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The nondissociative electron impact ionization cross section of the metastable N2(^ '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 16 cm2. These values are extracted from the apparent ionization 
cross section of an N2 beam 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 e lectron im pact c ro ss  sections 
have been ca rried  out both experim entally and th eo re t
ically for a num ber of grou n d  sta te  atom s and m ole
cules. 1 In general, as the electrQn energy is increased, 
such c ro ss  sections r ise  from  a threshold a t the ioniza
tion potential to a peak a t an electron energy roughly 
4 -6  tim es the threshold energy, before falling mono
tonically. Magnitudes of the peak range from  10" 17 to 
over 10"15 cm 2 for various species. L ittle experim ental 
o r  theoretical work has been done on electron im pact 
ionization c ro ss  sections of e x c ite d  species. However, 
knowledge of both the functional form  and magnitude of 
such c ro ss  sections would be useful to ch aracterize  
stepw ise ionization p ro cesses  which a re  believed to be 
im portant in gas d isch arg es , 2 la se r  p lasm as , 3 and the 
optogalvanic effect. 4 E xperim ental c ro ss  sections for 
excited sta te  ionization also p resen t a challenge to v a r 
ious quantum m echanical and sem ic lassica l theories of 
electron im pact ionization.

The only excited s ta te s  fo r which electron im pact 
ionization c ro ss  sections have been m easured a re  
H(2s)5, He(21 ,3S) , 6-10 N e(3P 2 0 ) , 10 and A r(3P 2 0 ) . 10 No 
re liab le  experim ental studies concerning excited m o 
le c u la r  species have been perform ed. Several th eo re t
ical studies of the ionization of excited atom s ex is t , 11-14 
but examination of m olecules appears lim ited to a c a l
culation by Tannen15 on N2(A3E*) and the work of F lan 
nery  and co -w orkers 12 on N f, CO*, N ef, and A rf .
O ther work of some relevance to th is subject is that 
concerning photoionization of excited sp ec ies . 16 Such 
photoionization is  a serious loss m echanism  for excited 
species in la se r  system s and consequently has received 
considerable attention.

In m easurem ents of ionization c ro ss  sections of ex 
cited species, the m ajor im pedim ent has been the d if
ficu lties associated  with producing sufficiently intense 
sou rces of excited s ta te s . T hree techniques have been 
used: excitation in a d ischarge, excitation by electron 
im pact, and n ea r-re so n an t charge tran sfe r neutralization  
of ion beam s. The f i r s t  method, discharge excitation, 
was used in early  work6,17 to study a variety  of species
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including m etastable N2, 17 but it  su ffers from  being non- 
selective in its  excitation. While the p resence of excited 
s ta te s , electronic and vibrational, can easily  be detected, 
extracting reliab le  ionization c ro ss  sections fo r a sp e 
cific sta te  over an extended energy range is  not feasible. 
The second method, excitation of a therm al beam of 
atom s o r m olecules by a c rossed  electron beam, has been 
used with success to study ionization of He(2 1 ,3S) . 7-9 
An exam ination 15 of N2 excited species using this tech
nique was largely inconclusive, determ ining only that 
an upper lim it to the ionization c ro ss  section for 
N2(A3S*, v — 3) —N2(A2n u, v — 1) at an electron energy of 
25 eV is  (6 ±5. 5 )x l0 - 16 cm2.

The th ird  technique, charge tran sfe r neutralization, 
was pioneered by P e te rso n 18 and has been applied with 
good re su lts  to a variety  of atomic species 19 including 
excited s ta te s  of H , 5 He, 10 N e , 10 and A r . 10 The method, 
shown scehm atically  in Fig. 1, involves neutralizing 
an ion beam in a collision cell filled with the charge 
tra n sfe r  reactan t. This reactan t is  chosen such that 
form ation of a neu tral in an excited sta te  is  near re so 
nant while form ation of a ground sta te  neu tral is  not.
The rem aining unreacted ion beam is  easily  disposed of 
by e lec tric  fields. The neu tral beam is  now crossed  by 
a variable energy e lec tro n  beam for reionization. The 
ion signal which re su lts  is  d irectly  re la ted  to the elec - 
tron im pact ionization c ro ss  section.

In the p resen t study, a 1 keV beam of N2 is  n eu tra l
ized by N2 and by NO. The ionization c ro ss  section for 
an N2 beam form ed by charge tran sfe r with N2 is  found 
to match lite ra tu re  data for ionization of N2(X 1S*). The 
beam form ed in N2 + NO neutralization  is found to con
tain ~50% ground state and ~50% excited sta te  N2, Rea
sons fo r identifying th is excited sta te  as N2(A 3S*) a re  
d iscussed. By m easuring the ionization for th is  mixed 
state beam and subtracting the contribution from  ioniza
tion of the ground state, the ionization c ro ss  section for 
N2(A3S*) is  obtained over an extended electron energy 
range.

