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A significant perturbation in the energy distribution of electrons has been observed for collisions of H~ on
N,. The spacings between the large oscillations in the 1- to 4-eV region of the ejected electron spectra have
been measured at observation angles between 30° and 150° for impact of 35- to 10000-eV H™ on N, A
model is proposed which interprets these results in terms of the formation and decay of a series of vibrational
autodetaching states of N; . Electron distributions calculated using a molecular model based on the Franck-
Condon principle for the excitation of the N states and various possibilities for the decay are compared with

the experimental results.

L. INTRODUCTION

Previously, we reported the observation of a
significant perturbation in the intensity of low-
energy secondary electrons produced in collisions
of H™ with N,."»? The structure, consisting of a
number of oscillations in the electron energy dis-
tribution between 1 and 4 eV, was attributed to
vibrational autodetaching states of N;. This paper
reports new measurements both for lower colli-
sion energies and larger observation angles. The
energy separation between each line has been
measured. Using these results, a model is pro-
posed for the formation and decay of molecular
N; vibrational states.

Until the present experiments, evidence for the
low-lying Nj states came from resonant structure
in low-energy electron scattering measurements:
(i) the total vibrational excitation cross sections,*
(ii) total scattering cross sections,®® (iii) electron
loss cross sections at forward angles,®!! and (iv)
elastic and inelastic differential cross sections.!?"1®
The resonances have been interpreted as compound
states of N using phenomenological theories with
adjustable parameters!’?? and fundamental, ab
initio calculations.?32*

Although the correspondence between a reso-
nance in electron scattering cross sections and
an excited state of the negative ion is well under-
stood, there are few similarities in the formation
of the Nj states by electron impact and by charge
transfer in negative-ion impact. However, the
two collision techniques complement one another.
Negative-ion collisions produce an emission
spectrum of N3, while electron collisions produce
an absorption spectrum of N,. Thus for H~ colli-
sions the evidence for the N; states bears only
slight resemblance to the results from electron
impact data. The proposed reaction of H™ with N,
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is

H™+ N,(0) - H+ N;(v")
and then
N;(v) =N, (v)+e".

The method reported here for observing vibra-
tional excitation of molecules may prove to be im-
portant in our understanding of low-energy excita--
tion to vibrational states in ion-molecule or atom-
molecule collisions. Techniques available for
direct observation of the excited vibrational states
of diatomic molecules are not practical in the
laboratory because of the experimental difficulties
in detecting infrared radiation and because of the
long lifetime of the vibrational states of homo-
nuclear molecules. Energy loss of ionic projec-
tiles is another technique which could provide
complementary data on vibrational excitation of
molecules.

II. EXPERIMENTAL RESULTS

The apparatus used in these measurements has
been described previously.*"?" Briefly, H™ ions
were directly extracted from a duoplasmatron
ion source, focused into a beam, and magnetically
analyzed before passing into a cylindrical cell
containing the N, target gas at a pressure of about
5X10"* Torr. A long Faraday cup and tube con-
taining the last beam collimator extended into the
gas cell.

A parallel-plate electrostatic analyzer was
mounted on a rotatable platform outside the gas
cell which enabled us to make measurements at
angles continuously from 30° to 150°. The front
electrode of the analyzer was held at zero potential
so that the transmission of the analyzer was di-
rectly proportional to the kinetic energy of the
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FIG. 1. Energy distribution of secondary electrons
produced in collisions of H~ with N, observed-at 150°.
H" lines are shifted in the laboratory reference frame
because of reaction kinematics; see Ref. 25.

electrons.

The magnetic field in the region of the analyzer
was annulled to less than 20 mG with Helmholtz
coils. Electric fields arising from differences in
contact potential were reduced by coating the sur-
faces of the gas cell and analyzer with acetylene
black. The coating also helped absorb scattered,
low-energy background electrons.

