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The nondissociative electron impact ionization cross section of the metastable NA" 2 *) state is measured
from threshold to 240 eV. Rising from an appearance potential of 10.1 + 0.6 eV, the cross section peaks at
about 40 eV with a value of (1.14+0.36)X 10 15cm2 These values are extracted from the apparent ionization

cross section ofan N2beam composed of ~50% N2*

)and ~ 50% N2(A' ‘£ +). This mixed state beam is
formed by charge transfer neutralization of a 1 keV NJ beam with NO. The N2/4

) cross section is

normalized by measuring it relative to the ionization of a ground state N2 beam formed by charge transfer

neutralization of NJ with N2

INTRODUCTION

Extensive studies of electron impact cross sections
have been carried out both experimentally and theoret-
ically for a number of ground state atoms and mole-
cules. 1 In general, as the electrQn energy is increased,
such cross sections rise from a threshold at the ioniza-
tion potential to a peak at an electron energy roughly
4-6 times the threshold energy, before falling mono-
tonically. Magnitudes of the peak range from 10"17 to
over 10"15 cm2 for various species. Little experimental
or theoretical work has been done on electron impact
ionization cross sections of excited species. However,
knowledge of both the functional form and magnitude of
such cross sections would be useful to characterize
stepwise ionization processes which are believed to be
important in gas discharges, 2 laser plasmas, 3 and the
optogalvanic effect.4 Experimental cross sections for
excited state ionization also present a challenge to var-
ious quantum mechanical and semiclassical theories of
electron impact ionization.

The only excited states for which electron impact
ionization cross sections have been measured are
H(2s)5 He(21,3S),6-10 Ne(3P20),10 and Ar(3P20).10 No
reliable experimental studies concerning excited mo-
lecular species have been performed. Several theoret-
ical studies of the ionization of excited atoms exist, 11-14
but examination of molecules appears limited to a cal-
culation by Tannenis on N2(A3E*) and the work of Flan-
nery and co-workersi2 on Nf, CO*, Nef, and Arf.
Other work of some relevance to this subject is that
concerning photoionization of excited species. 16 Such
photoionization is a serious loss mechanism for excited
species in laser systems and consequently has received
considerable attention.

In measurements of ionization cross sections of ex-
cited species, the major impediment has been the dif-
ficulties associated with producing sufficiently intense
sources of excited states. Three techniques have been
used: excitation in a discharge, excitation by electron
impact, and near-resonant charge transfer neutralization
of ion beams. The first method, discharge excitation,
was used in early worke,17 to study a variety of species
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including metastable N2, 17 but it suffers from being non-
selective in its excitation. While the presence of excited
states, electronic and vibrational, can easily be detected,
extracting reliable ionization cross sections for a spe-
cific state over an extended energy range is not feasible.
The second method, excitation of a thermal beam of
atoms or molecules by a crossed electron beam, has been
used with success to study ionization of He(21,3S).7-9

An examinationis of N2 excited species using this tech-
nique was largely inconclusive, determining only that

an upper limit to the ionization cross section for
N2(A3S*, v—3)—N2(A2nu, v—1) at an electron energy of
25 eV is (6+5. 5)x10-16 cm2.

The third technique, charge transfer neutralization,
was pioneered by Petersonis and has been applied with
good results to a variety of atomic speciesi9 including
excited states of H,5 He, 10 Ne, 10 and Ar.10 The method,
shown scehmatically in Fig. 1, involves neutralizing
an ion beam in a collision cell filled with the charge
transfer reactant. This reactant is chosen such that
formation of a neutral in an excited state is near reso-
nant while formation of a ground state neutral is not.
The remaining unreacted ion beam is easily disposed of
by electric fields. The neutral beam is now crossed by
a variable energy electron beam for reionization. The
ion signal which results is directly related to the elec-
tron impact ionization cross section.

In the present study, a 1 keV beam of N2 is neutral-
ized by N2 and by NO. The ionization cross section for
an N2 beam formed by charge transfer with N2 is found
to match literature data for ionization of N2(X1S*). The
beam formed in N2+ NO neutralization is found to con-
tain ~50% ground state and ~50% excited state N2, Rea-
sons for identifying this excited state as N2(A3S*) are
discussed. By measuring the ionization for this mixed
state beam and subtracting the contribution from ioniza-
tion of the ground state, the ionization cross section for
N2(A3S*) is obtained over an extended electron energy
range.