EXPERIMENTAL

Apparatus

The apparatus, shown in Fig. 2, com prises th ree 
differentially  pumped cham bers each having a base 
p re ssu re  of 2 x l0 " 8 T o rr . The ion source, obtained
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FIG. 1. Schematic represen ta tion  of 
the charge tra n s fe r  neutralization— 
elec tron  im pact ionization experim ent.

from  Colutron R esearch  C orporation, is  an electron 
im pact sustained low voltage dc d ischarge20 capable of 
producing an ion beam of sev era l m icroam peres. 
Typical conditions in these experim ents called for a N2 
p re ssu re  in the discharge of approxim ately 0 .1  T o rr  
and an anode potential of 100 V. The ions produced, 
which include N2, N*, NJ2, and contam inant species, 
a re  extracted  and accelera ted  to 1 keV w here they a re  
analyzed using a Wien f i l te r . 21 While the Wien filte r, 
containing crossed  e lec tric  and magnetic fields, is 
actually a velocity f ilte r , a d ispersion  in m / z  is  ob
tained because a ll the ions nominally have the sam e 
kinetic energy. Thus, the ion beam entering the charge 
tra n sfe r  gas ce ll consists  of only NJ. A typical ion 
c u rren t of 150 nA is  m easured a t the ion beam m onitor 
in the charge tran sfe r cham ber (Fig. 2). While in o p e r
ation, the background p re ssu re  in the ion source 
cham ber is  typically lx lO " 7 T o rr .

To produce a neu tral beam, the gas cell located in 
the charge tra n sfe r  cham ber is  filled with a gas, N2 o r

NO in these studies, to a p re ssu re  of 0 .1 -1 . 0 m T orr. 
The entrance and exit apertu res  are  both |  in. 
in d iam eter and |  in. long. The cell, nom
inally 3 in. long, has has an effective length22 of 8 . 5 
±0. 8 cm. The cell design d iscrim inates against large 
angle scattering . F o r these experim ents, th is d is 
crim ination  is  desirab le  since charge tran sfe r generally 
occurs a t large im pact p a ram ete rs  and sm all angle 
sca tte rin g . 23 This also m eans that little  momentum is 
tran sfe rred  during the charge tra n sfe r  p rocess re su lt
ing in a product neu tral beam having essen tially  the 
sam e kinetic energy as  the reactan t ion beam.

The beam em erging from  the charge tran sfe r gas 
cell passes through a se t of e lec tric  p lates, the ion beam 
dump and m onitor (Fig. 2), which deflects any unneu
tra lized  ions. An electrically  isolated p late is  posi
tioned to collect these ions so that th e ir cu rren t can be 
m easured. Attenuation m easurem ents, described  in the 
R esults section, a re  perform ed by m easuring the tr a n s 
m itted ion beam at this point. The neu tral beam next
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FIG. 2. Schematic d iagram  of the apparatus.
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enters the third cham ber where it p a sses  through two 
additional se ts  of e lec tr ic  field  p lates. Their function 
is  to further purify the beam as described  in. m ore d e
ta il in the next section.

The neutral beam now c r o sse s  the electron beam at 
right angles. The P ierce-typ e  electron gun, an ARIS 
m odel ESA 1000, has been described  in detail p rev iou s
ly . 24 The electron  beam has an energy spread of ~ 0 .  3 
eV (FWHM) and provides a constant current of ~ 4 0  /aA 
for electron  en ergies above about 10 eV. The ability  
of th is system  to correctly  m easure relative ionization  
cr o ss  section s was carefully checked using He, A r, Xe, 
and N2. It was found that for a particular se t  of electron  
gun focusing conditions, resu lts for electron  energies  
below about 30 eV agreed with literature data . 25,26 
Above 30 eV, system atic deviations for a ll system s  
w ere observed under a ll electron  gun conditions. T hese  
deviations are attributable to an energy dependent fo 
cusing of the electron  beam. A s this focus changes, 
the fraction of m easured electrons which actually in ter
acts with the neutral beam changes and, a s a co n se
quence, the apparent relative ionization c r o ss  section  
also  changes. Thus, above 30 eV the ionization cr o ss  
section  is  determ ined by making a m easurem ent r e la 
tive to a known system . This procedure is  d iscu ssed  
in m ore detail in a later section.