Figure 1 shows electron spectra at 150° for four
representative collision energies of H- between
75 and 4000 eV. Six distinct lines, labeled 1-6,
are found in the electron energy range between 2
and 4 eV. Below 2 eV there are three shoulders
labeled 1’-3’. The intensity of the electrons was
not corrected for the transmission function of the
parallel-plate electrostatic analyzer which varies
linearly with the kinetic energy of the electrons.
Below 2 eV the intensity of electrons may have
been severely attenuated by small, residual elec-
tric and magnetic fields within the analyzer and
scattering cell which were not eliminated using the
precautions mentioned above.

Above 4 eV, lines attributable to autodetaching
states of H™ are observed which are shifted in the
laboratory reference frame because of reaction
kinematics.?® The structure labeled a arises from
H" states lying below the n=3 level, whereas the
intense lines at lower energy originate from H~
states below the »=2 level. The structure labeled
b is tentatively identified with decays from the
core-excited Feshbach states of N;.'® Higher-

resolution scans are needed for more positive
identification.

Figure 2 shows electron spectra observed at
forward angles for collision energies of H™ be-
tween 1 and 10 keV. As in Fig. 1, six to seven
distinct lines are found between 2 and 4 eV. As the
collision energy increases (6-10 keV) the oscilla-
tions are not as apparent, owing to the increase
of a broad peak in the continuum or background
electrons located at an electron velocity roughly
equal to the H™ ion velocity. '

Comparison of the relative intensity of the lines
reveals, for fixed H- energy, nonoticeable change
for different observation angles from 30° to. 150°,
except that caused by the continuum electrons.
Since the Nj states have been identified with a
shape resonance of a symmetry *II,, isotropy in
the intensity implies there is no preferential popu-
lation of each magnetic substate of the total angu-
lar momentum with respect to the ion-beam axis;
that is, for H" collisions the ion-beam axis is not

-a “good” axis of quantization.

For fixed observation angle the relative inten-
sity of each line changes as the collision energy is
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FIG. 2. Energy distribution of secondary electrons

produced in collisions of H" with N, observed at for-
ward angles.
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TABLE I. Energy separations between the low-lying
peaks and shoulders. ’

Energy (eV)

Structure
2'.3’ 0.29+£0.03
1.2’ 0.31+0.03
1-1/ 0.23+0.03
2-1 0.26 £0.02
3-2 0.26+0.01
4-3 0.25+0.01
5-4 0.24 +£0.02
6-5 0.23+0.02

increased. For collision energies between 35 and
1000 eV, the valleys between the peaks increase,
the discernible number of lines increases from
four to seven, and the number of shoulders in-
creases from one to three. From 4 to 10 keV the
number of discernible oscillations starts to de-
crease from seven to four. This result may be

_ caused by the large intensity of secondary elec-
trons.

To within experimental uncertainty, the spac-
ings between each line were not dependent on the
collision energy or observation angle. Table I
lists the energy separation between each line ob-
tained from an average of measurements of the
electron spectra for H- collision energies from
75 to 10000 eV and observation angles at 30°, 90°,
and 150°. The separations above peak 1’ are
roughly the same as the spacings between the vi-
brational levels of N; (0.24 eV), consistent with
electron scattering measurements, and below
peak 1’ they are roughly the same as the N, levels
(0.29 eV). The position of peak 1 was 2.0+0.3 eV.
The full width at half maximum (FWHM) of each
line was approximately 0.2 eV. The analyzer
resolution was about 0.05-0.07 eV.

III. DISCUSSION

A possible electron transfer reaction involving
H" with N, is shown in Fig. 3(b) using a molecular
model for N;.'7"* In this example N, in the ground
state is excited to v~ =3 of N;. The N;(3) state can
decay to each energetically allowed vibrational
state of N,(v) with a certain branching ratio. If
decay occurs to the ground state, an electron
with a kinetic energy of 2.62 eV is emitted. If
decay occurs to an excited vibrational level of
N,(v), an electron is emitted with a kinetic energy
less than 2.62 eV. A series of lines will result

with a spacing equal to the vibrational levels of N,.

