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Absolute emission cross sections for the (0,1), (1,2), and (2,3) band emission sequence of the N2

first-negative system have been measured for low-energy H+ and H collisions with room-
temperature Nz molecules. The energy range covered for H+ impact was from 63 eV to 2.0 keV,
and that for H impact was from 160 eV to 2.5 keV. For H+Nq collisions, cross sections for N2

second-positive emissions for the (1,5) and (2,6) emission bands were also determined. The total
cross sections for production of N2+(8) and N2(C) were determined from these measured results.
The techniques used to accomplish the measurements are described, and the cross sections obtained
are compared with the results of other investigations.

I. INTRODUCTION

This paper reports measurements of the absolute cross
sections for selected Nz+ first-negative (1Ã) band emis-
sions (belonging to the B X„+~X Xs+ electronic transi-
tion) for low-energy proton (H+) and hydrogen atom (H)
impact on room-temperature Nz molecules. The 1N(0, 1),
1N(1,2), and IN(2, 3) emission bands were chosen for
study because of their observationally convenient wave-
lengths (having heads at 427.8, 423.7, and 419.9 nm,
respectively). Branching-ratio data presented here allow
the emission cross sections for other bands originating
froin the v '=0, 1, and 2 vibrational levels of Nz+(8) to be
determined from the measured results.

The goals of this study were threefold. First, because
relatively few Nz+ lN band emission cross-section data
were available for H+ or H energies below 1 keV, it was
felt useful to extend measurements of these important
cross sections to lower projectile energies. The second
goal was to investigate the amount of "unusual" vibration-
al excitation of Nz (B) produced in the collisions (i.e.,
where the vibrational-level populations differ from those
predicted by use of the Franck-Condon factors for the ex-
citation process). The final goal was to place the inea-
sured results on a firm absolute basis. This was accom-
plished through a variety of comparisons between the pho-
ton signals measured during H+ + N2 and H + Nz experi-
ments with those measured during e + N2 and e + He
experiments at 500-eV e energy, the latter signals result-
ing from processes with accurately known emission cross
sections.

For H+ Nz collisions, the cross sections for the Nz
second-positive (2P) band emissions 2P(1,5) and 2P(2, 6)
were also determined. While these emissions (belonging to
the C II„~B Ils electronic transition) represented spec-
trally contaminating features in the Nz+ 1N measure-
ments, it was possible to computationally separate the
photon signals from the two processes. Because the upper
state for these emissions is 0, it is not readily populated
by H+ impact on Nz in its ground 'X state, the required
electron spin flip being in violation of the Wigner spin-

conservation rule. For H impact, this rule violation i.s
bypassed via an electron exchange.

II. THEORY OF THE MEASUREMENTS

The basic technique used to measure the band emission
cross sections was to prepare fast projectile beams of H+,
H, and e of known particle flux and energy and allow
the projectiles to collide with Nq in a target cell wherein
the molecular density could be accurately determined.
Photons resulting from the collisions were measured with
a tilting-interference filter (TIF) fronting a cooled pho-
tomultiplier (henceforth called the TIF detector), which
viewed the interaction region from a direction normal to
the projectile-beam axes. By tilting the filter through an
angular range from 0' to about 20', wavelength scans over
the spectral region containing the N2+ 1% emission band
sequence of interest could be made.

For e +N2 collisions, such wavelength-scan data were
used in conjunction with theoretically simulated spectra of
the rotational-line intensities within each of the N2 IN
emission bands of interest to establish the properties of the
TIF detector as a function of TIF angle. Supplementary
information about properties of the TIF detector was ob-
tained from wavelength scans over atomic-line emissions
resulting from e collisions with He, Ar, and Kr. Com-
parisons of these wavelength-scan data with those ob-
tained from H+ + Nz and H + Nz collisions then allowed
the desired band emission cross sections for these col-
lisions to be determined relative to those for e + Nz col-
lisions. The remainder of this section is devoted to a dis-
cussion of the framework within which such comparisons
could be made.

Consider a 300-K target ce11 containing low-density Nz
with number density %ok molecules in their 0th vibration-
al level and kth rotational level. The projectile-beam flux
moving parallel to the x axis through the cell is written as
IbD(y, z). Here Ii, is the total beam intensity and D (y,z) is
the spatial-distribution profile of the beam projectiles and
satisfies f f D(y, z)dy dz= l. If the projectiles excite the
N~ to an upper electronic state in O,k —+v', k' vibration-
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rotation transitions, and the excited molecules decay to a
lower electronic state in v', k'~v", k" transitions giving
photons of wavelength A,„"-k- the TIP detector when set at
TIF angle 8 will measure a photon signal given by

~e(~ "k") Ib y No»~ok +»"k"Ee(~»"k")
u'k' v'k' u'k' u'k'

k
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The A„' are defined in terms of the electronic transition
moments R, (r„"«), where r,"- are the centroids for the
v' —+v" transitions, the Franck-Condon factors qu"-, and
the band-origin frequencies v"„- by

I

Here cook is the excitation cross section for the O, k~v', k'
transition, and 8,"-k is the branching ratio for the
u', k'~u", k" transition. Ee(A, ;-k ) is an experimental pa-
rameter of the form

3," =[R,(r,' )] q„"-(v„'-)
k'

The Ak- are given by

~k- =~k-(vk-)k' k' k'

(5)

Ee(A, -k-) =v'k'
Ee(x,g&z& A,„"k )

v k

X ' ' D(y, z)dx dy dz,Q(x,y, z)
4n

&ok =~o+k . (3)

The Ek, normalized so +krak
——1, were partitioned ac-

cording to a 300-K Boltzmann distribution including the
statistical weights for molecular rotation and nuclear spin.