EXPERIMENTAL

Apparatus

The apparatus, shown in Fig. 2, comprises three
differentially pumped chambers each having a base
pressure of 2x10"8Torr. The ion source, obtained
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from Colutron Research Corporation, is an electron
impact sustained low voltage dc discharge2o capable of
producing an ion beam of several microamperes.
Typical conditions in these experiments called for a N2
pressure in the discharge of approximately 0.1 Torr
and an anode potential of 100 V. The ions produced,
which include N2, N*, NJ2, and contaminant species,
are extracted and accelerated to 1 keV where they are
analyzed using a Wien filter.21 While the Wien filter,
containing crossed electric and magnetic fields, is
actually a velocity filter, a dispersion in m/z is ob-
tained because all the ions nominally have the same
kinetic energy. Thus, the ion beam entering the charge
transfer gas cell consists of only NJ. A typical ion
current of 150 nA is measured at the ion beam monitor
in the charge transfer chamber (Fig. 2). While in oper-
ation, the background pressure in the ion source
chamber is typically IxIO"7Torr.

To produce a neutral beam, the gas cell located in
the charge transfer chamber is filled with a gas, N2or

CHARGE TRANSFER

ION SOURCE CHAMBER CHAMBER
EINZEL LENS
AND DEFLECTION Ioguwp
COLUTRON ION /' PLATES 'Ci'(\és a MONITOR
SOURCE VELOCITY GAS CELL \
GAS Jnr11™
~ FILTER
INLET | 1 il W“'"
GAS
INLET
TO
CAPACITANCE
MANOMETER
VACUUM
WALLS
FIG. 2. Schematic diagram of the apparatus.
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NO in these studies, to a pressure of 0.1-1. 0 mTorr.
The entrance and exit apertures are both | in.

in diameter and | in. long. The cell, nom-

inally 3 in. long, has has an effective length22 of 8.5
+0. 8 cm. The cell design discriminates against large
angle scattering. For these experiments, this dis-
crimination is desirable since charge transfer generally
occurs at large impact parameters and small angle
scattering.23 This also means that little momentum is
transferred during the charge transfer process result-
ing in a product neutral beam having essentially the
same kinetic energy as the reactant ion beam.

The beam emerging from the charge transfer gas

cell passes through a set of electric plates, the ion beam
dump and monitor (Fig. 2), which deflects any unneu-
tralized ions. An electrically isolated plate is posi-
tioned to collect these ions so that their current can be
measured. Attenuation measurements, described in the
Results section, are performed by measuring the trans-
mitted ion beam at this point. The neutral beam next
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enters the third chamber where it passes through two
additional sets of electric field plates. Their function
is to further purify the beam as described in. more de-
tail in the next section.

The neutral beam now crosses the electron beam at
right angles. The Pierce-type electron gun, an ARIS
model ESA 1000, has been described in detail previous-
ly.24 The electron beam has an energy spread of ~0. 3
eV (FWHM) and provides a constant current of ~40 /aA
for electron energies above about 10 eV. The ability
of this system to correctly measure relative ionization
cross sections was carefully checked using He, Ar, Xe,
and N2. It was found that for a particular set of electron
gun focusing conditions, results for electron energies
below about 30 eV agreed with literature data. 25,26
Above 30 eV, systematic deviations for all systems
were observed under all electron gun conditions. These
deviations are attributable to an energy dependent fo-
cusing of the electron beam. As this focus changes,
the fraction of measured electrons which actually inter-
acts with the neutral beam changes and, as a conse-
quence, the apparent relative ionization cross section
also changes. Thus, above 30 eV the ionization cross
section is determined by making a measurement rela-
tive to a known system. This procedure is discussed
in more detail in a later section.

While the electron energy scale could be calibrated
by measuring the potential at which the electron current
vanishes, 25 another means, giving comparable results,
was chosen as being more reliable. A phototube was
mounted perpendicularly to the electron and neutral
beams. Using an interference filter centered at 3371 A
(100 A bandwidth), the optical emission from the second
positive system of molecular nitrogen, primarily N2
(C3n, v'=0)-N2(B3n, v"=0), was monitored. To ob-
tain sufficient intensity, additional N2was allowed into
the electron beam-neutral beam interaction region to a
pressure of about 10-6 Torr. The emission as a function
of electron energy was compared with a literature ex-
citation function27 to obtain the contact potential and
space charge depression of the potential in the center
of the electron beam. The value obtained, 1.8+0.1¢eV
was checked periodically.

