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Excitation energy transfer and charge exchange during collisions of N+('S) and N ( S ) with N2
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(Received 1 December 1986)

Measurements of charge exchange between N+ and N2 are reported for low product-ion ener-
gies and nearly zero center-of-mass scattering angles. The principal scattering is attributed to
N+('S) with major contributions from the 'S state. Fine structure corresponding to the transfer
of excitation energy between the incident ion and the vibrational states of the target species has
been measured. The results are interpreted in terms of a model involving the compensation of
deflect;ons produced by attractive and repulsive potentials at distances larger than the potential
minimum of the N+-N2 system. No "selection rule" for vibrational energy transfer such as has
been observed for N2+ on N2 is found.

INTRODUCTION

The reactions of ground-state and metastable N+ ( P
and 'D) with molecular nitrogen at relatively low impact
energies have been extensively studied. ' "Information
concerning the atomic N+ ion is important in astrophy-
sics because the very long lifetime of the metastable
states which give rise to nebular lines permit their detec-
tion ' at low interstellar densities. N+ is a principal
component of the earth's upper atmosphere" ' and
therefore plays an important role in determining the
propagation of electromagnetic signals in the D and E
layers of the ionosphere. N+ is also important in the
chemistry of the initial stages of atmospheric ionization
during meteor entry. ' In addition, collisions between
N+ and nitrogen can represent an important energy-loss
mechanism in lasers.

For these reasons as well as interest in the basic prop-
erties of the system, studies of the mobility of N+ is its
parent gas have been intensively pursued by a number of
investigators. ' '' Increased interest in the system has led
Moore, '6 Rutherford, ' Moran, ' "and others to make
measurements involving ground and excited states of N+
and these researchers have greatly furthered knowledge
concerning the complex processes in the nitrogen sys-
tem. Despite the large number of studies conducted up
to the present, atmospheric deionization processes, for
example, are still not thoroughly understood and this
study has been conducted to determine the relative im-
portance of some of the reactions of the metastable
states of N+.

A principal difficulty in experiments seeking to define
the N+ system has been the occurrence of N2 + molecu-
lar ions which are produced in sources of N+ and which
are not discriminated from N+ by the conventional
momentum analysis technique. A recent analysis of the
occurrence of effects of Nz + in crossed-beam experi-
ments has been carried out by Schulz ' ' which demon-
strates that in N+ on Ar collisions Nz+ can be impor-
tant in producing several percent of the scattering inten-
sity. The effects reported are, however, at higher

product-ion energies than those reported in this work.
Another difficulty in the N+-N2 system is the complex
array of at least three atomic metastable projectile-ion
electronic states as well as the two atomic and three
molecular product-ion and neutral electronic states
which need to be considered. However, the presence of
this large number of electronic states also has virtue in
that it allows and extensive study of the effect of the en-
ergy defect upon the cross section of the various reac-
tions which take place.

This paper reports some new results concerning the
importance of 'S and S states in very-1ow center-of-
mass deflection charge-exchange experiments. Because
of the high resolution of the experiment with respect to
the product-ion energy and differential scattering angle,
it is possible to draw a distinction between the expected
deflections of the various reactant states. Also, we are
able to determine how the positive-energy defect of the
reaction can be converted efficiently into a maximum of
five or six vibrational quanta of the N2+ product ion.

EXPERIMENT

The cross-beam apparatus used in this study has been
described briefly in Ref. 18. It basically consists of well-
defined atomic ion and molecular beams whose energy
can be carefully determined. The experiment differs
from most previous techniques in that the energy of the
slow product ion and its angle of deflection are measured
rather than the small deflection of the fast projectile ion.
The angle of deflection in laboratory coordinates is mea-
sured in the plane of the two velocity vectors from
0~,&

———30 to +90, where the angle of deflection, 0~,&,
of the slow product ion is considered positive if the
production-ion velocity has a component in the direction
velocity of the projectile ion. Figure 1 shows the rela-
tionship of the various velocities and angles.