For Nz+ IX emissions, B„"-k- were evaluated with the
use of a procedure described by Degen. With little loss of
accuracy, an approximation leading to vibrational and ro-
tational term separability can be made, i.e.,

where Ee(x,y, z,A,„"-"k ) and Q(x,y, z) are the efficiency and
solid angle of acceptance, respectively, of the TIF detector
for photons produced at point (x,y, z) in the target cell.
Thus Ee(A,"„-k ) is an "effective detector efficiency" for
photons (emitted in the z direction) produced by projec-
tiles in a beam of profile D(y, z).

Equation 1 is valid if (a) the radiative lifetime of the
upper electronic state is sufficiently short that excited
molecules decay at their points of formation in the target
cell, and collisional deactivation is improbable; (b) the
upper electronic state is not populated via cascade transi-
tions from higher states, nor can it decay via other elec-
tronic transitions; and (c) the observed radiation is emitted
isotropically. Conditions (a) and (b) are rather well satis-
fied by the excited Nz+(8) and Nz(C) states, ' the only ex-
ception being cascade population of Nz(C) from Nz(E).
This effect and the assumption of condition (c) will be dis-
cussed in Sec. IV.

The Nok in Eq. (1) were calculated from the total densi-
ty No of Nz in the target cell and the relative rotational-
level populations I'k by

k'
where the Sk- are the rotational line strengths (2k' for R-
branch transitions and 2k'+2 for P-branch transitions)
and the vk- are "reduced" rotational-line frequencies relat-
ed to the actual frequencies by

u'k'
Qvttkll

&k"= I ~
v

Values of BU" for most of the important Nz+ 1N emis-
sion bands were determined by three procedures. The first
involved direct use of the Av"- tabulated by Degen. The
second used values of qv"-, v„'-, and rv"- from Albritton, the

I I

r,'. being substituted into an expression for R, (r„') given
by Brown and Landshoff. The third used a relationship
giving R, directly as a function of vu"- from Degen, the
qu"- of Albritton, and the v'„- of Gottscho et a/. whose ro-
tational constants were also used throughout to determine
v„-k- and A,„-k-. For the N2 1X emission bands of in-

v'k' u'k' +
terest here, the extreme differences between the Bv' values
from the three procedures did not exceed 1.5%. Values
from the third procedure are given in Table I.

The excitation cross sections were also factored into a
product of electronic, vibrational, and rotational terms by
the relationship

v k ~v ~k
O itkit o g p g (8)

u'k'~e(~.-k-) k' k' u'k'
=o'ePO&U Q+»P-» &k- Ee(~.-» ) .

Ib&o

Here o, is the total cross section for excitation of the
upper electronic state, and I'p and Pk are the probabilities
for the O~v' vibrational and k —+k' rotational transitions,
respectively (satisfying Q, ,PO =g»,P» = 1).

Use of Eqs. (3), (4), and (8) allows Eq. (1) to be written

TABLE I. Branching ratios for N2+ 1N emissions for various N2+(B, u')~N2+(X, u") vibrational
transitions.

Initial
8 state

u

Final X state u"
2 3

0.696
0.360
0.059

0.239
0.238
0.481

0.053
0.267
0.054

0.010
0.103
0.215

0.002
0.026
0.132

0.006
0.059
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Thus, the "normalized photon signal" from particular
v', k'~v", k" transitions can also be expressed as a prod-
uct of electronic, vibrational, and rotational terms, and the
effective detector efficiency. No further simplification of
this result is generally possible, because cr„PO, and Pk
are all dependent on the specific nature of the reaction
causing the excitation. Note, however, that the product
o,PO is the cross section cr,„(u' ) for excitation to a partic-
ular v' level, and the product u, POB„"- is the emission
cross section o, (u', u") for the (u', u") band.

However, considerable information is available for
Nz+(8) formation in e +Nz collisions. The cr, (u', v")
are known for various N2+ 1% emission bands, and the
vibrational-level populations of Nz+(B) are given by the
Franck-Condon factors qo for the excitation process for
e energies above 100 eV. The qo of Jain and Sahni
were used here so that Po ——0.8864, Po ——0.1112, and
Po =0.002 335.

While the Pk are less well understood, k~k' transi-
tions can connect only those rotational levels of equal
nuclear-spin degeneracy, giving the "selection rule" that
6k=+1, +3, etc. Furthermore, it seems physically likely
that hk =+1 transitions should dominate at the relatively
high e energy of 500 eV used here, where the excitation
process should take on much of the character of photon-
impact excitation. Hernandez et al. have recently investi-
gated how well the 6k =+1 rule applies as a function of
e energy, and reviewed the conflicting evidence of other
workers. While their results suggest that some very minor
violations of the hk =+1 rule may occur even at 500-eV
e energy, the rule should be sufficiently well satisfied for
use here. The Pk were thus taken to be in proportion to
the rotational line strengths for photon transitions, i.e.,

for k'=k ~1(k')
2k'~1
(k'~1)

for k'=k —1 .2k'~1
(10)

Sg(He) =o, (He)Eg(A, H, ),

the proportionality constant being the appropriate emis-
sion cross section.