The ions formed by electron impact are deflected by
a final pair of plates into a Channeltron electron mul-
tiplier operated in a pulse counting mode. The multi-
plier is shielded by a box biased at + 2V to prevent
random thermal energy ions from contributing to the ion
signal. The multiplier is also shielded from seeing the
electron beam-neutral beam interaction region so that
high energy photons created in this region do not con-
tribute. The output pulses enter an amplifier-discrim -
inator and then a PDP-8/L computer operated as a
multichannel scaler. The computer also collects a digi-
tized signal for the electron beam current.

It is important to note that the final deflecting plates
separate ions of different mass. This is because N*
ions produced in dissociative ionization have nominally
the same laboratory velocity as the precursor N2 mol-
ecules and thus half the energy. Thus, these atomic
ions will be deflected through twice the angle as the N2
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ions and so miss the detector. Similarly, multicharged
ions produced at higher electron energies are deflected
through larger angels than singly charged ions. The
result is that nondissociative single ionization rather
than total ionization is measured.

The neutral beam is monitored by a modified Faraday
cup using secondary electron emission. The beam hits
a conical CuBe surface mounted inside a Faraday cup.
Electrons emitted from this surface are then collected
by the grounded Faraday cup. The CuBe cone is biased
at - 20 V to increase the efficiency at which emitted
electrons are collected. The neutral beam current is
related to the secondary electron current by y, the
secondary electron emission coefficient. The value of
y is discussed below.

Background ions

Dixon, Harrison, and Smith!0 give an extensive dis-
cussion of the kinds of background inherent in measure-
ments of the kind conducted in this study. Only those
sources of noise which plagued the present experiments
will be discussed here. Other sources are believed to
be negligible.

By far the most intense background in these experi-
ments is ions produced by charge stripping collisions of
the fast neutral beam28 with background gas. Even with
a background pressure during operation of only 4x10"8
Torr in the third chamber, the contribution to the meas-
ured ion signal is appreciable and can easily exceed the
signal due to electron impact ionization. The ion de-
flection plates placed just before the electron gun (Fig.
2) remove as many of these stripped ions as possible
but cannot eliminate those formed further along the
neutral beam path.

Fortunately, this spurious signal can be distinguished
by two techniques. If the electron beam is modulated,
the desired signal is also modulated while the stripped
ion signal remains dc. Alternatively, a dc electron
beam is swept in energy from below the ionization po-
tential of the neutral beam. This low energy portion of
the sweep establishes the level of the background. Both
methods give comparable results. The latter technique
was used for the data reported in this study.

Another source of background in these experiments is
due to electron impact ionization of nitrogen molecules
in long-lived high-Rydberg states. The Rydberg quench
plates (Fig. 2), designed to field ionize these excited
molecules, have a 0. 25 in. gap and a 6 kV potential
across them. The resultant field of approximately
104N/cm should ionize all Rydbergs with n£ 16.29 Many
of the Rydbergs with low n decay radiatively during the
4 jxs flight time between the gas cell and the electron
gun. Using lifetime estimates based on hydrogenic or-
bitals, 30,31 all species with n-£9 decay. The angular
momentum state | of the Rydbergs determines the life-
time of species with 10" i5.30-3L it has been esti-
mated that for H|+ H2 charge transfer, only 9%+3% of
the Rydbergs formed have /s 3.32 If this is also the
case in the present studies, 90% of the remaining Ryd-
bergs are also expected to radiatively decay. It should
also be noted that the decay of molecular Rydbergs can
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involve predissociation and vibrational autoionization3
in addition to radiative and electronic autoionization,
whereas atomic Rydbergs can decay only by the latter
two mechanisms. These considerations explain why
background due to Rydbergs is apparently negligible in
the present work while in previous studies4,10,19 using
the charge transfer technique to study atomic beams,
such background was appreciable.

