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Angular distributions of N+ from N2
+ produced by electron impact on N2
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Coincidence measurements of the angular distributions of N+ dissociated from N2
+ produced by

electron impact on N~ have been made. With an incident electron energy of 60 eV, 3.9-, 5.0-, and 7.2-eV
N ions were detected separately using the time-of-Aight and coincidence method at selected angles be-
tween 40 and 140 . The results show Rat angular distributions and the fatness for each case could be as-
cribed to different origins.

PACS number(s): 34.80.Gs

I. INTRODUCTION

Angular distributions of molecular dissociation prod-
ucts have been of interest since Dunn [1] reported a selec-
tion rule based on symmetry. Measurements have been
made mostly for H2, N2, and O2, and the results at the
threshold have shown good agreement with the selection
rule [2—11]. However, in most experiments, only singly
ionized dissociation products from one of the following
processes, taking N2 as an example, were detected
without coincidence requirement:

e+Nz —+Nz++2e ~N++N+2e,
e+N2 N2 ++3e~2N++3e . (2)

A few experiments [9,11,12] have detected doubly ionized
dissociation products and have determined their angular
distributions. Although some experiments [13—15] have
employed coincidence detection to measure the energy
distributions of singly ionized products dissociated from
doubly ionized parent molecules, no experiment done so
far has measured the angular distribution with a coin-
cident energy-selection mechanism. Therefore, to the au-
thors knowledge, the angular distribution of singly ion-
ized dissociation products from doubly ionized parent
molecules has not yet been reported.

Even in the experiments [13—15] where the energy dis-
tributions of singly ionized products dissociated from
doubly ionized molecules were measured, attempts to as-

sign the sources of these singly ionized products showed
discrepancies. By measuring the angular distributions of
singly ionized dissociation products and by applying
Dunn's selection rules to the resultant distributions, we
can have information on symmetries of the electronic
states of doubly ionized molecules involved in the pro-
duction of the dissociation products. This information
on symmetries is important in assigning the electronic
states of doubly ionized parent molecules from which the
singly ionized molecules we observe come.

In this experiment, measurements of the angular distri-
butions of N+ ions dissociated from Nz + produced by
electron impact on N2 have been made employing time-
of-ffight (TOF) and coincidence techniques. Energy-

selected N+ ions, 3.9, 5.0, and 7.2 eV, were detected in
coincidence for angles between 40' and 140. The results
showed fiat angular distributions and the fatness for each
case can be ascribed to di6'erent origins, which will be
discussed in detail in the following sections.

II. BACKGROUND

Before describing the details of the present experiment,
it might be useful to review the experimental attempts
made so far to measure the angular distributions of disso-
ciation products. The description will focus on N2.
When a molecule is dissociated by electron impact, the
angular distribution of the dissociation products is gen-
erally anisotropic, and Dunn [1] has shown that the dis-
tribution depends on the symmetry of the initial and final
molecular electronic states. Based on his argument,
Dunn has derived selection rules for the transitions be-
tween pairs of electronic states for homonuclear and
heteronuclear diatomic molecules. Experimental deter-
minations of the angular distributions of H+ from

e+H2~H++H+2e (3)

have been reported by Dunn and Kieffer [2], Van Brunt
and Kieffer [3], Kieffer and Dunn [4], Kollman [5],
Crowe and McConkey [7], and others, and these results
have shown good agreement, at least qualitatively, with
Dunn's selection rules near threshold. The angular dis-
tributions of singly ionized dissociation fragments from
N2 and 02 have also been measured, without using coin-
cidence detection, by several groups —for example, Van
Brunt and Kieffer [16].

To detect singly ionized dissociation fragments from
doubly ionized parent molecules, coincidence detection
must be used. Stockdale [13] and Edwards and Wood
[15] employed this coincidence requirement in measuring
the energy distributions of N+ from N2 . So far, to the
authors' knowledge, no experiment has employed coin-
cidence detection to measure the angular distributions of
dissociation fragments from any doubly ionized mole-
cules. This is probably due to difhculties from the very
low counting rates. The angular distributions of N +

from N2 +, which can be detected without coincidence
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TABLE I. Calculated potential energies and equilibrium internuclear distances of the electronic states N2

Taylor'
Wetmore

and Boyd
Olsson, Kindvall,

and Larsson'
Cobb, Moran,
and Borkman Hurley' Senekowitsch et al.