With the use of the above information, the absolute pho-
ton intensity for each v', k' —+v",k" transition within the
Nz+ 1X emission band sequence of interest was computa-
tionally simulated for e +N2 collisions. This simulated
spectrum was then compared with that measured during
TIF wavelength scans. Even though the TIF bandpass
was fairly broad [with full width at half maximum
(FWHM) values between 0.6 and 0.8 nm, depending on
the angle of photon incidence on its surface], considerable
information about Eg(A. ) could be obtained by summation
of the computed results over the various rotational-
transition wavelengths transmitted by the TIF at its vari-
ous angular orientations. Additional information about
Eg(A. ) was obtained by performing wavelength scans over
atomic-line ernissions resulting from e impact on He,
Ar, and Kr atoms. Here, the normalized photon signals
are directly proportional to Eg(A. ); for example,

While Eg(A, ) for the H+ and H beams were different
from that for the e beam, the small differences could be
evaluated by measurement of the beam profiles D(y, z).
Once Eg(A, ) for the H+ and H beams had been deter-
mined, Eq. (9) could be applied to data obtained with
these beams, allowing the desired o., (v',v") to be obtained
to within the extent that estimates of Pk for H+ ~ Nz
and H'+ Nq collisions could be made.

The N2 2P band emissions observed from H+ N2 col-
lisions were more difficult to simulate. Because these
emissions result from II~ II electronic transitions, each
band consists of three subbands (-0.1 nm apart at their
heads). Q-branch transitions and satellite-branch transi-
tions are also present, because Nz(C) and Nz(8) are inter-
mediate between Hund's coupling cases a and b (prevent-
ing definition of k' and k").

With the use of the data of Dieke and Heath, ' the
wavelengths of the rotational transitions for the N2 2P
bands of interest were computed for each subband. Be-
cause these bands are more compact than those within the
Nz+ ig system (the P , Q-, and R--branch transitions be-
ing closer together on the wavelength scale), simulated
wavelength scans with the broad-bandpass TIF detector
were found to be fairly insensitive to the individual
rotational-transition parameters PI, and Bk- used for the
simulations, particularly when scans over the three sub-
bands were superimposed. Because of this, and the fact
that the Q-branch and satellite-branch transitions are
weak, the N2 2P emission bands were approximated by
three subbands with only P- and R-branch transitions
present, so the same computational procedures used for
the N2+ 1X simulations could be applied. Even though k'
and k" are not strictly valid quantum numbers here, it is
still possible to "count" rotational levels and assign k' and
k" values which should approximately describe the en-
velope of the rotational-line intensities observed by the
TIF detector.

III. EXPERIMENTAL TECHNIQUES
AND PROCEDURES

The techniques used to generate the H+, H, and e
particle beams and to measure the target-cell gas density
have been described earlier"' ' and will not be reviewed
here. The particle beams were again run in 50%-duty-
cycle on-off modes timed to on-off gate two pulse
counters sharing the photomultiplier output for con-
venient separation of signal and noise. The particle-beam
intensities ranged between about 10" and 10'
particles/sec, and the N2 target-cell pressure was typically
held to well below 10 Torr (except during various diag-
nostic studies). These beam intensities and relative
target-cell pressures were uncertain by +3% and +4%,
respectively.

The configuration of the target cell and the TIF detec-
tor is shown in Fig. 1. The viewing field of the TIF detec-
tor was established by the 1 cm by 1 cm square aperture
inside the target cell and the 4-cm-diam apertures fronting
lenses 1 and 2. The focal lengths of these lenses gave a
2.5&& demagnification of the photon-source region at the
photomultiplier, the image of the emitting region thus ap-
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FIG. 1. Configuration of the target cell and TIF detector.

pearing as a thin strip of light about 0.4 cm long with a
much smaller width of about 40%%uo of the diameter of the
projectile beams. To insure that the same portion of the
photocathode received this image during e - as during
H+- or H-impact studies, the entire TIF detector could be
turned through 90' about its optical axis (z). Thus the axis
of tilt of the TIF always remained parallel to the axis (x)
of the projectile beam in use (shown oriented for e
impact studies in Fig. 1).

As noted in Sec. II, the effective detector efficiency
Ee(A. ) was slightly different for each of the projectile
beams used because of variations of the profiles D(y, z) of
the beams. To evaluate these relative differences via Eq.
(2), these D(y, z) were measured by probing the beams
with thin slits which could be scanned across the extent of
the beams. (The profiles typically had FWHM values less
than 0.1 cm, although the H+ beam increased to about
twice this diameter at low H+ energies. ) The dependence
of Q(x,y,z) on the point of photon origin within the target
cell was calculated.