The lowest kinetic energy of the autodetaching
electron, in this example, isless than 0.13 eV
for a decay to v=9 of N,,.

On the other 'hand, if each Nj state decayed only
to the ground state of N,, a series of lines would
result with a spacing equal to the vibrational levels
of N;, about 0.24 eV. The energy of the lowest-
lying line would be 1.89 €V.

To test various excitation and decay possibili-
ties, a model was developed for the expected elec-
tron energy distribution. Before proposing a
specific model several general features of the
ejected spectra should be noted: (a) Well-defined
structure exists above 3.0 eV, for example, peak
6, (b) the oscillations are more pronounced above
2.0 eV than below, (c) the relative intensity of
each oscillation exhibits little change as the H™.
collision energy is varied by two orders of magni-
tude, and (d) the relative separation between each
line remains constant regardless of observation
angle or collision energy (75-10000 eV).

Thus, the model must give rise to ejection of .
high-energy electrons with respect to the N,-Nj;
system. In addition, because of lack of the usual
characteristics of interference effects, that is,
rapid variation of the spectral features with col-
lision velocity or observation angle, the relative
phase difference in the amplitudes for exciting
each Nj state may not be important (in contradic-
tion with electron scattering). In other words, we
observe experimentally an averaging of the rela-
tive phase in exciting the upper N states.

With these ideas as a basis, an expression for
the electron intensity, as observed with our ana-
lyzer, can be written as being proportional to
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FIG. 3. Potential energy curves for the N,-Nj system
showing one excitation transition to »"=3 and subse-
quent decay channels.
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where o(v”) is the cross section for exciting the v~
state of N; from the ground state N,; y(v", v) is the
branching ratio of the upper N;(v") state to the
lower N,(v) state; E, which is equal to the kinetic
energy of the electron, accounts for the transmis-
sion factor of our electrostatic analyzer at high
energies; and L(E) is the usual Lorentzian line
profile: '

1
412

LB =[5 x5 P I

)

where A E(v7, v) is the difference between the Nj(v°)
energy level and the N,(v) level. T is the effective
or average FWHM for the N state. For compara-
tive purposes we adjusted I" to give the best fit
with data. Unless stated otherwise, I'=0.2 eV.
Only vibrational levels below seven were con-
sidered.

Because the relative intensities of each line did
not change with collision velocity and because the
energy transfer was small compared with the col-
lision energy, it was assumed that electron trans-
fer to the Nj state could be described in terms of
a fast or sudden transition. Therefore the Franck-
Condon principle was invoked to yield

o(w)=

; ®3)

= [, -v,ar |

where a(v-), the transition amphtude for all the
electrons from the initial H™+ N, state to the final
H+Nj state, is assumed not to depend strongly

on v~ and set equal.to a constant value. l [, - zpodez
is the Franck-Condon factor (FCF) or overlap
integral squared of the nuclear vibrational wave
functions for N;(v~) and N, (0).

The wave functions ¥ are those for a Morse po-
tential and were computed using a procedure out-
lined by Nicholls.?® The Morse potential can be
written as

ER)=D,(1 - " B-Ro)/ay> )

TABLE II.

Franck- Condon factors for the lowest-lying N,-N; (11
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The energy levels are given approximately by
E,=w,(V+3) - wx,(v+3)?. (5)

The following parameters?® were used:

N, N
D, (eV) 9.90 11.96
R, (A) 1.0977 1.1802
a (A) 0.3720 0.49
w, (eV) 0.2923 0.244
w, %, (eV) 0.00175 0.001 24

The energy difference between the minimum of
the N, and N; potential curves is E"(R;) - E(R,)
=1.912 eV.