While the electron energy sca le  could be calibrated  
by m easuring the potential at which the electron current 
van ish es , 25 another m eans, giving com parable resu lts , 
w as chosen as being m ore reliab le. A phototube was  
mounted perpendicularly to the electron  and neutral 
beam s. Using an interference f ilter  centered at 3371 A 
(100 A bandwidth), the optical em ission  from  the second  
p ositive system  of m olecular nitrogen, prim arily  N2 
(C 3n , v'  =  0 ) - N 2(B 3n,  v " = 0 ) ,  was m onitored. To ob
tain sufficient intensity, additional N2 was allowed into 
the electron b eam -n eu tral beam interaction region to a 
p ressu re  of about 10-6 T orr. The em ission  as a function 
of electron energy was com pared with a literature e x 
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 
w as checked periodically .

The ions form ed by electron im pact are deflected by 
a final pair of p lates into a Channeltron electron m ul
tip lier operated in a pulse counting mode. The m ulti
p lier is  shielded by a box biased at + 2 V to prevent 
random therm al energy ions from  contributing to the ion 
signal. The m ultiplier is  a lso  shielded from  seeing the 
electron  b eam -n eu tra l beam interaction region so that 
high energy photons created  in this region do not con
tribute. The output p u lses enter an a m p lifie r -d iscr im -  
inator and then a P D P -8/L  com puter operated as a 
m ultichannel sca ler . The com puter also co llec ts  a d ig i
tized signal for the electron beam current.

It is  important to note that the final deflecting plates 
separate ions of d ifferent m ass. T his is  because N* 
ions produced in d issoc ia tive  ionization have nominally  
the sam e laboratory velocity  as the p recursor N2 m ol
ecu les  and thus half the energy. Thus, these atom ic 
ions w ill be deflected through tw ice the angle a s  the N 2

ions and so m iss  the detector. S im ilarly, multicharged  
ions produced at higher electron en ergies are deflected  
through larger angels than singly charged ions. The 
resu lt is  that nondissociative single ionization rather 
than total ionization is  m easured.

The neutral beam is  monitored by a modified Faraday 
cup using secondary electron  em iss io n . The beam hits 
a conical CuBe surface mounted inside a Faraday cup. 
E lectrons em itted from this surface are then collected  
by the grounded Faraday cup. The CuBe cone is  biased  
at -  20 V to in crease the efficiency at which emitted  
electrons are collected . The neutral beam current is  
related to the secondary electron  current by y,  the 
secondary electron em ission  coefficient. The value of 
y  is  d iscu ssed  below.

Background ions
Dixon, H arrison, and Smith10 give an extensive d is 

cussion  of the kinds of background inherent in m easu re
m ents of the kind conducted in this study. Only those 
sou rces of n o ise which plagued the present experim ents 
w ill be d iscu ssed  here. Other sou rces are believed to 
be negligible.

By far the m ost intense background in these exp eri
m ents is  ions produced by charge stripping co llision s of 
the fast neutral beam 28 with background gas. Even with 
a background p ressu re during operation of only 4 x l 0 "8 
Torr in the third cham ber, the contribution to the m ea s
ured ion signal is  appreciable and can easily  exceed the 
signal due to electron im pact ionization. The ion d e
flection p lates placed just before the electron gun (Fig.
2 ) rem ove as many of these stripped ions as possib le  
but cannot elim inate those form ed further along the 
neutral beam path.

Fortunately, this spurious signal can be distinguished  
by two techniques. If the electron  beam is  modulated, 
the d esired  signal is  a lso  modulated while the stripped  
ion signal rem ains dc. A lternatively, a dc electron  
beam is  swept in energy from  below the ionization po
tential of the neutral beam. T his low energy portion of 
the sweep estab lish es the leve l of the background. Both 
m ethods give com parable resu lts . The latter technique 
was used for the data reported in th is study.

Another source of background in these experim ents is  
due to electron  im pact ionization of nitrogen m olecules  
in long-lived  high-Rydberg sta tes. The Rydberg quench 
p lates (Fig. 2), designed to field  ion ize these excited  
m olecu les, have a 0. 25 in. gap and a 6 kV potential 
a cr o ss  them. The resultant field  of approximately  
104 N/cm should ionize a ll Rydbergs with n £  1 6 .29 Many 
of the Rydbergs with low n decay radiatively during the
4 jxs flight tim e between the gas c e ll and the electron  
gun. Using lifetim e estim ates based on hydrogenic o r 
b ita ls, 30,31 a ll sp ec ie s  with n-£ 9 decay. The angular 
momentum state I of the Rydbergs determ ines the l i f e 
tim e of sp ec ie s  with 1 0 ^  i 5 . 30-31 it  has been e s t i
mated that for H| + H2 charge transfer, only 9% ±3% of 
the Rydbergs form ed have / s  3. 32 If this is  a lso  the 
case in the p resen t stud ies, 90% of the rem aining Ryd
bergs are a lso  expected to radiatively decay. It should 
also  be noted that the decay of m olecular Rydbergs can
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involve predissociation and vibrational autoionization33 
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 em ission 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 w ires, 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-

PRESSURE MO'3 TORR)

FIG. 3. Attenuation of a 1 keV N* beam by N2 as  a function of 
the p re ssu re  of the attenuating gas. The line drawn through the 
data (a) is  the sum of the two s tra igh t lines shown. The c irc le s  
are  the contribution rem aining a fte r the Une determ ined at low 
p re s su re s  by a le a s t squares fit is  subtracted  from  the data.

