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Absolute excitation cross sections for charge transfer in 11-eV (lab) collisions between He, + ions and N„CO,
02, and NO molecules have been determined by observing photons from the decay of excited ions formed in

the collisions. The magnitudes of these cross sections are unusually large (greater than 10 ' cm') when the
electron exchange process is resonant or nearly resonant. Vibrational state distributions of the product ions

were also determined to be consistent with a vertical transition (Franck-Condon) model. Explanations for the
large cross sections and observed state distributions are proposed.

I. INTRODUCTION

Charge transfer has been shown to be an effec-
tive pumping mechanism for producing laser ac-
tion. The recent success of the charge-transfer
nitrogen-ion laser, ' which is pumped by the reac-
tion

He, '+N, -N, '(B 'Z,') + 2He

has prompted further study of this class of reac-
tions. Since processes analogous to (1) may be
considered as potential laser pumping mech-
anisms, ' absolute excitation cross sections for
production of specific vibronic states are desir-
able. Emission spectra from such processes,
when observed under single collision conditions,
can yield these cross sections. In this paper re-
sults of such measurements for reactions between
He, ' ions and N„CO, O„and NO molecules are
reported. A preliminary report' containing exci-
tation cross sections for He, '-N, charge transfer
at 5 eV has been published. These cross sections
were based on normalization of Hn emission in
He' -H, collisions at 100 eV to previously reported
results4; since that time optical calibration has
been performed in situ, and this calibration indi-
cates that the He, '-N, cross sections in Ref. 3
should be increased by about a factor of 3. Fur-
ther details of absolute measurements are pre-
sented later in this paper.

When He, ' accepts an electron, the resulting
He-He interaction is repulsive, so that the effec-
tive recombination energy (RE) of He, ' varies
over a range of roughly 18.3-20.3 eV, ' with maxi-
mum overlap with He, '(X Z'„(v =0})occurring at
about 19 eV. It is expected then that charge-
transfer processes such as reaction (1}would be
resonant when the product ion state lies in the
range 18.3-20.3 eV above the ground state of the
neutral molecule; such is the case for
N, '(B Z„'(v=0)). Figure 1 shows energy-level

26

24

22

N,

C2X

D'ns

CO 0,
c'Z

NO'

24

' 22

-20
a

~ l8
R
LU

~ 16

R
w l4.
O

l2

u a&n
Jm

1( 1~ X2X+ I

a'n„
0'n„

x'n,

2O~

b'n
&sx'l6 ~

' l4
O
Q.

l2

I:FIRST
NEGATIVE

II:SECOND
NEGATIVE

Iii: MEINEL
8 m: JANIN-

D INCAN

I:COMET TAIL I-' SECOND
II: 8ALD ET- NE GAT IVE

JOHNSON 11:FIRST
IE FIRST NEGATI V E

NEGATIVE III: HOPFIELD
IK MARCHAND-

O'I�NCA-
NJA�N

IO
ll x lx+

MIESCHER-BAER '8

FIG. 1. Energy-level diagram for the indicated di-
atomic molecular ions. The locations shown are the
lowest vibrational levels of each electronic state. Ar-
rows indicate known band systems; these systems are
identified at the bottom of the figure [Ref. 5(a)l.

locations of electronic states (v =0) for the dia-
tomic molecular ions studied here'; the horizontal
dashed lines are the limits of the He, 'RE. The
vertical arrows indicate known band systems for
each ion." From this figure it is clear that, on

the basis of energetic considerations alone, emis-
sions resulting from charge transfer in each of
the four-collision systems may be expected, and

these emissions are in fact observed with large
cross sections. These large cross sections are
attributed both to the three-body nature of the
final state which results from the He-He repulsive
interaction and to the energy resonance. Such a
three-body final state has available more phase
space than the two-body final state' of most
charge-transfer processes.