A final source of background, at first attributed to
Rydberg ionization, appears to result from electrons
scattering from the interaction region and being accel-
erated by potentials on deflection plates and the wires
which supply these potentials. These electrons produce
ions by a variety of means such as ionization of back-
ground gas and secondary ion emission from impacted
surfaces. Electron leakage is particularly severe at the
lowest electron energies where the electron beam is
most poorly focused. The problem was resolved by
shielding many of the wires, shielding the ion collector,
and by using primarily negative potentials on the de-
flecting plates.

RESULTS

Charge transfer cross sections and ion beam composition

Attenuation experiments were performed to charac-
terize the reactant ion beam and measure charge trans-
fer cross sections. Such experiments may be under-
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FIG. 3. Attenuation of a 1 keV N* beam by N2as a function of
the pressure of the attenuating gas. The line drawn through the
data (a) is the sum of the two straight lines shown. The circles
are the contribution remaining after the Une determined at low
pressures by a least squares fit is subtracted from the data.
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FIG. 4. Attenuation of a 1 keV Nj beam by NO as a function of
the pressure of the attenuating gas. The line drawn through

the data is the sum of the three straight lines shown. The cir-
cles are the contribution remaining after subtracting the two
lines determined by a least squares fit to the high pressure data.

stood by examining the following formula for the trans-
mission of ions through a cell filled with gas:

1/10=exp(-nad) 1)

where 1 is the transmitted ion current, 10is the ion
current at zero pressure, n is the number density of
the gas (a pressure P), ais the interaction cross sec-
tion, and d is the interaction length. A plot of In(///0)
vs P has a slope directly proportional to the cross sec-
tion. If the ion beam contains a fraction g of excited
ions with an interaction cross section ct*, then the frac-
tion of transmitted current is given by

IlI<,= (I-g)exp(-n(jd)+gexv(-n<f*d) . 2

Again by plotting In(///0) vs P, the values for g, o, and
ct* may be obtained. 34,3 Strictly speaking, the cross
sections derived below are upper limits to the charge
transfer cross sections since other processes such as
elastic scattering may also attenuate the beam. How-
ever, at 1 keV beam energy, the charge transfer com-
ponent of the total interaction cross section is probably
the dominant contribution.

The results of attenuation measurements for a 1 keV
N2beam in N2 and NO are shown in Figs. 3 and 4, re-
spectively. Attenuation in N2 shows an apparent two
component system. The cross section for the major
component is (28+2)xicr®6cm2 This is in excellent

J. Chem. Phys., Vol. 75, No. 6, 15 September 1981

Downloaded 11 Aug 2009 to 155.97.13.46.R e d i "



2790

agreement with literature data3e-41 for the charge trans-
fer cross sections of NJ+N2 and thus lends credence to
the assumption made in the previous paragraph. The
minor component has a very small cross section of (1.2
+1.0)x10'16 cm2. We believe this minor component is
actually due to sequential elastic collisions which de-
flect N2 ions back into the beam. The fact that the

same effect is observed in the NO system (Fig. 4) is
consistent with this interpretation. Thus, N2 attenuation
in N2 shows no excited state contribution. Smith, 4 in

a careful examination of N| + N2 charge transfer, also
found no structure attributable to excited species. While
this could mean either that g= 0 or that cr=a*, the lat-
ter explanation seems more likely and is consistent
with the value of g derived below.

Attenuation of N2 in NO (Fig. 4) clearly shows a two
component system (neglecting the curvature at high
pressures due to secondary collisions). By extrapo-
lating the high pressure data back to zero pressure, we
find (1-7~)=0.75. This component, assumed to be N2
(X2£*), has a cross section of (15+£2)x10"le cm2. The
cross section for the second component, assumed to be
N5(A2n,,), is obtained by subtracting the contribution of
the first component from the raw data. This yields the
open circles shown in Fig. 4. The cross section is
(35+£4)x10'16 cm2. Only one previous measurement of
the charge transfer cross section for N2 in NO has been
made. 40 A vaiue of about 7x10"18 cm2 was obtained, in
fair agreement with our result; however, the measure-
ment was made relative to another reaction, and as
such, was stated to be uncertain.

The fraction of excited ions measured (0. 25) is in
reasonable accord with a calculation which predicts 0. 37
in the A A, state and negligible amounts of other excited
species. The calculation assumes the ions are formed
by 60 eV electron impact and radiatively decay during
the 6 /j.s ion flight time. We use ionization probabil-
ities and state lifetimes reported by Maier.42 The ex-
perimental value is lower than that calculated because
the higher pressures of our source lead to collisional
quenching of excited species.