Of the parameters entering the actual detector efficien-
cy ee(x,y, z, A, ), only the transmission of the TIF itself was
found to have any significant dependence on the point of
photon origin within the interaction region. The TIF ex-
hibited a wavelength of maximum transmission Af(a) as a
function of the angle a of photon incidence on its surface
(relative to normal) given by

the target cell which did not lie on the z axis of the TIF
detector were incident on the TIF at angles a which dif-
fered slightly from the set TIF angle 0. It was thus neces-
sary to determine a as a function of (x,y, z) for each TIF
angle 8 to evaluate the relative values of Ee(A, ) for the
projectile beams used.

As noted in Sec. II, useful information about Ee(A, ) for
use of the 500-eV e beam was obtained by performing
wavelength scans over atomic-line emissions from He, Ar,
and Kr atoms. Figure 2 shows the result of such a scan
over the spectral region containing the O'S~2'P and
O'a~2'P transitions in He. Note that, even at the large
TIF angles involved here, the transmission profile of the
TIF retained its basic Gaussian shape. ' Data such as
these were used to determine values of Af(0) and E ap-
pearing in Eq. (12), and to examine the dependence of the
TIF's FWHM wavelength bandpass as a function of TIF
angle 8. The solid curves are (normalized) computed re-
sults and illustrate how well these TIF detector properties
could be fitted to such data. The peak transmission of the
TIF as a function of TIF angle 0 was then determined by
choosing values so that the simulated wavelength scans
over the N2+ 1N emission band sequence of interest for
500-eV e + N2 collisions matched the measured
wavelength-scan data for this reaction [see Fig. 4(a) in Sec.
IV].

To check on how well all the properties of the TIF
detector had been determined as a function of TIF angle
8, the N2+ 1N(0, 1) band emission cross section was mea-
sured absolutely for 500-eV e impact on Ni by a pro-
cedure using rather extreme values of 8. The N2+ 1N(0, 1)
photon signal measured at 8=4.2' (its maximum scan
value) was compared with that resulting from e +He
collisions at 8=19', where the O'5~2'P emission signal
was observed (see Fig. 2). By calculating the relative frac-
tions of the total N2+ 1N(0, 1) emission band and He line
intensities that the TIF detector would observe at these
respective TIF angles, the emission cross section ratio
o.,m(0, 1)/cr, ~(He) was determined. Using o, (He)
=3.74X10 ' cm (+4.3%) from Van Zyl et al. ' then
gives rT, (0,1)=3.22X 10 ' crn +10.2%%uo. This cited un-
certainty results from quadrature combination of all

„L
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05
C3
LLJ
N
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D

Af(a)=if(0)(1 —%sin a)'~ (12)
0 — '

0 ~

where A,f(0) is the wavelength of maximum transmission
for normally incident photons (428.33 nm) and K is a con-
stant (0.5061) related to the effective index of refraction of
the filter. However, photons produced at points (x,y,z) in

24 22 20 18 16
T IF ANGLE 6) (deg )

FIG. 2. Wavelength scan over atomic-line emissions pro-
duced by 500-eV e impact on He.
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TABLE II. Measured N~+ 1%(0,0) band emission cross sec-
tions and uncertainties for 500-eV e impact on N2. Units are
10—"cm'.

Workers

Aarts et ai. (Ref. 16)
Borst and Zipf (Ref. 17)
Srivastava and Mirza (Ref. 18)
McConkey et al. (Ref. 19)
Present results

o., (0,0)

9.81+10%
9.79+ 10%
9.6+ 15%
9.6
9.38k 10.6%%uo

known individual uncertainties entering this measurement,
including those associated with determination of Ee(A, ).

While other measurements of o., (0,1) for 500-eV
e + N2 collisions are available, most workers have con-
centrated on measurement of cr, (0,0). These cross sec-
tions, of course, are simply related by the branching ratios
Bo and B~. Thus, from Table I,. the present "equivalent"
value of o, (0,0) is 2.912cr, (0,1), or 9.38X10 ' cm,
which value is compared with others in Table II. Note
that all values agree to within 5%, well within mutual un-
certainties, providing important supportive evidence that
the properties of the TIF detector were correctly establish-
ed.

To determine whether multiple collisions or other
secondary effects occurring in the target cell were in-
fluencing the observed photon signals, the Nq pressure
dependence of the photon signals was studied. For N2+
1X emissions from H+ impact on N2, the pressure-
normalized photon signals were largely independent of N2
pressure (although a small observed decrease in normal-
ized photon signal with increasing N2 pressure was prop-
erly accounted for by the use of the zero-pressure extrapo-
lated normalized photon signals for the cross-section
determinations). The normalized N2 2I' photon signals
from H+ Nz collisions were found also to have only
minimal dependence on N2 pressure. In contrast, the nor-
malized N2+ 1N photon signals from H+ N2 collisions
were strong functions of Nz pressure, as illustrated in Fig.
3. Had the zero-pressure-extrapolated normalized photon
signal not been used for the cross-section deterrmnation
here, substantial error mould have resulted.

