72.7 8.4 22.9 3.1 45.8 5.6
195.1 63.4 3.4 16.6 1.6 46.9 3.5

295.1 49.2 6.3 10.9 2.8 38.3 7.0

495.1 40.2 4.6 8.4 1.6 31.8 6.0

795.1 26.8 2.4 8.2 1.1 18.6 2.6

1195.1 154 2.3 5.4 0.8 9.9 3.0

1995.1 10.8 24 4.0 0.6 6.8 3.5

The threshold energy for the DE contribution is also 4.5
eV, since at low energy, i.e. below the DI threshold, only
DE process is present. The DE cross section has a maxi-
mum value of (33.1£2.9)x1078 ¢cm? at 10.1 eV. This pro-
cess shows another onset with a threshold energy of 65 eV
and has a second local maximum of (27.34:3.4)x10718 cm?
at 85.1 eV. The DI cross section appears slightly below 20
eV and has a maximum value of (61.0£7.0)x10718 cm? at
95.1 eV. The threshold for this process is lower than the
value of 20.7 eV, cited in both [15] and [22]. This probably
arises from the presence of vibrationally excited species in
the primary ion beam. It may be also partly associated
to the uncertainty in determining the magnetic field value
above which the DE signal disappears from the magnetic
field scan and only DI is present.

From the "corrected scan” of DT fragments, as dis-
cussed above (see Fig. 4), we can draw some conclusions
about total KER distribution for the processes leading to
DT production. However, we are aware of possible uncer-
tainties which can be attributed to the DV signal correc-
tion procedure and the complexity of the two signals (DE
and DI) separation method.

Based on the half width of the central distribution, one
deduces a low energy contribution corresponding to DE
that extends up to 4 eV, which is in reasonable agreement
with the dissociation energies to No+D™, as determined
by an early experiment consisting of velocity analyzer and
a quadrupole field radio-frequency mass filter [27].

According to the magnetic field scan, the maximum
available kinetic energy released to the fragments extends

up to 11 eV. This covers the same energy range found
for other channels leading to the heavy fragments produc-
tion, in particular the N;r fragment, as discussed in section
II1.1.

The kinetic energy released by the Coulomb explosion
of the molecule may be estimated from the linear geometry
of the ground potential energy surface of NgyD*. The equi-
librium distances have been experimentally determined to
be Ry_n = 1.094 A, and Ry_p = 1.032 A [28]. When
considering the N + D* channel to be accessed through
a vertical transition to a pure Coulomb potential, and as-
suming that the charge is localized at the center-of-mass
of either fragment, the KER is inversely proportional to
the charge separation

d:RNfN/2+RN7D- (11)

The corresponding kinetic energy release is 9.12 eV, fully
compatible with the limiting value of 11 eV given above.

Finally, one may question the assumption made through-
out the paper that DI into Nj and Dt fragments is the
only outcome of NyD?* fragmentation, contributing to D+
production. Ab initio calculations [9] bearing on the first
14 potential energy curves of the dication do not indi-
cate other fragmentation channels than N* + ND™ and
N3 + D, hence support our assumption. At the highest
electron energies however, core electrons may be ejected,
leading to multiple ionization and fragmentation, as usu-
ally observed in X-ray ionization [29]. Their contribution
is however quite difficult to quantify.

To the authors knowledge, there are no other avail-
able data for absolute cross section values which could be
compared with the present results.

4 Summary and conclusions

Electron-impact ionization and dissociation of Ny D¥ cations
are investigated. Absolute cross sections for producing light
fragment ions, DT are reported, for the first time. The
animated electron-ion crossed-beam method is applied in
the energy range from the respective thresholds up to
2 keV. The NJ, heavy ion fragments are also detected
and their kinetic energy distribution is analyzed. Mea-
sured cross sections for DT production are corrected for
incomplete transmission, by performing careful analyzer
magnetic field scans, and the total, inclusive, absolute
cross sections are determined. Owing to this procedure,
dissociative excitation (DE) and dissociative ionization
(DI) contributions are separated and corresponding par-
tial cross sections for DT fragment production are also de-
termined. The inclusive absolute cross section for DT frag-
ment production has a maximum value of (87 + 7)x10718
cm?, at an electron energy of 95.1 eV, with the dominant
contribution from the DI process.
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