Attenuation measurements provide no information re-
garding the vibrational population of the N2 beam. The
calculation performed above predicts most molecules in
the X state are in v= 0 with some (~0.4) in the v= 1,2
states. A substantial fraction of ions in the A state are
predicted to be vibrationally excited. The high pressure
nature of the ion source undoubtedly affects these popu-
lations, 43 probably much more than the electronic state
distribution.

Relative ionization cross sections: Threshold region

Beams of N2 neutrals, designated N2(N2) and N2(NO),
were obtained by neutralizing the N2 ion beam with N2
and with NO, respectively. The ion signals obtained
by electron impact ionization of these twoneutral beams,
r(N2) and r(NO) are shown in Fig. 5. The /*(N2) spec-
trum shown is quite typical and was accumulated in 5 h.
The dc background level is about 2. 5 times the signal
shown at 25 eV. The /*(NO) spectrum shown took 30 h
to accumulate and is the sum of several separate runs.
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FIG. 5. The ion signal as a function of electron energy (cor-
rected for space charge and contact potentials) resulting from
electron impact ionization of an N2beam produced by neutraliza-
tion of N2 with N2 (lower points) and with NO (upper points).

The solid curve drawn through the lower points is the data of
Ref. 25 normalized at 25 eV. Straight lines drawn through the
upper points are determined by linear regression analysis.

The arrows indicate the ionization potential of N2(X *2,), 15. 58
eV, and the appearance potential of the upper points, 10.1*0,4
eV, determined as discussed in the text.

The background level, about 6.5 times the signal
shown at 25 eV, is larger in this case because higher
NO pressures which are needed to obtain a comparable
neutral beam flux lead to more stripping. The baseline
levels shown are determined by averaging all points
(some of which are not shown in Fig. 5) at energies be-
low the apparent ionization potentials.

The solid line through /*(N2) (Fig. 5) is the cross
section of Rapp and Englander-Golden2 normalized to
our data at 25 eV. The curvature is due to ionization
of N j~S p to the three NJ states X 2z*, A 2nu, and
at 15. 58, 16.70, and 18. 75 eV, respectively. 444 The
good agreement demonstrates that the N2(N2) beam is
exclusively N jASp. There is the possibility that
some vibrational excitation is present; indeed, calcula-
tions4e suggest approximately 4% of the N2 should be in
v=1. The data do not preclude this possibility but in-
dicate that most of the N2 is in the &= 0 level.

lonization of N2(NO) is substantially different from
that of N(N2). Two linear regions intercepting one an-
other at 16. 5+ 0. 6 eV are evident. This is approxi-
mately the same energy as the apparent threshold for
N2(N2) ionization found by linear extrapolation to the
baseline (16. 3 eV). This indicates that a substantial
portion of the N2(NO) beam is in the N2(X) state. The
remaining contribution to the N2(NO) ionization accounts
for the linear portion at lower energies. From a linear
extrapolation to the baseline, the appearance potential
for /*(NO) is found to be 10.8+0. 6 eV, where the error
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is one standard deviation of 16 individual measurements.
Assuming the same curvature as is observed for the
N2(X) state, the corrected ionization potential is 10. 1
+0. 6 eV.

Normalized ionization cross section for the mixed state
beam

As discussed in the experimental section, the data
above 30 eV must be corrected for electron beam
focusing effects. In the present study, this was achieved
by comparing the signal from ionization of the N2(N2)
beam with literature data. Because we measure only
nondissociative ionization, Rapp and Englander -
Golden’s total ionization cross sections2 are modified
by their measurements of the dissociative ionization
cross sections26,47 and further modified by Mark’s48
values for ionization to N2*. This derived curve, listed
in Table I, is in reasonable agreement with a measure-
ment of Mark. 4849 Using this literature cross section,
the data for ionization of the N2(NO) beam was correct-
ed. The result, ct[N2(NO)] is compiled in Table I and
shown graphically in Fig. 6.