Terms T, (eV) r, (A) U, (eV)" r, (A) To (eV)' r, (A) T, (eV)' r, (A) T, (eV)' r, (A) T, (eV)' r, (A)

X'r+
'II„
1y+
'n„
3g

g
3$+

tt

1g
'n,

0
2.3
9.1

0.6
1.5
1.5

1.139
1.266
1.140
1.254
1.379
1.109

42.8
44. 1

42.7

44.5
44.2
46.4

1.16
1.28

1.25

1.12
1.40
1.23

8.09

1.138

1.144

41.7
42.36

41.97
41.10

1.259
1.19

1.18
1.26

42.77
43.43

42. 15
42.57

1.15
1.24

1.22
1.31

1.57

3.54

1.094

1.201

'Reference [24].
bReference [25].
'Reference [30].
Reference [23].

'Quoted from Ref. [23], original from Ref. [21].
Reference [26].
Potential minima of X 'Xg+ are 42.8 eV above v =0 of X 'Xg+ of N2, and 4.0 eV above N+( P )+N+( P ).

"Potential energy is relative to v =0 of X 'X~ of N2.
'v =0 of N&

+ X 'Xg is 42. 1 eV above v =0 of N& X 'Xg .
Relative to the equilibrium energy of N2, using the basis set two (see Ref. [23]).

techniques, have been reported by Deleanu and Stockdale
[12] and Crowe and McConkey [9,11]. None of the above
results, where near-threshold data are available, has
shown a significant contradiction with Dunn's selection
rules.

Even though the experimental and theoretical data on
doubly ionized molecules are essential for the study of the
angular distributions of dissociation fragments, only a
limited amount of data is available. In the case of a ni-
trogen molecule, in addition to the experimental works
mentioned above, Krishnakumar and Srivastava [17]
measured the branching ratio of the ions from nitrogen
molecules, Cosby, Moiler, and Helm [18] did photofrag-
ment spectroscopy of N2 +, and Curtis and Boyd [19]
worked on the predissociations of several doubly ionized
molecules including the nitrogen molecule. On the
theoretical side, the situation is not better. There has
even been disagreement on the ground state of N2

+ until
recently [20]. The potential curves of this doubly ionized
molecule have been calculated by some researchers. Hur-
ley [21] reported his semiempirical calculations, and
Thulstrup and Andersen [22] used ab initio calculations.
In the work of Cobb, Moram, and Borkman [23], a self-
consistent-field (SCF) method was used. Later, Taylor
[24], Wetmore and Boyd [25], Taylor and Partridge [20],
and Senekowitsch et al. [26] presented the calculations
using various techniques. Some information from these
results is summarized in Table I; the data in Table I are
not directly comparable because they were tabulated
without normalization, partly due to some missing pa-
rameters in the original papers.

III. EXPERIMENTS AND RESULTS

MCP

LENS D FARADAY CUP

D: DEFLECTOR

MCP: MICROCHANNEL

PLATE DETECTOR

O: GAS TARGET

FROM THE TOP

MCP

[27—29], but with the capability of angular detection add-
ed. A schematic diagram of the scattering region is
shown in Fig. 1. An electron beam generated from a hot
tungsten filament was passed through a gate with a pair
of deAecting plates inside to make a pulsed beam. The
full width at half maximum (FWHM) of the gun pulse
width was reduced to about 15 ns compared to that of the
previous experiments. The energy of the electrons in-
cident on the target was adjusted to 60 eV, and the
currents of the dc and pulsed electron beams were main-
tained at a little less than 1 pA and a few nA, respective-
ly. The reason for choosing just one, 60-eV incident ener-

gy will be given in Sec. IV. The molecular nitrogen tar-
get gas was introduced into the scattering region through
a stainless steel tube with an inside diameter of about 2
mm. The pressures inside the vacuum chamber before
and after the introduction of the gas were about 8 X 10

The experimental setup used in this experiment was ba-
sically the same as the one used in previous experiments

FIG. 1. Schematic diagram of the core part of the experi-
ment.
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FICx. 2. Angular distributions of N+ ions dissociated from

N&
+ produced by electron impact on N, .

and 1X10 Torr, respectively, when measured away
from the scattering region with an ionization gauge. The
eftects of the long-term variations of the electron current
and the target gas pressure were normalized by frequent-
ly measuring the signals at 90 with respect to the in-
cident electron-beam direction during the course of the
experiments.