The Franck-Condon factors for the above poten-
tial parameters are listed in Table II. Although
the potential parameters for the N, curve are
known to high accuracy from optical spectro-
scopic data, the accuracy of the parameters for
the Nj curve is not as high. Uncertainty in the
equilibrium position R; for N3, an adjustable pa-
rameter in the electron scattering model,?® can
produce considerable uncertainty in those FCF’s
which are small because of the oscillatory nature
of the overlapping wave functions. However, since
those FCF’s which are larger than about 0.1 are
not affected strongly by an uncertainty in R;, the
general features of the excitation cross section can
be noted. From Table II it can be seen that
excitation is most probable to v"=1, followed
by v"=2 and 0. Excitation to v"=5 and 6
is roughly a factor of 10 smaller than to v"=1.

Since the branching ratio y(v7, v) for the upper:
state N;(v7) to the lower state N,(») is not readily
available from existing calculations,!”"?? three
different possibilities were considered. The ratio
which incorporates conventional molecular prin-
ciples is

7, (v, v)= <AEV V)5/2/ZAE(V V)s/z)

x| [ o, - v

y e

I,-X'5}) system. A num-

ber in parentheses is the power 'of 10 by which the preceding number is to be multiplied.

v'\v ) 1 2 3 4 5 6

0 2.22(=1)  3.68(~1)  2.67(-1) 1.10(~1) 2.85(-2) 4.72(=3)  4.98(-4)
1 3.05(~1)  5.51(=2)  6.67(~2) 2.56(-~1) 2.13(—1) 8.41(-2)  1.87(=2)
2 2.35(~1)  2.59(—2)  1.68(~1) 4.64(~3) 1.25(-1) 2.44(-1)  1.47(<1)
3 1.34(-1)  1.36(-1)  2.38(-2) 1.08(-1) 7.32(-2) 2.59(—2)  2.08(<1)
4 6.34(-2)  1.65(-=1) 2.01(=2) 9.58(=2) 2.37(-2) 1.23(=1)  3.75(-4)
5 2.62(~2)  1.23(~=1) 9.95(~2) 4.82(-3) 1.08(<1) 6.35(—4)  1.14(<1)
6 9.77(-3)  7.04(~2)  1.29(<1)  2.74(~2)  4.591(—2) 6.76(—-2) 2.76(—2)
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TABLE II. v, (v", »).

y-y 0o 1 2 3 4 5 6

0 0.41 0.27 0.17 0.092 0.042 0.014 0.0019
1 0.37 0.26 0.17 0.10 0.057 0.026 0.0081
2 0.34 0.25 0.17 0.11  0.068 0.037 0.016

3 0.32 0.24 0.17 0.12 0.076 0.046 0.024
4
5
6

0.29 0.23 0.17 0.12 0.083 0.054 0.032
0.27 0.22 0.16 0.12 0.087 0.060 0.038
0.26 0.21 0.16 0.12 0.090 0.065 0.044

‘where » is the highest vibrational level of N, to
which the Nj state can decay. The term containing
A E5/2 accounts for the penetrability of an outgoing
electron with kinetic energy A E through the =2
centrifugal barrier of the N; potential.®°

In using the FCF one assumes that the transition
probability, which is proportional to I'(R), does
not change rapidly with R over the region in which
the overlap of the nuclear wave functions ¢ and ¥,
islarge.?! From Fig. 3(a)it canbe seen that I'(R)
changes significantly in the region of R from 0.5
to 1.4 A_. However, in the region of large overlap,
the variation in T'(R) is not sufficient to modify
the FCF’s appreciably; that is,

[ o-r@2p,ar T2 [ 3,0,0R, @

where (T''/2) is an average value of I'(R) indepen-
dent of both v~ and v. o

When invoking the Franck-Condon principle, one
usually assumes the molecule will vibrate a large
number of times before decaying to a lower state.
For N;, however, the transition probability is
large; that is, the lifetime is on the order of one
vibrational period.'®* The effect of such a large
transition probability on the scattering of electrons
by N, gave rise to the boomerang model by Herz-
enberg.2722 At present it is unclear how to adapt
the details of the boomerang model to the H™ on
N, problem.