It was tempting to attribute this normalized-photon-
signal pressure dependence to secondary-e effects in the
target cell. Secondary e, produced in ionizing H+ N2

2.0

Q Z
N G
~ cncfa = 1.0~o0

I & I I I I I l I I I0
$.0 2.0

Np PRESSURE (10 Torr)

FIG. 3. Nq pressure dependence of the normalized
N2+ 1%(0,1) photon signal for studies involving H iinpact on
N2.

collisions, could produce N2+ 1%emissions in "second N2
collisions" thereby exhibiting the normalized-photon-
signal pressure dependence shown in Fig. 3. Similarly,
secondary e produced by impact of collisionally scat-
tered H on the interior target-cell surfaces could also lead
to N2 emissions with this pressure dependence. (The H
beam was so well aligned and small in diameter that it
could not impact any surfaces during transversal of the
target cell without such large-angle scattering. ) However,
for secondary e to produce N2+ 1% emissions would re-
quire secondary-e energies above 19 eV. Bemuse the
vast bulk of the secondary e produced by both of the
above processes have energies below 5 eV, these process-
es cannot explain the data in Fig. 3. (Secondary-e pro-
duction of N2 2P emissions in the target cell should also
be quite small, requiring secondary e with energies
above 11 eV.)

The explanation of these data lies in the fact that the
N2+ 1N band emission cross sections for H+ N2 col-
lisions are so much smaller than those for H + N2 col-
lisions. Conversion of even a small fraction of the H
entering the target cell into H+ (via ionization-stripping
reactions) prior to the photon observation region will thus
result in a significant photon signal increase if the H+
have 'second collisions" within this region. Because Van
Zyl et a/. ' have measured the ionization-stripping cross
section for H+ N2 collisions, the fraction of the initial H
converted to H+ at the photon observation region could
be calculated as a function of N2 pressure. From this re-
sult, the data in Fig. 3 can be explained if the cross-section
ratio o, (0,1)/o., (0,1)=29.3, providing a check on the
relative magnitudes of these cross sections.

Because the TIF wavelength scans were so important to
the N2+ 1X and N2 2P band emission cross-section mea-
surements, it is useful to examine directly the four scans
shown in Fig. 4. The normalized photon signals have here
been set to unity near the N2+ lN(0, 1) bandhead wave-
length, and a scale adjustment has been made in each case
to show more detail in the N2+ 1%(1,2) and 1N(2,3) emis-
sion bands. The solid curves are computed results, which
are discussed below.

Note how well the computed results could be fit to the
measured data for e + N2 collisions [Fig. 4(a)] by the
procedures outlined in Secs. II and III. Note also how
small the N2+ 1X(2,3) photon signal is for this reaction,
reflecting the small value of the qo Franck-Condon factor
for N z+(8, u'=2) production.

Figures 4(b) and 4(c) show data for H+ energies of 2
keV and 125 eV. The solid curves were computed with
the use of the same rotational-excitation probabilities Pk
as used for e impact [from Eq. (10)],but allowing for in-
creased populations of the U'= 1 and 2 vibrational levels of
Nz+(B) relative to the u'=0 level. The effect of unusual
vibrational excitation of these higher u levels is quite ob-
vious, particularly at 125-eV H+ energy (where the de-
crease in resolution reflects the influence of the increased
diameter of the low-energy H+ beam on the effective
detector efficiency, and the increased data scatter reflects
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FICr. 4. Wavelength scans over the N2+ 1N and N2 2I' emis-
sion bands for e, H+, and H impact on N2.

the decreased cross-section magnitudes).
As can be seen, the measured and computed scan data

for the N2+ 1X(0,1) emission band for 2-keV H+ impact
are in excellent agreement and appear virtually identical to
those for e impact. It is clear that the I'k operative ink

N2+(8, U'=0) formation in the two processes must be
reasonably similar.

However, in the far tail of the N2+ 1%(1,2) emission
band (near 421 nm) for 2-keV H+ impact, and in the far
tails of all bands for 125-eV H+ impact, the measured
data lie slightly above the computed results. In these re-
gions, where the bulk of the photon signals result from
R-branch transitions from k') l2 rotational levels, there
thus appears to be some evidence for the unusual rotation-
al excitation observed by Moore and Doering. In fact, if
it is assumed that the rotational-level populations I'kI'k
for k') 12 decrease with increasing k' in the way observed
by these workers (the logarithm of the population decreas-
ing linearly with increasing k'), the computed and mea-
sured scan data in these regions can be brought into much
better agreement. This was important to properly evalu-
ate the magnitude of (and uncertainty in) the N2+ 1%(2,3)
band emission, for example, which is sensitive to "con-
taminating" emission from the very far tail of the N2+
1N(1,2) band.

The wavelength-scan results for 1.25-keV H impact are
shown in Fig. 4(d). As can be seen, the spectral region
containing R-branch transitions from the N2+ 1N(0, 1)
emission band also contains substantial emission from the
Nq 2P(1,5) band. Fortunately, the photon signals in the
vicinity of the N2+ 1N(0, 1) P-branch peak are largely free
of N2 2P(1,5) contamination, allowing the total measured
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FIG. 5. N2+ 1N(0, 1), 1N(1,2), and 1N(2, 3) band emission
cross sections for H++N2 and H + N2 collisions.

photon signals to be computationally separated into the
components shown using the simulated N2 2P(1,5) band
emission spectra discussed in Sec. II.

The N2+ 1N(1,2) emission band is not subject to any ap-
preciable N2 2I' contamination. Note that, even at this
fairly high H energy, the emission from this band is al-
ready significantly enhanced (about twice as much as for
H+ impact at comparable energies). The bulk of the data
points in the 421-nm region also lie well above the com-
puted curve, suggesting more unusual rotational excitation
of k') l2 levels (not included in the computed curve
shown) than for H+ at similar energies.