Thus the charged products of all endothermic reac-
tions are deflected into the positive region of laboratory-
angle space while most exothermic reactions of low
product-ion energy result in deflections into negative an-
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RESULTS AND DISCUSSION

Table I shows the possible charge-exchange reactions
in the N+-Nz system, typified by Eq. (1),
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Projectile
ion

N+('P)
N+('D)
N+('S)
N+( 5)

Electron
recombination

energy

14.534
16.433
18.587
20.287

—1.532
0.622

N2+X(2r, +
)

N{2D) N{4S}
—1.047

0.852
3.006
4.706

N( D)

—2.669
—0.515

N( S)
—2.185
—0.285

1.869
3.569

Reaction energy
(Energy defect)

N2+ ~ (2H„)

N{ D) N( S)
—4.204

—2.305
—2.535 —0.150

1.550

N +B(2X +)
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well-characterized N2+ states are listed in the table. The
first column shows the four principal atomic ions which
we believe are produced in easily measurable quantities
in electron single-impact sources at about 100 eV impact
energy. The last three columns are further divided so
that we consider reactions in which the fast neutral
product species is in the ground S or D states of the ni-
trogen atom. The energy defects shown are those which
we believe would produce deflections within the portion
of energy —laboratory-angle space which is explored in
this work.

Table I is to be compared with the data shown in Fig.
2. It displays the nearly circular contours of equal
scattering intensity of Nz+ ions resulting from collisions
with relative impact energy of 132 eV. Superimposed on
the plot are center-of-mass deflection axes which corre-
spond to a constant reaction energy defect.

The points on these axes indicate the center-of-mass
angle deflection in one degree increments. The solid
curves represent N+('S), N+('D), and N+( P), respec-
tively. Each line within the bundle of 'S and S curves
indicates the vibrational state of the product Nz+ mole-
cule. The dotted lines indicate the expected set of
deflections corresponding to the S state of the nitrogen
ion. The maximum of the contours occurs at the labora-
tory deflection angle of about —17' and a measured lab-
oratory energy of about 0.09 eV. The product-ion ener-

gy measured corresponds to nearly zero center-of-mass
angle deflection and it indicates that the speed of the tar-
get molecular-beam molecules is not significantly altered
by the charge-exchange process.

Careful examination of the contours of Fig. 2 indicates
significant broadening of the scattering pattern to the
negative side of the center at a laboratory deflection an-

gle of 17, while the contours toward the positive side of
the center are relatively more abrupt. It should also be
noted that the shape of the intensity contour lines tend
to approximate the shape of the loci of possible
deflections determined from the Newtonian calculations
which have been superimposed on the scattering con-
tours. Figure 2 only represents scattering occurring
with very low product-ion energy and therefore is not in-
tended to represent all the scattering which would be in-
cluded in a total charge-exchange measurement.

Figure 3 represents the scattering intensity scan as a
function of product-ion energy taken at a constant labo-
ratory deflection angle of —17 which bisects the peak of
the scattering contours. The data shown displays the
particle count, normalized to the measured projectile ion
beam current, versus the measured product-ion energy.
For the curve shown, it will again be observed that the
shape is not symmetrical. As the measured energy in-
creases (cf. Fig. 2), it is seen that product-ion energies
which are greater than 0.09 eV fall within expected ener-
gies from the S state as predicted from the Newtonian
calculation.