Two N+ ions dissociated from Nz
+ were directed in

opposite directions upon each double ionization by elec-
tron collision with the target. Ions having directions be-
tween 40 and 140 with respect to the electron-beam axis
were detected by a pair of microchannel plate detectors
which were located 20 cm away from the center of the
scattering region as shown in Fig. 1. The signals rnea-
sured at an angle 8 were multiplied by sinO to correct for
changes in the interaction volume as the angle changed.
The Faraday cup was removable to give a path to the
detectors, and the range of the detector angle was limited
by the geometry of the system.

To measure the kinetic-energy distribution of N+ ions
dissociated only by double ionizations, a standard TOF
technique was employed with a cation-cation coincidence
requirement. The circuit logic for the TOF measurement
with the coincidence requirement in Ref. [27] was used
with some modifications. In the detection circuit, two
detector signals were fed into a universal coincidence unit
after discrimination and amplification. In this experi-
rnent, the angular distributions of ions with a preset ener-

gy, instead of the entire energy range, were measured at
detector angles between 40' and 140' in 10 steps. To
discriminate N+ ion signals of a preset energy from the
energy spectrum, a gate was used in one detector chan-
nel. The preset N+ energies were 3.9, 5.0, and 7.2 eV.
At each of these energies, N+ signals from this channel
in coincidence with signals from another, ungated chan-
nel were fed into a universal coincidence unit followed by
a counter. The reason for choosing the above energies
will be discussed in the next section. The number of an-
gle points was limited by the extremely low counting
rates.

Possible major sources of uncertainty in the deterrnina-
tion of the kinetic energy are (1) the uncertainty due to
the finite electron-beam pulse width of 15 ns, (2) the un-
certainty in the determination of the Bight-path length

due to the finite size of the electron beam, and (3) the un-
certainty in the measurement of the Aight-path length. A
generous estimate of the total uncertainty in the kinetic
energy varies from 0.1 to 0.2 eV, depending on the time
of Qight. The background subtraction was accomplished
by measuring the ungated signals as done in the previous
experiment [27]. The angular distributions of the 3.9-,
5.0-, and 7.2-eV N+ ions dissociated from Nz

+ produced
by electron impact on Nz are given in Fig. 2.

IV. DISCUSSION

Since Dunn's selection rules apply near the threshold
region, the electron-impact energy in this experiment has
to be near the threshold region for double ionization of
nitrogen molecules. The experimental and theoretical
studies done so far suggest that the potential energies of
the doubly ionized Nz state in the Franck-Condon region
lie mostly between 40 and 50 eV. Therefore the electron-
impact energy should not be much greater than 50 eV.
In this experiment, an electron energy of 60 eV was
chosen [2].

As mentioned already, one angular distribution mea-
surement must be made at one selected, preset kinetic en-
ergy of the ion, and the next measurement at the next
kinetic energy. To choose these preset energies, energy
distributions of the N+ ion measured in coincidence must
be referenced. In the electron-impact result of Stockdale
[13], the total-kinetic-energy release peaks appeared near
6 and 8 eV. Another electron-impact result obtained by
Brehm and DeFrenes [14] showed the peaks near 7, 9.7,
and 14 eV; a similar result was obtained by Edwards and
Wood [15] whose peaks were placed near 7.8, 10.2, and
14.8 eV. The kinetic energy of N+ from Nz

+ is half of
the above total-kinetic-energy release. Combining these
results with other experimental [12,19] and theoretical re-
sults, the three energies of N+ dissociated from Nz

+ at
which the angular distribution measurements were to be
made were chosen: 3.9, 5.0, and 7.2 eV. These energies
may not happen to be at the maxima of the peaks con-
tributing to the respective energy distributions; however,
counting the finite width of the Franck-Condon region,
they are believed to be at least on the shoulders of the
peaks, which can at worst result in an increased data-
collection time. If a larger number of preset energies had
been chosen, this study would have been more thorough.
However, the extremely low counting rate and the result-
ing long data-collection time, which was typically more
than a week at each data point, made more measure-
rnents impossible.