PRESSURE ( 10~3 TORR)

FIG. 4. Attenuation of a 1 keV Nj beam by NO as a  function of 
the p re ssu re  of the attenuating gas. The line drawn through 
the data is  the sum of the th ree  stra igh t lines shown. The c i r 
cles a re  the contribution rem aining a fte r subtracting the two 
lines determ ined by a leas t squares fit to the high p ressu re  data.

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

I / I 0 = e x p ( - n a d )  , (1 )

where I  is  the transmitted ion current, I0 is the ion 
current at zero pressure, n is  the number density of 
the gas (a pressure P) ,  a  is  the interaction cross s e c 
tion, and d  is  the interaction length. A plot of ln (///0) 
vs P  has a slope directly proportional to the cross s e c 
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

I/I<,= ( l - g ) e x p ( - n ( j d ) + g e x v ( - n < f * d )  . (2)

Again by plotting ln (///0) vs P ,  the values for g,  ct, and 
ct* may be obtained. 34,35 Strictly speaking, the cross 
sections derived below are upper lim its 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 
N2 beam 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  (2 8 ± 2 )x icr16 cm2. This is  in excellent
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agreem ent with lite ra tu re  data36-41 for the charge t r a n s 
fe r  c ro ss  sections of N J+ N 2 and thus lends credence to 
the assum ption made in the previous paragraph. The 
m inor component has a very sm all c ro ss  section of (1 . 2 
± 1. 0 )x l0 ' 16 cm 2. We believe this m inor component is  
actually due to sequential elastic  collisions which d e 
flec t N2 ions back into the beam. The fact that the 
sam e effect is  observed in the NO system  (Fig. 4) is  
consistent with this in terpretation. Thus, N2 attenuation 
in N2 shows no excited sta te  contribution. Smith , 41 in 
a careful examination of N | + N2 charge tran sfe r, also 
found no s tru c tu re  attributable to excited species. While 
this could mean e ither that g =  0 o r  that cr= a*, the la t 
te r  explanation seem s m ore likely and is  consistent 
with the value of g  derived below.

Attenuation of N2 in NO (Fig. 4) c learly  shows a two 
component system  (neglecting the curvature at high 
p re ssu re s  due to secondary collisions). By ex trapo
lating the high p re ssu re  data back to zero  p re ssu re , we 
find (1 - ^ )  =  0. 75. This component, assum ed to be N2 
(X2£*), has a c ro ss  section of (1 5± 2)x l0"le cm2. The 
c ro ss  section fo r the second component, assum ed to be 
N5 (A2n„), is  obtained by subtracting the contribution of 
the f i r s t  component from  the raw data. This yields the 
open c irc le s  shown in Fig. 4. The c ro ss  section is 
(3 5 ± 4 )x l0 ‘ 16 cm2. Only one previous m easurem ent of 
the charge tran sfe r c ro ss  section for N2 in NO has been 
m ade . 40 A vaiue of about 7 x l0 " 18 cm 2 was obtained, in 
fa ir  agreem ent with our re su lt; however, the m easu re 
ment was made relative to another reaction, and as 
such, was stated to be uncertain.

The fraction  of excited ions m easured (0. 25) is  in 
reasonable accord with a calculation which p red ic ts  0. 37 
in the A  2n„ state  and negligible amounts of o ther excited 
species. The calculation assum es the ions a re  form ed 
by 60 eV electron im pact and radiatively decay during 
the 6 /j.s ion flight tim e. We use ionization p robabil
ities  and sta te  lifetim es reported  by M aier . 42 The ex
perim ental value is lower than that calculated because 
the higher p re ssu re s  of our source lead to collisional 
quenching of excited species.

Attenuation m easurem ents provide no inform ation r e 
garding the vibrational population of the N2 beam. The 
calculation perform ed above p red ic ts  m ost m olecules in 
the X  sta te  a re  in v =  0 with some (~ 0. 4) in the v =  1 ,2  
s ta te s . A substantial fraction  of ions in the A  sta te  a re  
predicted to be vibrationally excited. The high p re ssu re  
nature of the ion source undoubtedly affects these popu
lations, 43 probably much m ore than the electronic state 
d istribution .