Using a suggestion by Herzenberg?® a branching
ratio of the form :

7,(v7, v)= AE{V", vt)s"z/}': AE®, v)/? (8)

was tested. Table III lists v, (v, v).

The third decay scheme tested was one in which
it was assumed that all of the states decayed only
to the ground vibrational state of N,, v=0:

Ys(V, ¥)=0,,. ' (9)

This assumption seemed reasonable based on the
characteristics of the ejected electron spectra:
lines starting at 1.9 eV and extending upward to
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above 3.5 eV, an average spacing of about 0.25
eV which is roughly the same as the spacing be-
tween adjacent vibrational levels in N;, and the
lack of strong features below 1.9 eV which, if
present, would indicate significant population of
the low-lying vibrational levels of N,.

The results of calculating the electron distribu-
tion for the H™ on N, reaction using Eq. (1) and the
three possible branching ratios, Egs. (6), (8), and
(9), aredisplayed in Figs. 4(c), 4(d), and 4(e), respec-
tively. For comparative purposes, a typical ex-
perimental spectrum (4-keV H™ on N, observed at
150°) is shown in Fig. 4(a). We have adjusted the
energy scale so that peak 1 lies at 1.9 eV. Since
the model does not account for direct electron de-
tachment, the expérimental results are displayed
in a slightly different fashion in Fig. 4(b), in which
a continuous background [solid line in Fig. 4(a)] has’
been subtracted from the experimental spectrum.
The background curve was estimated from con-
tinuum distributions based on H- collisions with
other gas targets which have no resonant struc-
ture in this energy region. Although the back-
ground subtraction procedure is ultimately quite

s e ]
s} I R 5 -
s [ - W, b
< F 3 ?_:_ ~§\~:
s [ (e) %
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z
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FIG. 4. . Electron energy distribution from N;': (a)
experiment, 4-keV H" on N, observed at 150°; (b) ex-
periment, background subtracted from (a); (c) model,
branching ratio proportional to A E52x FCF; (d) model,
branching ratio proportional to A E3/2 with T'=0.15 ev;
(e) model, branching ratio equal to §,,. The energy
scale for the experimental results has not been cali-
brated.
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TABLE IV. Relative population of the lowest vibration-
al states of N,. The branching ratio y;(v", v) is defined in
the text.

v v (7, v) Yo (V™, v) y3(v7, v)
0 0.50 . 0.36 1
1 0.22 0.25 0
2 0.13 0.17 0
3 0.079 0.11 0
4 0.044 0.061 0
5 0.021 0.031 0
6 0.0087 0.013 0

arbitrary, it can be seen in Figs. 4(a) and 4(b) that
it does not significantly affect the general char-
acteristics of the structure.

By combining the expressions for the excitation
cross section'o(v”) [see Eq. (3)] and the branching
ratios y; (v, v), it is possible to predict the rela-
tive populations o(v) of the N, vibrational states
which are formed via the resonant or vibrational
autodetaching process:

o= 3 ¥, Vo). (10)

Table IV lists the relative populations for v up

to six, normalized to unity. For y,(v",v) and
7,(v", v), the most populated state of N, is v=0
with the relative population decreasing monotoni-
cally with increasing v. For y,(v", v), only the
lowest state v=0 is populated. It would be of much
interest to compare these population distributions
with those arising from nonresonent excitation.

In general, the model calculations compare
favorably with experiment. At present, though,
we are unable to state which of the three branching
ratio possibilities is valid. Decisive tests could be
made by developing an electrostatic analyzer with
known transmission characteristics below 2 eV
and by accurately calibrating the energy scale to
within +0.05 eV. Furthermore, more theoretical
work is needed on the important diatomic Nj
molecule; specifically, the branching ratios
should be calculated from first principles.
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