In principal, the relative ionization cross sections
may be placed on an absolute scalest using

V=rA'>wpbwF < - | )
TABLE I. Nondissociative electron impact ionization cross
sections.
£(eV) <I(N2>X ,Zpi'b AN(NOIDL' Y, ct(n2, a 3z;>i’d

1 0.02 0.04
12 0.038 0.076
13 0. 071 0.142
14 0. 104 0.208
15 0. 138 0.276
16 0.021 0.181 0.341
18 0.129 0.301 0.473
20 0.270 0.44 0.61
22 0.418 0.59 0.76
24 0.565 0.73 0.90
26 0.714 0.86 1.01
28 0. 865 0. 9% 1.06
30 1.01 1.05 1.09
32 1.12 112 1.12
36 1.31 1.22 1.13°
40 1.46 1.29 1. 12°
45 1.60 1.38 1.16¢c
50 1.69 141 1.13c
55 1.75 1.44 1.13
60 1.81 1.43 1.05
70 1.86 1.46 1.06
80 1.90 1.45 1.00
100 1.90 1.43 0.96
120 1.87 1.38 0.89
160 1.78 1.29 0.80
200 1.69 1.22 0.75
240 1.58 114 0.70

“In units of 10"16 cm2.

‘Derived from data of Rapp and Englander-GoldenZ and Rapp
et al. % See the text.

because of scatter in the data, we estimate the peak in the
cross section to be at 40 eV and to have a value of 1.14 x i0-16
cm2.

dT his study. See the text.
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FIG. 6. The nondissociative electron impact ionization cross
section as a function of electron energy for N2(X'sj) (full line)
derived from literature data (see the text) and for N2 produced
by charge transfer neutralization of N2with NO (points).

where a is the ionization cross section, I*is the ion
signal, A0 and v° are the area and velocity of the neu-
tral beam, w is the width of the neutral beam along the
electron beam, and F° and F~ are the neutral beam and
electron beam fluxes. However, as discussed above,
there is uncertainty in F~, the electron beam flux ac-
tually interacting with the neutral beam. Thus, the ab-
solute scale is determined using a relative technique de-
scribed below.

lonization measurements are made on N2(N2) and
N2(NO) beams holding electron gun conditions constant.
Neutral beam conditions are kept as similar as possi-
ble within the constraints of the different charge transfer
cross sections. Thus, the quantities A0, A w, and F~
are constants for a given electron energy E. From
Eq. (3), this means that

q@5NO)  r(E,NO)/-F°(NO)
<tEN“ r(E,~2/F ~ 2 : w

where the NO and N2 in parentheses are shorthand no-
tation for a measurement on N2(NO) and N2(N2) beams.
As noted above, the neutral beam flux is monitored
using secondary electron emission such that we directly
measure yF° rather than F°. This modifies Eq. (4) to
yield

a(E,NO)/y(NO) _ /*(£,NO)/y(NO).Fo(NO) ,
V(E,N2)ly(N2)  r(£,N 2/ly(N2.FuN) > W

The quantity on the right-hand side is found by measuring
I *and yF awhile varying the charge transfer gas pres-
sure. The result, for both N2 and NO, is that I* is
linear with yF°, as expected. To find a(E, NO)/ct(£, N2),
a final key assumption is made, namely, y(NO)ay(N2).
Utterback and Van Zyls2 have shown this to be true for
100-200 eV N2 beams impacting on gold surfaces. Itis
most certainly also true for a 1 keV N2 beam impacting

a CuBe surface.s3

The value for the right-hand side of Eq. (5) at 28. 2
eV is 1.10+0. 30. This value is used to place the rela-
tive ionization cross section for the N2(NO) beam on the
same absolute scale as the results for the N2(N2) beam,
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FIG. 7. The nondissociative electron impact ionization cross

section for N2(X12p (full line) and N2C4 3Sj) (points). The other
lines are calculations of N2(A3z£)— N2(A 2lIJ ionization by Ton-
That and Flannery12 (dot-dashed line) and Tannen1 (dashed line)

assumed identical to the Rapp and Englander-Golden
cross section. The final result is shown in Fig. 6.
Values for the right-hand side of Eq. (5) were also ob-
tained at several other electron energies and agreed well
with the curve exhibited.

Normalized ionization cross section of excited N2

As noted above, a substantial fraction of the ct(NO)
cross section appears to be due to ground state ioniza-
tion. If the fraction of excited species in the N2(NO)
beam is given by /, then it should be true that

<t[N2(NO)] =a(NO)= (1 -f)ax+foA (6)

where ax is the ionization cross section for N2(X 1S?)
given in Table | and aA is the ionization cross section
for excited N2, shown below to be the N2(A32*) state.
Since a(NO) and ux are now known, a knowledge of /w ill
allow aA to be extracted.