Relative ionization cross sections: Threshold region

Beam s of N2 neu tra ls , designated N2(N2) and N2(NO), 
w ere obtained by neutralizing the N2 ion beam with N2 
and with NO, respectively . The ion signals obtained 
by electron im pact ionization of these two neutral beam s, 
r ( N2) and r(N O ) a re  shown in Fig. 5. The /*(N2) sp ec 
trum  shown is  quite typical and was accum ulated in 5 h. 
The dc background level is about 2. 5 tim es the signal 
shown a t 25 eV. The /*(NO) spectrum  shown took 30 h 
to accum ulate and is  the sum of sev era l separa te  runs.

ELECTRON ENERGY(eV)

FIG. 5. The ion signal a s  a  function of e lec tron  energy (cor
rec ted  for space charge and contact potentials) resulting  from 
elec tron  im pact ionization of an N2 beam produced by neu tra liza
tion of N2 with N2 (lower points) and with NO (upper points).
The solid curve drawn through the low er points is  the data of 
Ref. 25 norm alized at 25 eV. Straight lines drawn through the 
upper points a re  determ ined by linear reg ressio n  analysis.
The a rrow s indicate the ionization potential of N2 (X *2,), 15. 58 
eV, and the appearance potential of the upper points, 1 0 .1 * 0 ,4  
eV, determ ined as d iscussed  in the text.

The background level, about 6 . 5 tim es the signal 
shown a t 25 eV, is  la rg e r in this case because higher 
NO p re ssu re s  which a re  needed to obtain a com parable 
n eu tra l beam flux lead to m ore stripping. The baseline 
levels shown a re  determ ined by averaging a ll points 
(some of which a re  not shown in Fig. 5) at energ ies be
low the apparent ionization potentials.

The solid line through /*(N2) (Fig. 5) is  the c ro ss  
section of Rapp and Englander-Golden25 norm alized to 
our data a t 25 eV. The curvature  is due to ionization 
of N j ^ S p  to the th ree  NJ s ta tes X 2Z*,, A 2n u, and 
at 15. 58, 16.70, and 18. 75 eV, respective ly . 44’ 45 The 
good agreem ent dem onstrates that the N2(N2) beam is 
exclusively N j ^ S p .  T here is  the possibility  that 
som e vibrational excitation is  p resen t; indeed, calcu la
tions46 suggest approxim ately 4% of the N2 should be in 
v = l .  The data do not preclude this possibility but in
dicate that m ost of the N2 is  in the i> =  0 level.

Ionization of N2(NO) is  substantially different from  
that of N(N2). Two linear regions intercepting one an 
o ther a t 16. 5± 0. 6 eV a re  evident. This is  approxi
m ately the sam e 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 
rem aining contribution to the N2(NO) ionization accounts 
fo r the linear portion a t lower energies. F rom  a linear 
extrapolation to the baseline, the appearance potential 
for /*(NO) is  found to be 10. 8 ±0. 6 eV, w here the e r ro r
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is  one standard  deviation of 16 individual m easurem ents. 
Assum ing the sam e curvatu re  as is  observed fo r the 
N2(X) sta te , the co rrec ted  ionization potential is  10. 1 
±0. 6 eV.

Normalized ionization cross section for the mixed state 
beam

As d iscussed  in the experim ental section, the data 
above 30 eV m ust be co rrec ted  fo r e lectron beam 
focusing effects. In the p resen t study, th is was achieved 
by com paring the signal from  ionization of the N2(N2) 
beam  with lite ra tu re  data. Because we m easure only 
nondissociative ionization, Rapp and Englander - 
Golden’s total ionization c ro ss  sections25 a re  modified 
by the ir m easurem ents of the d issociative ionization 
c ro ss  sections26,47 and fu rth e r modified by M ark’s48 
values for ionization to N2*. This derived curve, listed 
in Table I, is  in reasonable agreem ent with a m easu re 
m ent of M ark. 48,49 Using this lite ra tu re  c ro ss  section, 
the data for ionization of the N2(NO) beam was c o rre c t
ed. The resu lt, ct[N2(NO)] is compiled in Table I and 
shown graphically in Fig. 6 .

In principal, the re la tive ionization c ro ss  sections 
may be placed on an absolute sca le 51 using

v = r A ' >v r>/w F <>F -  , (3)

TABLE I. N ondissociative elec tron  im pact ionization c ro ss  
sections.

£(eV) <r(N2>X ,Z pi,' b â CN2(NO][)1' ‘, ct(n2, a  3z;>i ’d

11 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. 96 1.06
30 1.01 1.05 1.09
32 1.12 1. 12 1.12
36 1.31 1.22 1.13°
40 1.46 1.29 1. 12°
45 1.60 1.38 1 .16c
50 1.69 1.41 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 1. 14 0. 70

“In units of 10"16 cm2.
“D erived from  data of Rapp and Englander-Golden25 and Rapp 
et a l. 26 See the text.

b e c a u s e  of sc a tte r  in  the data, we estim ate  the peak in the 
c ro s s  section to be at 40 eV and to have a value of 1. 1 4  x io -16 
cm2.

dT his study. See the text.