Unlike most previous studies of vibrational
distributions produced in charge-transfer colli-
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sions below - 10' cm/sec, ' the He, ' -N, system
displays an N, '(B) vibrational-state distribution
consistent with Franck-Condon transitions from
N, (X'Z~(v =0)) to N, '(fl). The non-Franck-Condon
distribution in the earlier studies has been as-
cribed, with some success, to distortion of the
target diatomic in the field of the incident ion, "
so that transitions occur from an extended neutral
molecule. The Franck-Condon nature of the ob-
served N, '(B) vibrational distribution is then a
consequence of the large cross section for the
process, which permits electron transfer to the
ion at large distance so that the target molecule
is virtually undistorted when the transfer occurs.
In such a circumstance the Franck-Condon factors
calculated from the undistorted molecule are
applicable. The cross sections for He, '-CO and
He, '-0, are large enough so that the CO' and O,'
vibrational-state distributions are also consistent
with the vertical transition model.

II. EXPERIMENTAL

A. Apparatus

The apparatus used in these experiments has
been described in detail previously. ' Ions are
produced in a high-pressure electron-bombard-
ment source and focused into a magnetic mass
spectrometer by cylindrical electrostatic lenses.
After mass selection the ion beam is directed
into a collision cell containing neutral target
molecules. Current is collected on a Faraday
cup located immediately in back of the collision
cell; typical values for 11 eV ions were 2x10 '
and 5&10 ' A for He, ' and He', respectively. Tar-
get gas pressures were maintained at 1 mTorr and
monitored with a capacitance manometer.

Photons emerge from a 1.5x 20-mm slot in the
collision celL and enter a Jarrell-Ash 0.25-m
scanning monochromator whose entrance slit is
located 1.25 cm from the beam trajectory. Both
the entrance slit of the monochromator and the
slot in the collision cell are oriented paralleL to
the beam. The detector was an EMI 9659 @AM
photomultiplier cooled to 195 'K. Single-photon
counting is employed and data are stored in a
256-channel analyzer. A stepping motor changes
the wavelength setting of the monochromator in
precise increments; dwell times of 10 sec per
channel were usually employed. Filters were
used when necessary to suppress second-order
peaks in the spectrum, and the data were numeri-
cally corrected for the efficiency of the optical
system and plotted using a Calcomp point plotter.

B. Calculation of cross sections

The cross section for production of any single
line of a spectrum is given by

where n is the target gas density, / is the scat-
tering path length (2 cm in these experiments), 8~
is the primary beam intensity in ions per second,
and 8, is the (total) photon flux per second for the
line. 8~ was obtained from the Faraday-cup cur-
rent and n from the capacitance manometer read-
ing. Proper determination of 8, from the observed
photon flux depends upon optical calibration and
apparatus geometry, and it is this factor that is
responsible for the major uncertainty in the de-
termination of absolute cross sections. Prelimi-
nary results of this work presented in an earlier
publication' were based on normalization of Ha
intensities from 100-eV He'-H2 collisions to the
cross section for this reaction reported by Isler
and Nathan. ~ Their values were normalized to
those reported by Gusev et gl. ' who in turn had
based their cross sections on the earlier absolute
measurements of Andreev et gl." Since Andreev's
cross sections have been questioned, " it was de-
cided to base the cross sections reported here on
optical calibration and the geometry of the present
apparatus.

Several simplifying assumptions were made:
(i) Points along f, the path length, are the only
sources and these sources emit photons isotropi-
cally. (ii) The effective, average solid angle sub-
tended by a given monochromator entrance slit
may be taken as the solid angle averaged over l.
(iii) The resolution of the optical system is inde-
pendent of wavelength. (iv) The species observed
in these experiments have lifetimes which are
short enough and laboratory speeds low enough to
permit the assumption that none of the species ob-
served escape the detection region. '

The optical system was calibrated using an
Optronic Laboratories uv-40 deuterium lamp from
180 to 400 nm and a tungsten lamp from the same
manufacturer from 300 to 900 nm. Appropriate
filters were used during the calibration to elimi-
nate scattered light. Agreement between efficien-
cies obtained using the two lamps was better than
5% in the overlapping wavelength region. The
photon flux 8, was calculated from the formula

8, = [f,(X)/E(~)]4m/n (s }

where I,(X} is the observed photon count rate at
the wavelength &, E(&) is the optical system effi-
ciency at that wavelength, and Q(s } is the average
solid angle subtended by the slit. In this work all
cross-section data were obtained using 1000-pm
slits for which the solid angle is smaller than that
of the monochromator.