To obtain/, we assume that aA is linear from near
threshold to about 20 eV. The signal in excess of that
predicted by a linear extrapolation of the low energy
portion of ct(NO) (Fig. 5)is (1-f)vx. Comparing this
value with ax using the absolute signal established
above yields / directly, 0.50+0.16. Because of the un-
certainties in calibrating the absolute cross section
scale, estimated to be 28%, and in fitting a line through
the low energy region of cr(NO) (10%) the error in/ is
large. Using this value of/, the ionization cross sec-
tion for N2 excited species, shown in Fig. 7, and listed
in Table I, is derived. The absolute error in this
curve is £32%. The error in the relative shape is es-
timated to be *10%.

In related experiments, Utterback and Van Zyls2 de-
termined/for a N2(NO) beam at lower kinetic energies
(200 eV or less). Their experimental conditions
(source, beam energy, and charge transfer conditions)
are sufficiently removed from those in the present study
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that no quantitative comparison can be made. However,
the fact that their values for/(0. 03-0. 09) are substan-
tially lower than ours suggests that/ is quite dependent
on experimental conditions.

DISCUSSION

Identity of excited state: Predictions

Two factors are expected to dominate the state dis-
tribution of the products of a charge transfer reaction.
The first, energy resonance, is expected to be most
important at low collision energies where translational
energy is not available to overcome energy defects.

The second, Franck-Condon (F-C) overlap, is expected
to be the major effect in the sudden limit at high colli-
sion energies. At 1keV collision energy, it is expected
that both factors will be influential. Similar consider-
ations have been previously discussed for lower colli-
sion energies.

It is somewhat surprising that ionization of the N2(N2)
beam shows little evidence for vibrational excitation
since at a collision energy of 1 keV, 500 eV is available
for transfer. That little if any excitation is observed
is a dramatic demonstration of the role of energy reso-
nance and F-C factors in charge transfer reactions.
Certainly, the process

NA(X,?;) + N2(X,1;=0)-N2(X,t; = 0)+N2(X>D) , U]

where the bar indicates the fast molecule, is favored
by resonance considerations. Even considering elec-
tronically excited N2 the resonant process

N2(A, ) +N2(X, >= 0) - N2(X, r = 0) +N2(A, i7) ®)

still yields N2 in its ground vibrational and electronic
state. As noted in the Results section, calculations

which include the F-C factors predict only 4% of the

product Nz should be in the v =1 level.

The role of energy resonance is also undoubtedly im-
portant in the charge transfer neutralization of N2 by NO.
Indeed, such considerations led Utterback and Van Zyls
to conclude that the metastable N2 formed by such charge
transfer was N2(A35*), although their experiment had
no way of verifying this. The relevant energy level di-
agram is shown in Fig. 8. Also included in this diagram
are approximate Franck-Condon factors for the various
transitions. What is immediately obvious from Fig. 8
is that good energy resonances exist for production of
both the X and A states of N2 The N2(B%i) state is at
least 1. 03 eV out of resonance. Consideration of F-C
factors indicates formation of N2(X) is favored over
N2(A), but that NOHX) is more favorable than NO*(a).
Consideration of vibrationally excited N2(X) reactant
only serves to increase the F-C overlaps for production
of both N2(X) and N2(A).

The N2(A2n,,) reactant state also needs to be consid-
ered. Since its charge transfer cross section is larger
than that for the N2(X) state, this excited ion is respon-
sible for approximately 40% of the N2neutrals formed
at the pressures of NO used in these studies. Examin-
ation of a diagram analogous to Fig. 8 shows formation
of N2(A)+NO*(X) is still resonant but now favors higher
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vibrational levels. The same is true for N2(X) + NO*(a)
production. In addition, a good resonance exists for
N2(X) + NO*(621) formation (energy defect is 0.14 eV).
The possibility of N2B31,) +NO+(X) products also now
exists since this process is only off resonance by 0. 09
eV. It should be noted, however, that even if the N2(B)
state formed, over half would radiatively decay to N2G4)
during the flight time between the gas cell and the elec-
tron gun.