ELECTRON ENERGY ( e V)

FIG. 6. The nondissociative e lec tron  im pact ionization c ro ss  
section a s  a  function of e lec tron  energy for N2(X 's j )  (full line) 
derived from  lite ra tu re  data (see the text) and for N2 produced 
by charge tran sfe r neutralization  of N2 with NO (points).

where a  is  the ionization c ro ss  section, I* is  the ion 
signal, A 0 and v° a re  the a rea  and velocity of the neu
tra l  beam, w is  the width of the neu tral beam along the 
e lectron  beam , and F° and F~ a re  the neutral beam and 
e lectron  beam fluxes. However, as d iscussed  above, 
there  is  uncertainty in F~, the e lectron  beam flux a c 
tually in teracting  with the neutral beam . Thus, the ab
solute scale is  determ ined using a re la tive technique de
scribed  below.

Ionization m easurem ents a re  made on N2(N2) and 
N2(NO) beam s holding electron gun conditions constant. 
N eutral beam conditions a re  kept as s im ila r as  p o ss i
ble within the constrain ts of the d ifferent charge tran sfe r 
c ro ss  sections. Thus, the quantities A0, A  w, and F~ 
a re  constants fo r a given electron energy E . From  
Eq. (3), this m eans that

q(J5,NO) r(E ,N O )/-F°(N O )
<t(E,N2) “  r ( E , ^ 2) / F ^ 2) ’ W

w here the NO and N2 in paren theses a re  shorthand no
tation for a m easurem ent on N2(NO) and N2(N2) beam s.
As noted above, the neu tra l beam flux is  m onitored 
using secondary electron em ission such that we directly  
m easure yF °  ra th e r than F°. This m odifies Eq. (4) to 
yield

a(E,NO)/y(NO) _  /* (£ ,NO)/y(NO).F0(NO) , 
v(E, N2)/y(N2) r ( £ , N 2)/y(N2).Fu(N2) ’ W

The quantity on the right-hand side is  found by m easuring
I * and y F a while varying the charge tran sfe r gas p re s 
su re . The resu lt, for both N2 and NO, is that I* is 
lin ear with yF °, a s  expected. To find a(E, NO)/ct(£, N2), 
a final key assum ption is  made, namely, y(N O )ay(N 2). 
U tterback and Van Zyl52 have shown th is to be true  for 
100-200 eV N2 beam s impacting on gold su rfaces. It is 
m ost certa in ly  also  tru e  fo r a 1 keV N2 beam impacting 
a CuBe su rface . 53

The value for the right-hand side of Eq. (5) a t 28. 2 
eV is  1.10 ±0. 30. This value is used to place the r e la 
tive ionization c ro ss  section fo r the N2(NO) beam on the 
sam e absolute scale  as the re su lts  for the N2(N2) beam,
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FIG. 7. The nondissociative e lec tron  im pact ionization c ro ss  
section for N2(X12 p  (full line) and N2C4 3Sj) (points). The other 
lines a re  calculations of N2(A3z£)— N2 (A 2IIU) ionization by Ton- 
That and F lannery12 (dot-dashed line) and Tannen15 (dashed line)

assum ed identical to the Rapp and Englander-Golden 
c ro ss  section. The final re su lt is  shown in Fig. 6 . 
Values for the right-hand side of Eq. (5) w ere also ob
tained a t sev e ra l o ther electron energ ies and agreed well 
with the curve exhibited.

Normalized ionization cross section of excited N2

As noted above, a substantial fraction  of the ct(NO) 
c ro ss  section appears to be due to ground sta te  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 ) a x + fo A , (6 )

w here ax is  the ionization c ro ss  section for N2(X 1S^) 
given in Table I and aA is  the ionization c ro ss  section 
fo r excited N2, shown below to be the N2(A 3 2*) state. 
Since a(NO) and ux  a re  now known, a knowledge of /w i l l  
allow aA to be extracted.

To obtain / ,  we assum e 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 ) v x . Comparing this 
value with ax using the absolute signal established 
above yields /  d irec tly , 0. 50±0.16 . Because of the un
certa in ties  in calibrating  the absolute c ro ss  section 
sca le , estim ated to be 28%, and in fitting a line through 
the low energy region of cr(NO) (10%) the e r ro r  in /  is 
large. Using th is value o f / ,  the ionization c ro ss  s e c 
tion fo r N2 excited species, shown in Fig. 7, and listed  
in Table I, is  derived. The absolute e r ro r  in this 
curve is  ±32%. The e r ro r  in the re la tive shape is  e s 
tim ated to be ± 10%.