Because the N2+ 1N(2, 3) and N2 2P(2,6) emission bands
are so highly overlapped, it was not possible to use the
measured data to separate these photon signals. However,
if it is assumed that the vibrational levels of N2(C) pro-
duced in H + N2 collisions are populated according to the
Franck-Condon principle for the excitation process (i.e.,
that Po ——qo), a separation is possible. Taking qo and 8„'
values from data tabulated by Lofthus and Krupenie, ' the
N2 2P(2,6) band intensity should be about 0.61 of that for
2P(1,5) emission, which factor gives the N2+ 1N(2,3) and
N2 2P(2,6) photon-signal separation shown in Fig. 4(d).
Birely has verified that Po ——qo for N2(C) formation
in H + N2 collisions for H energies down to about 2 keV,
and further verification down to 150-eV H energy is pro-
vided by Bearman and Leventhal. Thus, even though
this assumption could not be directly verified here, it is
consistent with these results and has been used for analysis
of these data. '

The Nq+ 1N(0, 1), 1X(1,2), and 1N(2,3) band emission
cross sections for H++ N2 and H+ N2 collisions are
shown in Fig. 5. The N2+ 1N(0, 1) band emission cross
section for e + N2 collisions used to place these data on
an absolute basis was taken to be 3.36 &( 10
cm (+10%),. the product of the N2+ 1%(0,0) band emis-
sion cross section of Horst and Zipf' from Table II and
the 8&/80 ratio of 0.343 from Table I. The +10% uncer-
tainty assigned to this cross section is the largest individu-
al uncertainty included in the total uncertainty flags
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FIG. 6. N2+ 1N band emission cross-section ratios for H+
and H impact on N2.

shown for some of the data points in Fig. 5, which again
reflect quadrature combination of all known uncertainties
entering the cross-section determinations.

The only known individual uncertainty that was not
evaluated here was a value of +3.3% included to allow
for the polarizations of the N2+ 1% emissions. This is
equivalent to the assumption that the polarizations are less
than +10%. Because a number of workers (for example,
Borst and Zipf' and DeHeer and Aarts ) have measured
the polarizations of N2+ 1X emissions resulting from e
and H+ impact on N2 and found values typically well
below 5%, and little reason exists to believe that larger
values should result from H impact, this uncertainty

should be liberal.
Note that the various Nz+ 1N band emission cross sec-

tions for H+ impact are significantly larger than those for
H impact. Note also that the various Nq+ 1N band emis-
sion cross sections tend to approach one another in magni-
tude at the lower H+ and H energies, showing the
enhanced vibrational excitation of the v'=1 and 2 levels
of N2+(8) relative to the u'=0 level. This can be seen
even more clearly in Fig. 6, where emission cross-section
ratios are plotted. Figure 6(a) also includes the data of
Birely for the cr, (1,2)/cr, (0,1) ratio which are in gen-
eral agreement with the present results. While not shown,
the N2+ 1% intensity ratios observed by Moore and Doer-
ing for a variety of ionic projectiles impacting N2 are
also in reasonable accord with the data shown, when plot-
ted at equivalent H+ projectile velocities.

It is apparent that the curves drawn through the various
sets of data in Fig. 6 are not necessarily the best fits to the
points plotted. Rather, a "universal curve" was used, i.e.,
each curve has the same shape as a function of projectile
energy but is displaced on the projectile-energy scale.
Note that, for both emission cross section ratios, the
curves for H impact lie at projectile energies a factor of 7
times as high as those for H+ impact. The authors are
not aware of any significance to be attached to this factor,
or to the shape of the curve itself, other than that it
reasonably fits all the measured cross-section ratios.

The cross sections o,„(v' ) for excitation to the u'=0, 1,
and 2 vibrational levels of Nz+(8) obtained from these
studies are presented in Table III. These excitation cross
sections were determined from cr, (v', u")/8„" using the
measured o., (v', v") and the B,"- from Table I.
Also shown in Table III are values for Po and o, . Be-
cause 0., is simply g, ,o,„(u'), and only terms up to u'=2
could be here included in the summation, the tabulated o,
are lower-limit values. Similarly, because Po ——cr,„(v')/o„
only upper-limit values of Po could be determined. The
tabulated Po may be compared with Po ——0.866,

TABLE III. Cross sections for excitation to the U'=0, 1, and 2 vibrational levels of N2+(8) in H+ + N2 and H+ N2 collisions.
Units are 10 ' cm . Uncertainties are between +10% and +15% unless specified. Also shown are minimum values of cr, and max-
imum values of I'0 (see text).