Using the assumptions, calibration, and geomet-
rical considerations described above, the cross
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section for Hn and EP emission in 100 eV He'-H,
collisions was determined to be 1.9@10 "and
2.1x10 "cm', respectively. These values are
approximately three times larger than those re-
ported by Isler and Nathan~ so that the cross sec-
tions in the preliminary version of this work
should be increased by the same factor. It is be-
lieved that, while the relative values reported
here should be considered accurate to within 20%,
the absolute cross sections should be reliable to
within a factor of 2.

It is difficult to use the above scheme to calcu-
late cross sections for production of bands or se-
quences of bands which result from molecular
transitions. The technique employed to obtain
such cross sections was to use the value of the
H'8 cross section above to determine a geometrical
factor K in the relation

where I~ is the measured ion beam current and the
summation in the numerator is taken over the
wavelength settings which contribute to the H3

peak; QI, is thus proportional to the area of the
HI3 peak. HP was chosen rather than Ha because
this emission is unpolarized while as much as 1+q
of the Ho. emission can be polarized. ' After K was
determined as described above, the cross section
for molecular emissions was calculated using the
same slits and wavelength increment as in the HI3

experiments; PI, is then a measure of the band

or sequence intensity, and o is calculated from
Eq. (4).

III. RESULTS

Figures 2-4 show spectra over the range 180-
850 nm for He, ' collisions with N„CO, and Q, at
11 ev (lab). For comparison, Figs. 2 and 4 also
contain spectra from 11-eV He, '-N, and He'-0,
collisions, respectively. He'-CO collisions at
low energy produced no intense spectral features
at these wavelengths. Figure 3 shows, in addition
to the He, '-CQ spectrum, the spontaneous emis-
sion spectrum from an unseattered CO' beam.
This latter spectrum has no emissions which orig-
inate in the 8'Z' state because the lifetime of this
state is —50 nsec'2 and most decays oeeur before
the ions arrive at the (empty) collision cell. The
comet tail bands, which originate in the A. 'lI state
of CO' (lifetime -2 p. sec"), are present in this
spectrum. Cross sections for production of some
of the most prominent features of the spectra. were
calculated from the data and are indicated (in A')

in Figs. 2-4.
The He, '-NO system was also examined in these

studies and the spectrum observed was essentially
featureless. Radiation in the wavelength range
180-850 nm from NQ' has not been identified;
however, the Miescher-Baer band system (A-X)
of NG' is known to produce emissions in the vac-
uum ultraviolet (1200-1700 A)."' Spectral scans
at these wavelengths cannot be obtained with the
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that vuv photons are being produced by NO'(A -X)
transitions.

present apparatus; however, by analogy with the
other diatomic molecules studied here it is con-
sidered likely that the A. state of NO' is produced
in He, '-NO collisions. Use of a sodium salicylate
coated window inside the vacuum chamber pro-
vides evidence for population of NO+(A) in He, '-NO
collisions. Sodium salicylate fluoresces between
350 and 550 nm when irradiated by photons of
wavelength less than 340 nm. " Observation of the
fluorescent spectrum of sodium salicylate indicates

IV. DISCUSSION

A. N,
' emissions

The 11-eV He, '-N, spectrum shown in Fig. 2 is
similar to that at 5 eV which was reported earlier.
Comparison with the He'-N, spectrum (Fig. 2)
emphasizes the selective excitation of the N,

'
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product in He, '-N, collisions. The four known
band systems of N, ' include transitions at wave-
lengths which are accessible in these experi-
ments. " In addition to the "tail bands"'" of
N, '(IN), a number of previously reported unre-
solved N,

' emissions occur in this region of the
spectrum, '4 and the observation of Meinel emis-
sions has been extended down to - 330 nm. '4 The
diffuse nature of the He'-N, spectrum prevents
unambiguous assignment of the transitions. It is
clear, however, that the cross section for pro-
duction of the indicated sequences of N, '(I&) in

the He, '-N, spectrum are much larger than the
cross section for production of any single feature
of the spectrum from He' impact. Note that the
emission cross section for the cross-hatched peak
in the He'-N2 spectrum improbably largely 4v =+ 1

of N, '(1N)] is only 0.05 A'. As discussed earlier
the selective population of N, '(8) has been attribut-
ed to a continuously variable recombination ener-
gy of He, ' in the range 18.3-20.3 eV. The recom-
bination energy of He' on the other hand is 24.6
eV, sufficient to produce higher-lying states of
N,

' which radiate at the wavelengths indicated in

Fig. 2. Dissociative charge-transfer processes
yielding ground-state atoms can also result from
the high recombination energy of He'.