The curve drawn throughout the points of Fig. 3 has
been produced by means of a fifth-order spline fitting
program. The use of a fifth-order spline in interpreting
our data enables a refinement in the determination of
fine structure in that the behavior of both first and

N'+Nz = N + N&
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FIG. 3. This figure represents a scan in energy at a constant
laboratory angle of —17'. The various scattering maxima cor-
respond well to the expected position of the peak scattering of
the vibrational states of the product molecular ion. The two
electronic states of the projectile N+ are 'S and 'S. The solid
curve was calculated from a fifth-order spline function.

second derivatives can be employed in measuring the
peak position. The position of the arrows shown in Fig.
3 is compared with the value obtained from the second
derivative of the curve produced by the fit of the data by
least squares to the fifth-order spline. The arrows drawn
above the curve represent the expected maxima at the
appropriate product-ion energy corresponding to the
product of various vibrational levels of Nz+ resulting
from collisions with the 'S and S states of N+. It will
be observed that the agreement between the expected po-
sitions of the u =0, 1,2, 3 states for the 'S interaction
with peaks from our data is very good. The agreement
is also good for the u =0, 1,2 levels which would be pre-
dicted from the S state of N+. Agreement with the S
state for values of u =4, 5 is not nearly as good but ap-
pears to be satisfactory considering the signal-to-
background ratio. Data for energies of 0.25 eV and
larger are not sufficiently plentiful to allow an indexed
plot to be made to aid in analysis.

It has been shown " ' that N+ ( S) as well as
N+('S) is produced in quantity by electron impact on
N2. Because its lifetime is long it reaches the collisions
point in our apparatus. The shape of the curve of Fig. 3,
however, shows strong evidence of two spectral patterns,
and an indexed plot of the positions of the maxima
shown by the lines on Fig 3 shows a discontinuity at the
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v =0 position of the 'S state. Therefore the two spectral
patterns belong to different systems.

The scattered ion intensity for most of the product-ion
energies measured in the laboratory angle region be-
tween —10 and +10 is quite weak, broad, and struc-
tureless. However, we have obtained a number of ener-

gy scans at constant laboratory angle in that region.
While the scattered ion intensity for O~,b ——0 is very
weak, it is possible to discern two peaks which are cen-
tered near 0.085 and 1.018 eV, respectively. The peak
near 0.085 eV most likely corresponds to the reaction
with D nitrogen ions in which the product ions are pro-
duced in the v =2 vibrational state. A much harder col-
lision can be observed centered at about product-ion en-
ergy 1.018 eV which corresponds to a large number of
possible reaction with the 'S state.

Table II shows the energy defect for eight possible re-
actions which need to be considered to explain the data
of Figs. 2 and 3. The second column in Table II show
the expected laboratory defiection angle H~, b (for
8, =0), the laboratory defiection which corresponds to
each of the eight reactions. While N+( P) as well as
N+('D) have previously been identified as the principal
N+ ions giving rise to the total charge-exchange cross
section at least at low-impact energies, the data of Fig. 2
when extended into the position domain of 0&,b yields
scattering of significantly less intensity than the peak
scattering which appears at about —17 . Thus, reactions
(l) and (5) do not contribute significantly to the total
charge-exchange scattering cross section for the impact
energies of this experiment. The same considerations
apply to reactions (2) and (6) which, although contribut-
ing to the data shown are too low in intensity to be im-
portant in our analysis. Reactions (7) and (8) have been
studied by Savage et al. and Vance. They have made
measurements in our energy impact regime which show
the presence of Nz+ in an electron impact produced ion
beam between 4% and 11% abundance. %'hile Nz+ is
undoubtedly present in our ion beam, the predicted an-
gle of deflection of Nz+ formed from reaction seven is
outside our domain of measurement or, as mentioned
previously, is important only at high product-ion ener-
gies. We cannot rule out reaction (8) completely except
to point out that the measured scattering intensity at—27' is extremely low and that the production of
Nq+(D IIg) has been determined to occur at very low

intensity in electron impact excitation measurements
on Nz. Most reactions which involve the production of
excited Nz+ product-ion states are endothermic as has
been seen in Table I. Therefore they will be seen, if at
all, at values of 0&,b which are positive. Of the exoth-
ermic reactions involving excited Nz states none corre-
sponds to 3.006 eV, the defect giving size to scattering at
0),b ———17'.