All the angular distributions at these energies (see Fig.
2) show almost fiat isotropic features except possible indi-
cations of the rising of small peaks to the forward direc-
tion. The forward anisotropies have been observed in
other results [11],where they have been explained as a re-
sult of momentum transferred to Nz by the incident elec-
trons.

The angular distribution of the 7.2-eV ions is isotropic
and took the longest data-collection time. It has been be-
lieved that the 'X„state is a very strong candidate for a
contributor to this ion energy [15,19]. According to
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Dunn's selection rules, a transition from '2+ to 'X„ is
forbidden in both the perpendicular and parallel direc-
tions with respect to the incident electron-beam axis.
This forbidden transition may explain the isotropy and
the even lower counting rate. The forbiddenness does not
mean that there will be absolutely no counting rate in any
direction for an incident electron energy of 60 eV.

Contrary to the angular distribution of 7.2-eV ions, the
interpretations of the 5.0- and 3.9-eV data must be
different even though they have also produced isotropic
distributions. Near the electronic state(s) which might
contribute to the 5.0- and 3.9-eV ions, many closely
spaced states are believed to exist. Counting the close-
ness of these states —sometimes, less than a few tenths of
1 eV—and the broad width of the Franck-Condon region
of Nz

+ in terms of energy, around I eV [25], the TOF
technique has natural limits and can hardly resolve these
states. Therefore it can be concluded that the fatness of
the angular distributions of the 5.0- and 3.9-eV ions may
be due to contributions from severa1 electronic states
having different symmetries. Edwards and Wood ob-
served the coincidence peaks at 7.4, 5.1, and 3.9 eV.
They also predicted that the 'II„state would produce the
4.1-eV ions and the X, H, and '6 states the
4.7—5.0-eV ions. Curtis and Boyd obtained similar re-
sults. The transitions from the 'X+ state to the X and
IIg states are forbidden in both the perpendicular and

parallel directions and a transition to the 4 state is al-
lowed in perpendicular direction. Therefore, if only these
three states were contributing to the production of ions
near 5 eV, it would seem probable that the angular distri-
bution of the 5.1-eV ions would have a higher counting
rate around 90 . However, there is no indication of this
anisotropy in the angular distribution, and this might
suggest that one or more states other than these three
states may also be contributing to the 5-eV ions.

V. CONCLUSIONS

In this experiment, measurements of the angular distri-
butions of N+ dissociated from Nz

+ produced by elec-
tron impact on Nz have been made employing time-of-
Aight and coincidence techniques. Energy-selected N+
ions, 3.9, 5.0, and 7.2 eV, were detected in coincidence
for angles between 40' and 140 . All the angular distribu-
tions at these energies show almost fiat isotropic features
except for possible indications of little anisotropies in the
forward direction. The angular distribution of the 7.2-eV
ions is isotropic and took a longer data-collection time
than average. It has been believed that the 'X„state is a
very strong candidate as a possible contributor to this ion
energy. The forbidden transition to the 'X„state accord-
ing to Dunn's selection rules and the low counting rate
may support this interpretation. Contrary to the angular
distribution of the 7.2-eV ions, the interpretations of the
5.0- and 3.9-eV data must be diferent even though they
also produced isotropic distributions. Counting the
closeness of the states contributing to the ions with these
energies and the broad width of the Franck-Condon re-
gion of Nz +, it can be concluded that the fatness of the
angular distributions of the 5.0- and 3.9-eV ions might be
due to contributions from several electronic states having
different symmetries. In addition, evidence exists which
suggests that one or more states other than the X, II,
and '6 states may also contribute to the 5-eV ions.
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