In re la ted  experim ents, Utterback and Van Zyl52 de
te rm in e d /fo r  a N2(NO) beam a t lower kinetic energies 
(200 eV o r less). T heir experim ental conditions 
(source, beam energy, and charge tra n sfe r  conditions) 
a re  sufficiently rem oved from  those in the p resen t study

that no quantitative com parison can be made. However, 
the fact that th e ir values f o r / ( 0 .  03-0 . 09) a re  substan
tially  lower than ours suggests that /  is quite dependent 
on experim ental conditions.

DISCUSSION

Identity of excited state: Predictions

Two fac to rs  a re  expected to dominate the sta te  d is 
tribution of the products of a charge tran sfe r reaction. 
The f irs t , energy resonance, is  expected to be m ost 
im portant a t low collision energ ies w here translational 
energy is  not available to overcom e energy defects.
The second, Franck-C ondon (F -C ) overlap, is  expected 
to be the m ajor effect in the sudden lim it a t high co lli
sion energ ies. At 1 keV collision energy, it is  expected 
that both fac to rs  w ill be influential. S im ilar consider
ations have been previously d iscussed  for lower co lli
sion energies.

I t is  somewhat su rp rising  that ionization of the N2(N2) 
beam shows little  evidence for vibrational excitation 
since a t a collision energy of 1 keV, 500 eV is  available 
for tran sfe r. That little  if any excitation is  observed 
is  a dram atic  dem onstration of the ro le of energy re s o 
nance and F -C  fac to rs in charge tran sfe r reactions. 
C ertain ly , the p rocess

N^(X,?;) + N2(X ,! ;= 0 ) -N 2(X,t; = 0 )+ N 2, (X>D) , (7)

w here the b ar indicates the fa s t molecule, is favored 
by resonance considerations. Even considering e le c 
tronically  excited N2, the resonant p rocess

N2(A, v )  + N 2(X, i> = 0) -  N2(X, f  = 0) + N 2(A, i ; )  (8 )

s till yields N2 in its  ground vibrational and electronic 
s ta te . As noted in the R esults section, calculations 
which include the F -C  fac to rs p red ic t only 4% of the 
product Nz should be in the v  = 1 level.

The ro le of energy resonance is  also undoubtedly im 
portan t in the charge tra n sfe r  neutralization of N2 by NO. 
Indeed, such considerations led Utterback and Van Zyl52 
to conclude that the m etastable N2 form ed by such charge 
tran sfe r was N2(A3S*), although the ir experim ent had 
no way of verifying this. The relevant energy level d i
agram  is  shown in Fig. 8 . Also included in this diagram  
a re  approxim ate Franck-C ondon fac to rs  for the various 
transitions. What is  im m ediately obvious from  Fig. 8 
is  that good energy resonances ex ist for production of 
both the X  and A  s ta te s  of N2. The N2(B3n i ) state is  at 
le a s t 1. 03 eV out of resonance. Consideration of F -C  
fac to rs indicates form ation of N2(X) is  favored over 
N2(A), but that NO+(X) is  m ore favorable than NO*(a). 
C onsideration of vibrationally excited N2(X) reactan t 
only se rv es  to increase  the F -C  overlaps for production 
of both N2(X) and N2(A).

The N2(A2n„) reactan t sta te  also needs to be consid
ered . Since its  charge tran sfe r c ro ss  section is  la rg e r 
than that for the N2(X) sta te , this excited ion is  respon
sible fo r approxim ately 40% of the N2 neu tra ls  form ed 
a t the p re ssu re s  of NO used in these studies. Exam in
ation of a d iagram  analogous to Fig. 8 shows form ation 
of N2(A)+NO*(X) is  s till resonant but now favors higher
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vibrational levels. The sam e is  true  fo r N2(X) + NO*(a) 
production. In addition, a good resonance ex ists  fo r 
N2(X) + NO*(63n) form ation (energy defect is  0.14 eV). 
The possib ility  of N2(B 3n ,) +NO+(X) products also  now 
ex is ts  since this p ro cess  is  only off resonance by 0. 09 
eV. It should be noted, however, that even if the N2(B) 
s ta te  form ed, over half would radiatively decay to N2C<4) 
during the flight tim e betw een the gas cell and the e lec 
tron gun.

Our general conclusion based on the energy level d ia 
gram  is that the excited sta te  of the N2(NO) beam should 
be predom inantly N2(A3E£). I t is  difficult to p red ict 
w hether N2(X) o r NJ(A) is  the p rim ary  p re c u rso r ion; 
however, the re su lts  of U tterback and Van Zyl52 suggest 
N|(A) may be the m ore im portant. While i t  is  not fe a s 
ible to suggest specific vibrational populations fo r e ither 
the N2(X’) o r  N2(A) s ta te s  form ed, it  seem s likely that 
the A  sta te  is  vibrationally  excited.