H+ energy
(eV)

2000
1000
500
250
125
63

o.„(U' )

63.4
24. 1

7.32
1.42
0.186
0.022'

v'=0

& 0.863
& 0.837
& 0.784
& 0.689
& 0.564
& 0.449

9.27
4.10
1.61
0 483'
0.095'
O.O16b

v'=1

(0.126
(0.142
(0.172
(0.234
(0.288
& 0.327

o.„(U' )

0.785
0.609'
0.408'
0.159'
0.049'
0.011

& 0.011
& 0.021
& 0.044
(0.077
(0.148
& 0.224

)73.5
& 28.8
)9.34
)2.06
)0.330
& 0.049

H energy
2500
1250
630
320
160

5.11
1.21'
0.314'
o.o68b
O.O17'

& 0.743
(0.626
& 0.507
(0.420

1.37'
0.511'
O. 192b
o.o54'

& 0.199
(0.265
& 0.310
& 0.333

0 398
O.21Ob

0.113b
o.o4o'

& 0.058
(0.109
(0.183
& 0.247

)6.88
& 1.93
)0.619
& 0.162

'Value uncertain by between +15% and +25'Fo.
Value uncertain by more than +25%%uo.
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TABLE IV. Measured N2 2P(1,5) band emission cross sect&on
and total N2(C) production cross section for H+ Nq collisions.
Units are 10 ' cm .

H energy
(e&)

2500
1250
630
320
160

o., (1,5)

0.221(+23%)
0.150(+26%)
0.115(+33%)
0.059(+34%)
0.027(+42%)

27.6
18.7
14.4
7.4
3.4
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FIG. 7. Cross sections for N2+ 1%(0,0) band emission for
H+ + N2 collisions. Data are as follows: W, present results; 4,
Carleton and Lawrence (Ref. 29); , DeHeer and Aarts (Ref.
26); &, Sheridan et al. (Ref. 30); &, Hoffman et al. (Ref. 31);
o, Cxardiner et al. (Ref. 32); ~, Philpot and Hughes (Ref. 33);
G, Dufay et al. (Ref. 34); ~, Robinson and Gilbody (Ref. 35);
Q, Hughes et al. (Ref. 36); and +, Thomas et al. (Ref. 37).
Some data have been adjusted (see text). e -impact data are
from Horst and Zipf (Ref. 17). Short-dashed curve is 0.2 times
the cross section o.; for total ionization of N2 by H+ impact
from Mcoaniel et al. (Ref. 38).

100 1000

Po ——0.111, and Po ——0.0023, the values expected at very
high Projectile energies (where Po ——qo ).

While omission of o.,„(v' ) for v') 3 should not seriously
alter the tabulated values of 0., and Po at the highest pro-
jectile energies listed in Table III, the seriousness of this
omission probably increases markedly with decreasing
projectile energy. Using the N2+ 1& intensity ratio
I(3,4)/I(0, 1)=0.2 of Moore and Doering to estimate
o,„(v'=3) for an H+ energy of 63 eV gives 0.007&& 10
cm, requiring the minimum o., to be increased by about
14%. The new (expanded) set of Po becomes Po ~0.393,
Po ~ 0.286, Po & 0. 196, and Po ~ 0. 125, the trend of which
suggests that at least several higher U' levels would have to
be included in any reasonably complete determination of
o., and Po in this low-H+-energy region. At 320-eV H
energy, the various o,„(v') shown in Table III already have
fairly similar magnitudes, suggesting that numerous
higher U' levels are being populated in the H+ N; col-
lisions.

Values of the measured Nz 2P(1,5) band emission cross
section for H+ N2 collisions are given in Table IV with
their uncertainties (including a value of +6.7% to account

for thc ullkflowII cnllssloll polarlzRtloll). CollccI'll Rlso ex-
ists here about cascade population of Nz(C) from the
mctastablc Nz(E). HowcvcI', botll Bli'cly fol H + Nz
collisions and Freund for e + N2 collisions suggest
that the 0th vibrational level of Nz(E) is dominantly pop-
ulated in such collisions, and Freund also reports that
decay of Nz(E) to Nz(C) "proceeds almost exclusively"
via (0,0) vibrational transitions. Thus the cascade popula-
tion of Nz(C, v'= 1) should be even smaller than the "few
percent" cascade population of Nz(C, v'=0) noted by Bire-
ly, and has thus been ignored. Similarly, cascade popu-
lation of Nz(C, v'=2) should not be significant and, as
noted earlier, the Nz 2P(2,6) band emission cross section
should be about 0.61 times that for 2P(1,5) band emis-
sion.

Values of the total cross section cr, for Nz(C) produc-
tion in H + N2 collisions, determined by assuming that no
unusual vibrational excitation occurs in the excitation pro-
cess, are also given in Table IV. These results were ob-
tained from cr, =o, (v', v")/Po8,' using the measured Nz
2P(1,5) band emission cross sec~ion and P,'=q,'=0.305
and 8& ——0.0262 from Lofthus and Krupenie. '

Because most investigations of N2+ 1% emissions from
H++ N2 and H+ N2 collisions have concentrated on
measurement of the Nz+ 1%(0,0) band emission cross sec-
tion, the comparisons here will be made on this basis. The
present results for o, (0,0) were obtained from
cr, (0,0) =2.912o, (0,1), using the branching ratios in
Table I and the measured Nz+ IN(0, 1) band emission
cross section.

Figure 7 shows the results of a number of cr, (0,0) mea-
surements for H++N2 collisions. Not all available data
are represented here, but an attempt was made to include
most results which were placed on an absolute basis by
calibration of the photon detectors used by procedures
which did not involve simply normalizing the data to oth-
er measurements of the same cross section. The results of
Sheridan et al. have been plotted at magnitudes of 1.60
times their published values for reasons discussed below.
Also shown is the Nz+ 1%(0,0) band emission cross sec-
tion of Horst and Zipf for e +N2 collisions, plotted at
the same e and H+ velocities, and the total cross section
o; for ionization of Nz by H+ impact from McDaniel
et al As can b. e seen, the various IT, (0,0) measurements
show very similar H+ energy dependences, but exhibit a
wide range of cross-section magnitudes.