For these reasons we assign reactions (3) and (4) as the
major contributors to the observed differential charge-
transfer scattering rather that the 'D and P states. ' lt
is apparent that those states are not principal com-
ponents of large-impact parameter, low center-of-mass
angle charge-exchange scattering at about 100 V impact
energy. Some measurements which we have made indi-
cate that low-intensity scattering from P and 'D do in
fact occur throughout the regime of available impact pa-
rameters, but it is certain that they do not contribute
significantly in the range of 0, discussed in this paper.

The observation that the maximum charge-transfer
scattering occurs at nearly zero center-of-mass angle has
significant implications for the collisional charge-
exchange process. Since the energy being transferred be-
tween the particles is about 3 eV, it is to be expected
that a significant momentum transfer will occur between
the colliding particles in the c.m. frame. Charge and vi-
brational energy-transfer measurements in the Nz+ on
Nz system have demonstrated that in that symmetric
system, transfer of vibrational energy occurs at electron-
ic state energy crossings which are nearly multiples of
the vibrational frequencies of the isolated molecules. In
addition, to account for the small center-of-mass angle
of deflection which was observed, crossings were shown
to occur during the approach phase of the collision so
that the initial angle could be compensated during the
exit phase by a nearly equal but oppositely directed
deflection. Also, it was found that vibrational energy
transfer occurs more eSciently for the exchanges of two
or four quanta.

In contrast, for the N+ on Nz system the excitation of
one —five quanta is seen to occur (Fig. 3) with approxi-
mately equal intensity with no "selection rule" for T-V
or E - V transfer being apparent. Like Nz+ on Nz, how-
ever, N+('S, S) on N2 energy transfer occurs at almost
zero c.m. deflection angle. This fact leads to the con-
clusion, as proposed in the case of Nz+ on Nz, that the

TABLE II. Some charge-transfer reactions, energy defects, and predicted laboratory deflections for
low center-of-mass angle scattering in the N+-N& system.

Reaction

(1) N2 + N ( P) ~N2+(X) + N( S)
(2) N2 + N+('D)~N +(X) + N( S)
(3) N2+ N ('S)~Np (X) + N( S)
(4) N2+ N+('S)~N2+(X) + N( S)
(5) N, + N+('D) N, +(X) + N('D)
(6) N2 + N+('S) ~N2+(X) + N( D)
(7) N2 + Np +(X)~N (X) + N2 (X)
(8) N2+ N2 (X)~Np+(D)

Energy defect {eV) for
the product ion

N~+(X'rg+) in v'=0

—1.047
0.852
3.006
4.706

—1.532
0.622

11.5
5.0

Predicted O~.b

for v =0
and 0, =0

+5.3'
—4.0
—16.2
—25.0
+9.0
—2.2
—49.0'
—27.2
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initial defiection produced by an attractive potential is
compensated by a nearly equal repulsive potential after
an electronic state crossing has occurred. A crossing
which occurs during the approach phase is again to be
preferred, since impact parameters near the potential
minimum can be avoided and their consequent large
contributions to the c.m. deflection angle can be greatly
lessened.

The model just presented can reasonably be expected
to produce a large array of vibrational product-ion
states. Hence, the distribution of vibrational products
shown in Fig. 3 is distinctly a nonFranck-Condon distri-
bution. This is quite reasonable in view of the fact that
the collision lifetime assuming a straight line trajectory
is between 0.8 and 1.6&10 ' sec, a number comparable
with the vibrational period of 1.5&10 ' sec. Moore
et al. and Ottinger et al. have also found
nonFranck-Condon product in distributions at low-
collision energies in the N+-Nz system.

CONCLUSION

The data of this paper shows that N+('S) and N+('S)
produced by 100 eV electron impact on N2 is responsible
for the major contribution to low center-of-mass
charge-exchange scattering with N2 in our impact energy
range.

In order to produce the distribution of scattering in-
tensities which we have observed, charge-exchange is
most likely to occur during the approach phase of the
collision and at large impact parameters. The effect of
the collisional exchange of charge is to generate a
nonFranck-Condon distribution of vibrational states in
the product ion.
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