Our general conclusion based on the energy level dia-
gram is that the excited state of the N2(NO) beam should
be predominantly N2(A3EE£). It is difficult to predict
whether N2(X) or NJ(A) is the primary precursor ion;
however, the results of Utterback and Van Zyl® suggest
N|(A) may be the more important. While it is not feas-
ible to suggest specific vibrational populations for either
the N2(X) or N2(A) states formed, it seems likely that
the A state is vibrationally excited.

Identity of excited state: Experiment

A direct check on the identity of the excited species
is provided by the appearance potential for ionization of
the N2(NO) beam. Thresholds for ionization of N2(A3Sj)
to the X,A, or B states of NJ are expected to occur at
9.35, 10.47, and 12. 52 eV, respectively. Examination
of the molecular orbital configurations of the appropri-
ate N2and N2states (Table Il) shows that the first ioniz-
ation process N2(A)-N2(X), requires a two electron
transition, relaxation of one electron and loss of an-
other. Such a two electron process is generally consid-
ered to be unlikely. Indeed, calculations1215 consider
only N2(A)-N2(A) ionization, a one electron process. If
the N2(B) state is present in the N2(NO) beam, its ioniz-

- ﬁZA(;(AZZ:'U)T'Z NO(xzn) “10
15 — 9
>
> 935 >
10 9.26 5 £
< <
$ B
u -
N2 (A1) no*(x'2%) g
5 10£
1558 1565
b Nz (X'Sg)- * 5
(XSg) NCTCa3!
FIG. 8. Energy level diagram showing the states of N2) Nj, NO,

and NO* involved in charge transfer of N* with NO. The NO
energy scale is inverted with its zero placed at the level for
NjOf 2z*} v =0). Energies shown are for transitions between
the ground rotational and vibrational levels of the appropriate
states. Approximate Franck-Condon factors are indicated by
the lengths of lines for the product vibrational states.
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TABLE Il. Molecular orbital configuration of N2 and Nj states.
Molecular orbital configuration

Species State K 8 (Iff) Other

B X L4 2 0 -2<t,
NJ 13 1 1

a2, 3 2 0

X Z; 4 1 0

a>n. 4 1 1
n2 A 3Xt 3 2 1

X 1z 4 2 0

ation to N2(X), a one electron transition, would be ex-
pected at 8. 23 eV.

The measured appearance potential of the N2(NO) beam
is 10.1+£0. 6 eV. This is definitely higher than either of
the values for N2(A) or N2(B) —N2(X) ionization. It is
within experimental error of the N2(A)- N2(A) ionization
threshold of 10.47 eV. Considering our expectation that
the N2(A) molecules in our beam are vibrationally ex-
cited, the 10.1+0. 6 eV potential is in excellent agree-
ment. The difference corresponds to 2+4 quanta of vi-
brational excitation.

lonization cross section of N2W 3Z%)

The nondissociative electron impact ionization cross
section of the now identified N2(A35*) state is shown in
Fig. 7. The shape of the curve io quite reasonable as
it peaks near four times the appearance potential and
then drops off slowly. It is, at first, surprising that
the peak value of (1.14 £0. 36) xIO-16 cm2is less than
the value for ionization of ground state N2 1. 90 x 10'16cm2
However, since the ITie orbital ionized in the A state and
the 34f orbital ionized in the X state are both linear com-
binations of 2p atomic orbitals, they should have compar-
able sizes. In addition, the A state Int orbital is occu-
pied by only one electron while the X state 3af orbital is
occupied by two. These simple considerations predict
ct(N2,>1) to be about one half a(N2A) but neglect ioniza-
tion to higher states of N2as well as more subtle effects.

Two theoretical calculations of N2(A3S1)-N 2(A2,,)
ionization are shown in Fig. 7. The upper curve is by
Ton-That and Flannery12who used a binary-encounter
method. The lower curve is from TannenlSwho used the
Gryzinski semiclassical theory. Such calculations have
proven to be in reasonable agreement with experimental
results for ionization of the rare gas metastablesllmi2
and ground state N2. 54 For the present results, the cal-
culations are also in fair agreement with experiment.

It must be recalled, however, that the experimental
cross section undoubtedly includes ionization of N2(A3EJ)
to states in addition to N j~ 2!1)).
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