On the basis of the He, '-N, spectrum in Fig. 2

it might be inferred that N, '(A 'Il„) is not produced
in these collisions. It is certainly true that only
insignificant emission from the Meinel system
(A- X) is observed; but, using the vertical transi-
tion model, it is calculated" that only about 8 jg of
the Meinel emissions are detectable in the pre-
sent apparatus. This is illustrated in Fig. 5 which
shows the calculated relative intensities of the
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Meinel system out to 1460 nm. Several of the
more intense (calculated) bands having wave-
lengths larger than 1.160 nm are listed in the fig-
ure. The calculations include only effects of the
overlap between N, '(X 'Z,'(v = 0)) and N, '(A 'll„) and

between N, '(A 'Il„) and N, '(X'Z~). Also shown in

the figure is the spontaneous emission spectrum
from an N, ' beam taken between 600 and 840 nm.
This spectrum is consistent with the model cal-
culation over the range covered. Although the
photon flux from He, '-N, collisions is quite low at
wavelengths larger than 600 nm, it is possible
that N2'(A) is produced but not observed here.
Piper et a/. "reached the conclusion that He, '-N,
charge exchange produced N, '(A) in their flowing
afterglow apparatus. Nevertheless N, '(B) is the
preponderant radiating product observed.

Spectra taken at higher resolution than those
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FIG. 5. Fractional intensities for the Meinel (A X)
system of N2+ calculated under the assumption of vertical
ionization N2(X) N& (A}, and vertical decay, N2 (A)

N2+(X). The Franck-Condon factors were obtained
from Ref. 15. Also shown for comparison is a portion of
the spectrum from an unscattered N2+ beam.

FIG. 6. Spectra of the 4& = —1 sequence of N2+(1N) re-
sulting from impact of Ar+, N+, and He2+ on N2 taken at
0.4-nm resolution. Also shown are fractional intensities
calculated under the assumption of vertical transitions ~

The fractional intensity scale was chosen so that the (0, 1)
bar matched the (0, 1}band for He2 -N&.
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TABLE I. Excitation cross section for production of
N2+(B Z+„(v' =i)) in 11-eV He&+-N& collisions.

8.9
1.0

shown in Fig. 2 may be used to obtain information
on the vibrational state distribution in N, '(8) that
results from the collision process. Figure 6
shows the 4m= —1 sequence of the N, '(1N) system
produced by He, ' impact at 11 eV (lab) and by Ar+

and N' impact. Also shown are the fractional band
intensities calculated under the assumption of
vertical ionization of N2(X'Z~(v =0)) followed by
vertical N, '(8- X) transitions. The He, ' results
closely match the model predictions while Ar'
and N' produce vibrational distributions substan-
tially different from the calculation. These dif-
ferences are ascribed to the smaller cross sec-
tions for the Ar' and N' systems as discussed
earlier.

The observed emission cross sections may be
used in conjunction with the Franck-Condon fac-
tors" for decay to obtain excitation cross sections
for production of specific vibrational levels of
N, '(8) in 11-eV He, '-N, collisions. Since the vi-
brational distribution in this case is consistent
with vertical ionization, the Franck-Condon fac-
tors for ionization may be used to obtain these
excitation cross sections using only the measured
emission cross section for any sequence. The
data for Av =0 were used; however, the 4v= -1
sequence independently yielded the same excitation
cross sections. Of course, had it not been es-
tablished that the ionizing transitions were verti-
cal, it would have been necessary to resolve all
of the sequences to obtain excitation cross sec-
tions for specific vibrational states. Table I is a
listing of the excitation cross sections. The close
correspondence between the total cross section
(9.9 A') calculated from the emissions in the Av
=0 sequence alone and the total observed cross

0
section (9.8 A') may be taken as further evidence
that the vertical transition model is applicable.