Identity of excited state: Experiment

A d irec t check on the identity of the excited species 
is  provided by the appearance potential for ionization of 
the N2(NO) beam. Thresholds fo r ionization of N2(A3Sj) 
to the X , A ,  o r  B  s ta te s  of NJ a re  expected to occur at 
9 .35, 10.47, and 12. 52 eV, respectively . Examination 
of the m olecular o rb ita l configurations of the app ro p ri
a te  N2 and N2 sta te s  (Table II) shows that the f i r s t  ioniz
ation p ro cess  N2(A )-N 2(X), req u ires  a two electron 
transition , relaxation of one electron  and loss of an 
o ther. Such a two electron  p ro cess  is  generally consid
e red  to be unlikely. Indeed, calculations12,15 consider 
only N2(A )-N 2(A) ionization, a one electron p ro cess . If 
the N2(B) sta te  is  p resen t in the N2(NO) beam, its  ioniz-

TABLE II. M olecular o rb ita l configuration of N2 and Nj sta tes .

15
- N2(A2llu)T i2
_ N^X2 I g

>a>
10

.<o<s>
>■
£UJz
UJ 5

N2(A3I i )

935 9.26

NO(xzn) “lO

n o *(x '2 * )

15 58 1565

b  Nz (X’Sg)- NCTCa3 !*

>
5 £

<otn
>■o
<E 

10 £

15

FIG. 8. Energy level diagram  showing the s ta tes  of N2) Nj, NO, 
and NO* involved in charge tra n sfe r of N* with NO. The NO 
energy scale is inverted with its  zero  placed at the level for 
NjOf 2Z*} v = 0). E nergies shown a re  for tran sitions between 
the ground rotational and v ibrational levels of the appropriate 
sta te s . Approxim ate Franck-C ondon fac to rs a re  indicated by 
the lengths of lines for the product v ibrational s ta tes .

Species State

M olecular orb ita l configuration

t—» CO (Iff,) Other

B 2K I 4 2 0 -2<t„
NJ I 3 1 1

a 2 n„ 3 2 0
x 2z; 4 1 0

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

X lZ* 4 2 0

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

The m easured appearance potential of the N2(NO) beam 
is  1 0 .1±0. 6 eV. This is definitely higher than e ither of 
the values fo r N2(A) o r  N2(B) —N2(X) ionization. It is  
within experim ental e r ro r  of the N2(A) -  N2(A) ionization 
threshold of 10.47 eV. Considering our expectation that 
the N2(A) m olecules in our beam are  vibrationally ex 
cited, the 1 0 .1±0. 6 eV potential is  in excellent ag re e 
m ent. The difference corresponds to 2±4  quanta of v i
brational excitation.

Ionization cross section of N2W 3Z*)

The nondissociative electron im pact ionization c ro ss  
section of the now identified N2(A3S*) sta te  is  shown in 
Fig. 7. The shape of the curve io quite reasonable as 
it  peaks near four tim es the appearance potential and 
then drops off slowly. It is , at f i r s t ,  su rp rising  that 
the peak value of (1.14 ± 0. 36) xlO-16 cm2 is  le ss  than 
the value fo r ionization of ground sta te  N2 1. 90 x 10'16 cm 2. 
However, since the lTie o rb ita l ionized in the A  sta te  and 
the 3<jf  o rb ita l ionized in the X  sta te  a re  both linear com 
binations of 2p  atomic o rb ita ls , they should have com par
able s izes . In addition, the A  sta te  ln t  o rb ita l is  occu
pied by only one electron while the X  sta te  3af  o rb ita l is 
occupied by two. These sim ple considerations p red ict 
ct(N2,>1) to be about one half a(N2,A) but neglect ioniza
tion to higher s ta te s  of N2 as w ell as m ore subtle effects.

Two theore tica l calculations of N2(A3S I ) - N 2(A2n„) 
ionization a re  shown in Fig. 7. The upper curve is by 
T on-That and F lannery12 who used a b inary-encounter 
method. The lower curve is from  Tannen15 who used the 
Gryzinski sem ic lassica l theory. Such calculations have 
proven to be in reasonable agreem ent with experim ental 
re su lts  for ionization of the ra re  gas m etastab les11 ■12 
and ground sta te  N2. 54 F o r the p resen t re su lts , the c a l
culations a re  also in fa ir  agreem ent with experim ent.
It m u s t be  r e c a l le d ,  h o w ev e r, th a t  th e  e x p e r im e n ta l  
c r o s s  s e c t io n  undoub ted ly  in c lu d e s  io n iz a tio n  of N2(A3EJ) 
to  s t a te s  in  ad d itio n  to  N j ^ 2!!,,).
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