At very high H+ energies (- 1000 keV), the Nz+
1%(0,0) band emission cross section should result almost
entirely from the H++Nz~H+ + Nz+(8) + e ioniza-
tion reaction, as opposed to the H+ + Nz~H+ Nz+(B)
electron-capture reaction known to dominate at lower H+
energies. ' Thus, in this high-H+-energy region,
o.,m(0, 0) for H+ and e impact on Nz should ne the same
when compared at identical projectile velocities (the ioni-
zation process being independent of the sign of the charge
of these projectiles). Horst and Zipf' also report that for
e energies above a few hundred eV, the Nz+ 1%(0,0)
band emission cross section is about 7% as large as the to-
tal cross section for ionization of N2 by e impact. This
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et al. (Ref. 32); +, Robinson and Gilbody (Ref. 35); and Q,
Dahlberg et aI. (Ref. 42). Some data have been adjusted (see
text). Dashed curve is 0.2 times the cross section a; for total
ionization of N2 by H impact from Solov'ev et al. (Ref. 43).

1.0

value is the same as the o, (0,0)/o; ratio obtained from
the data in Fig. 7 for H + Xz collisions, providing sup-
portive evidence for the similarity of these reaction pro-
cesses.

Because the o, (0,0) of Borst and Zipf' for e + N2
collisions was employed as the calibration standard for the
N2+ lX band emission cross-section measurements for
H+ + Nz collisions reported here, the data in Fig. 7 for
very high and very low H+ energies share the same abso-
lute normalization. Furthermore, Sheridan et al. also
compared directly the o., (0,0) for e and H+ impact on
N2. While, in the opinion of the present authors, their
procedures for absolute calibration of the photon detector
used were not highly accurate, the relative values of their
o, (0,0) should be accurate. Thus the multiplicative fac-
tor of 1.6 needed to bring their o, (0,0) for 500-eV e im-
pact on N2 into agreement with that obtained by Horst
and Zipf' was also applied to their o., (0,0) for H+ + N2
collisions. Therefore, the line curve through their adjusted
data points and the present low-H+-energy results in Fig.
7 can be traced directly to the e + N2 studies of Horst
and Zipf. "

Figure 8 shows that far fewer measurements of o, (0,0)
for H + N2 collisions are available. In fact, of the results
plotted, only the present data, those of Robinson and Gil-
body, and those of Gardiner et al. represent absolute
measurements. However, Birely, McNeal and Clark, '

and Dahlberg et al. all measured relative cr, (0,0) values
for H and H+ impact on N2. These respective results for
H + N2 collisions were therefore placed on (new) absolute
scales by normalization of their H+-impact data to the
line curve in Fig. 7.

As can be seen, this normalization brings all the
o, (0,0) data into fair accord. Note that the results of Ro-
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FIG. 9. Cross sections for N2 2P(0,0) band emission for
H+ N& collisions. Data are as follows: 0, present results; ,
Birely (Ref. 23); 0, Gardiner et al. (Ref. 32);g, Hoffman et al.
(Ref. 44); and A, Dahlberg et al. (Ref. 42). Some data have
been adjusted {see text).
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binson and Gilbody and of Gardiner et a/. lie about as
far below and above the line curve, respectively, as the re-
sults of these same workers do for H+ + Nz collisions
(suggesting that photon-detector-calibration differences
are likely responsible for these discrepancies). Note also
that once again, the plotted o, (0,0) cross-section curve is
about 7% as large as the total cross section for ionization
of N2 by H impact" at the higher H energies.

Values of the N2 2P(0,0) band emission cross section
from a variety of sources for H + N2 collisions are plotted
in Fig. 9. Of the results cited, only those of Hoffman
et a/. have been plotted as reported. The relative mea-
surements of Birely and of Dahlberg et al. have again
been scaled by the same factors used to adjust their N2+
1%(0,0) band emission cross sections for H + N2 collisions
discussed above. The present results and those of Gar-
diner et al. have been computed from N2 2P(1,5) and
2P(0,2) band emission cross-section measurements, respec-
tively, using the appropriate branching ratios and the as-
sumption that no unusual vibrational excitation occurs in
Nz(C) formation in H + Nz collisions: thus
o., (0,0) =34.7o., (1,5) =4.16o., (0,2). Note that again,
the data of Gardiner et al. lie above the curve drawn in
Fig. 9, and that the results of Hoffman et ah. lie about as
much below the curve as their N2+ lN(0, 0) band emission
cross-section values ' do for H+ + N2 collisions, the con-
sistency of which is pleasing.

In a very real sense, the o., (0,0) cross-section curves
drawn in Figs. 7, 8, and 9 can thus be traced to the N2+
1%(0,0) band emission cross-section measurements of
Horst and Zipf' for e + N2 collisions. If this cross sec-
tion should be found to be in error, the results presented
here could be adjusted accordingly. However, the good
agreement of the o., (0,0) values presented in Table II for
e + N2 collisions appears to make this prospect unlikely.
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