B. CO' emissions

Although the isoelectronic molecules CO and N2

have similar chemical properties, the spectra
produced by He~' impact differ considerably.
While the only significant N,' emissions observed
are from the B-X first negative system, the CO'
spectrum includes emissions from the B-X
(first negative), 8-A (Baldet-Johnson), and A —X
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FIG. 7. Portion of spectrum from He2+-CO collisions
at 11 eV taken with 0.4-nm resolution showing some of
the A X and B—A emissions. Also shown are the frac-
tional intensities for the A —X and B—A systems of CO+

calculated from the vertical transion model; Franck-
Condon factors were obtained from Ref. 5(c). The ordi-
nate scales for the fractional intensities were adjusted
so that the relative heights of A —X(3, 0j and B A(0, 0)
matched the data.

(comet-tail) systems. The Baldet-Johnson emis-
sions occur in the same wavelength region as the
comet-tail emissions but these two systems may
be easily distinguished by comparison of the
He, '-CO spectrum with the spontaneous emission
from a CO' beam. The B state has a lifetime of
-50 nsec so that essentially all CO+(8) in the un-
scattered beam has decayed between the ion source
and the collision cell (transit time -10 ' sec). The
A state on the other hand has a lifetime of -2 p, sec
so that CO' emissions from the beam should be
preponderantly in the comet-tail system (the A.

state being populated directly by electron impact
and from 8-A cascades). The He2'-CO spectrum
should contain contributions from all nascent spe-
cies in the collision cell. The features in the
He, '-CO spectrum at 372 and 396 nm are not ob-
served in the CO' beam, and, since these wave-
lengths coincide with the (1, 0) and (0, 0) bands of
of the Baldet-Johnson systems, ""it may be con-
cluded that they are indeed due to B-A. transitions.
A higher resolution spectrum, shown in Fig. 7,
suggests that the bands attributed above to the
Baldet- Johnson system are violet degraded while
the others are red degraded, in accordance with
the known characteristics of these systems. "'"
The electronic branching ratio from CO'(8) may be
obtained from the total B-X and B-A. intensities.
These data indicate that 8~ goes to CO'(X) and

18% goes to CO'(A) in reasonable agreement with
recent determinations. "

Figure 7 also shows relative intensities of B-A
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TABLE II. Excitation cross sections for production
of CO+(B 2Z+(v' =iI) and CO+(A ill(v' =i)) in 11-ev He2+-
CO collisions.
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FIG. 8. Portion of the spectrum from He2+-CO colli-
sions at 11 eV taken with 0.4-nm resolution showing
B—X emission. Also shown are the fractional intensities
calculated under the assumption of vertical transitions.
The fractional intensity scale was chosen so that the (0, 0)
bar matched the (0, 0) band.

and A-X bands calculated (as before) under the
assumption of vertical ionization and vertical
transitions in emission. The ordinate scales were
adjusted so that the relative heights of theA-X
(3, 0) band and the B-A (0, 0) band matched the
data. The calculated fractional intensities indi-
cate a considerably higher photon flux from A. -X
transitions than from B Atra-nsitions (17:1),
showing that CO'(A) is populated directly in the
collisions as well as by cascading from the B
state. The validity of the vertical transition mod-
el in He, '-CO charge-transfer collisions is fur-
ther strengthened by comparing the higher reso-
lution CO'(IN) spectrum with predicted intensities
as shown in Fig. 8.

Table II is a listing of the cross sections for
production of individual vibrational levels of the

A. and J3 states of CO' in 11-eV He, '-CO collisions
obtained in the same manner as those for produc-
tion of N, '(B). The cross sections for CO'(B) were
obtained by adding the contributions from first
negative and Baldet-Johnson emissions calculated
from the (0, 0) band intensities of each of these
systems; those for CO'(A) were based on the (5, 0)
band of the comet-tail system in order to minimize
contributions from cascading. " The sum of the
cross sections listed in Table II for CO'(B) is
slightly higher than the sum of the B-X and B-A
emissions observed in these experiments. This
discrepancy results from inclusion of unobserved
emissions by the calculational technique. For
example, Franck-Condon factors for the B-A
system indicate that -2'I% of the (0, v') intensity
in this system should appear with t") 2; these
bands, although they have not been observed,
have been included in the above calculations.
Similarly, the wide range of the comet-tail sys-
tem and the large Franck-Condon factors for
transitions beyond the present range of detection
prevent a meaningful comparison of the cross
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TABLE III. Excitation cross sections for production
of 02 (b Z~ lv' =i)) in 11-eV He2+-02 collisions.

2.1
3.1
1.0
0.05

sections for production of CO'(A) in Table II with

the observed emission cross sections.
Emission from He'-CO collisions at 11 eV is

weak in contrast to He'-N, collisions which yield
a rather high photon flux. CO' has four known band

systems, the most recently discovered being the
('6-A 'lI) system" shown in Fig. 1. No emissions
could be assigned to this system for either He, '
or He' collisions with CO. N, ' has two band sys-
tems which originate in electronic states lying
higher then the B state. In addition, unresolved
emissions from N,

' at these wavelengths, '4 re-
cently attributed to new (high-lying) electronic
states, ' have been observed. Analagous high-
lying states of CO', if bound, evidently do not
radiate within 180-850 nm.

C. 0,' emissions

As shown in Fig. 1 the b '~, state of 0,' lies
within the He, ' recombination energy "band".
It is thus expected that significant yields of 0,'(b)
could result from He, '-0, collisions and indeed
strong b -a (first negative) emissions are ob-
served. Figure 4 shows 11-eV He, '-0, and He'-0,
spectra. Emissions from He'-0, collisions at
higher kinetic energies have been reported previ-
ou "ly"; Fig. 4 extends these results to 11 eV. The
0 I VVV.5-nm line which dominates the higher-en-
ergy spectra has decreased in intensity and is now
comparable to the &v =0 and +2 sequences of the
0,'(b -a) system. This is consistent with the en-
doergic nature of the dissociative charge-transfer
process which causes this emission. En addition
to the rather strong first negative emissions from
He, '-0, collisions, small yields of the A -X
second negative system are also observed.

A higher resolution spectrum of the &v = 0, +1

and +2 sequences of the first negative system of

0,' from 11 eV He, '-0, collisions is shown in Fig.
9. This resolution is not quite sufficient to sepa-
rate individual bands as was possible for the N,
and CO systems. Nevertheless, an estimate of the
vibrational-state distribution may be made by com-
parison with the band intensities predicted from
the vertical transition model. Since the cross sec-
tion for production of 0,' emissions in He, '-0,
collisions are comparable to those for N, and CO
emissions, it is anticipated that the model also
applies to 0,. Because individual bands were not
resolvable in these data, the bars in Fig. 9 have
been placed at the band origins. ' Comparison
with the data suggests that vertical transitions also
occur in this case, but this conclusion is weaker
than for the N, and CO systems. Table III contains
a listing of the excitation cross sections for 11-eV
He, '-0, collision assuming vertical ionization and
vertical decay; the calculations are based on the
&v =0 sequence.

D. NO' emissions

As noted earlier, NO'(A -X) emissions, though
expected from He, '-NO collisions, cannot be ob-
served directly in these experiments since they
occur in the vacuum ultraviolet. An estimate of
the cross section for production of these emissions
can be obtained by measuring the fluorescence
when a sodium salicylate coated window in the
vacuum chamber is struck by photons from He, '-
NO and from He, '-CO collisions. Only the first
negative emissions of CO' can cause fluorescence
of the phosphor" so that, assuming He, '-CO col-
lisions yield no emissions at shorter wavelengths,
the fluorescent yield of the coated window may be
correlated directly to the total cross section for
production of CO'(1N) emissions. If the fluantum

efficiency of the phosphor is the same for NO'

(A -X) and CO'(B -X) emissions, the data show
that the cross section for NO'(A-X) emission is
approximately 0.V A'.
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