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The aerothermodynamic studies of proposed space missions require atmospheric charge-transfer data.
N, eigenstate energies are calculated with use of the complete-active-space self-consistent-field method
with an extended Gaussian basis set. The N *-N charge-exchange cross section, determined from these
energies, agrees with merged-beam measurements. This contradicts the previous theoretical conclusion. A
simple physical description of the long-range interaction is presented and should expedite future charge-

transfer studies.

Resonance charge exchange is an important mechanism in
determining the properties of nonequilibrium partially ion-
ized gases that are expected to occur in the environment of
high altitude flight paths of aero-assist orbital transfer vehi-
cles (AOTV’s) proposed to transport men and materials
between the space station and distant points, including
geosynchronous orbit and the moon. Since nitrogen is the
major constituent of air, the N *-N charge exchange is espe-
cially important for aerothermodynamic studies of these
missions.

The N,* eigenstate energies for large internuclear separa-
tion distances are needed to determine the N*-N charge-
exchange cross section. Stallcop! has developed asymp-
totic relations for these energies from a Heitler-
London-valence-bond approach. These relations were com-
bined with potential-energy curves for the doublet states,
obtained from an extrapolation of spectroscopic data, to esti-
mate? the charge-exchange cross section. Later, Capitelli
et al.® applied the valence-bond eigenstates of Stallcop! to
compute energies with a minimal Slater-type orbital basis
set. They compared their calculated cross section with that
measured by Belyaev, Brezhnev, and FErastov* using a
merged-beam experiment, concluded that the measured
values are too large, and suggested that the experiment be
redone.

In a systematic investigation, we have calculated the com-
plete . set of N,* potential-energy curves for which the
molecule dissociates into N(*S°) and N +*(*P). With respect
to charge exchange, we conclude that the valence-bond
wave functions would provide a fairly accurate low-

resolution charge-exchange cross section o, but that it re-
quires careful attention to the physics of the long-range in-
teraction; particularly, when the calculation is performed
with a small basis set such as in Ref. 3.

At high collision energies only the splitting energy, the
energy difference between the interaction energies of the
symmetric and antisymmetric states, EMS(R) and EMS(R),
respectively, is required to determine the low-resolution
charge-exchange cross section. According to our valence-
bond formulation,! this splitting takes a simple form for
large R

AEF* (R) = EM(R) — EM(R)
= —3(-DBWQS+DWAR) , 1)

where W,(R) contains the single electron exchange terms.
In Table I, we compare this prediction with the results of a
corresponding structure calculation, complete-active-space
self-consistent-field (CASSCF) computation with only 2p
valence electrons active. Note that the ratio of the splittings
converges to the valence-bond value with increasing R.
This suggests that the interaction at large R is essentially hy-
drogenic; i.e., like H*-H where the Heitler-London approxi-
mation® yields

AE(R) — §317~Re-aR,

asa—1, R— oo )
Using this hydrogenic model as a rough guide to conver-
gence, we note that smaller basis sets, even though they

yield good agreement ( ~0.1 eV) with spectroscopic curves

TABLE 1. Ratio of N,* u-g splittings from a CASSCF calculation with a [4s3p1d] Gaussian basis set.
This basis set consists of (9s5p) contracted to [4s3p] (Ref. 5) and a dfunction with shielding constant 0.9.
. The valence-bond (VB) ratio is determined from relation (1).

R(agp) 4 5 6 7 8 10 VB
— AE*/AE? 3 2.05 2.10 2.04 2.01 2.00 2.00 2
n 1.78 1.95 2.00 2.00 2.00 2.00 2
—AES/AE* b 2.40 1.77 1.56 1.52 1.50 1.50 1.5
n 1.38 1.46 1.50 1.50 1.50 1.50 1.5
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at small R, can be inadequate at large R. In Fig. 1, we show
the results of a CASSCEF calculation with both the 2sand 2p
electrons relaxed and using an extensive basis set
(6s4p3d1f); i.e., (11s7p) contracted’ to [5s3pl, augment-
ed by (1d,1f), plus additional (1s1p2d) field induced po-
larization functions. More information about this basis set
and the computer codes of the present calculation is con-
tained in the paper by Langhoff, Bauschlicher, and Chong?
which also presents an application to the determination of
N, polarizabilities. We expect the 3 state interactions,
which are the dominant contributors to charge exchange, to
resemble hydrogen® and have used this to fit their curves to
the computed points. Note the simple uniform behavior of
the splitting energy at large R: (i) the ratio of the splitting
for different spin states is about that predicted by the
valence-bond relation (1) above, (ii) the ®3 splitting is very
close to hydrogen [i.e., see relation (2) noting that
87/3 =2.66], and (iii) the splitting of the X states is rough-
ly a factor R larger than those for the II states.

The exponential behavior of the splitting further suggests
that the induced polarizability satisfies a, = «, for each of
the angular momentum pairs. If we apply our asymptotic
valence-bond relations! to subtract the electron exchange
[ =AE(R)/2] from the calculated interaction, we find that
the difference has a 1/R* dependence and indeed, as might
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be expected, that ag;=a, to the accuracy of the curve fit
shown in Fig. 1.

For a first approximation of the charge-transfer cross sec-
tion, we replace the sine’ dependence of the charge-
exchange probability as small impact parameters [e.g., see
Eq. (10) of Ref. 10] by the average value . This low-
resolution cross section can then be readily obtained from
the curve fits of Fig. 1 by the relations!?

(V) =57b2 3)

where the cut-off impactiparameter b, satisfies

7 h*?

8 42

when the energy difference has an exponential dependence,
i.e.,

—2ab,
c2n +1e c

a, €))

AE(R)=AR"~R, n=0,1 . ®)

Combining the parameters shown in Fig. 1 with the above
relations, we calculate the cross section for each pair of an-
gular momentum states and plot the results in Fig. 2. Note
that the behavior of the cross sections reflects the uniform
behavior of the energy splittings discussed above.

The measured cross section is the statistical average of
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FIG. 1. N,* energy differences for large R. The calculated values are plotted as data points and the straight lines are the curve fits from
the tabulated parameters. Note that the abscissa for the II state curves has been offset with respect to that for the X states.
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N* -N CHARGE TRANSFER
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FIG. 2. N*-N charge-exchange cross section for specific values of the angular momentum.

those for each angular momentum (see Fig. 2). We com-
pute this average from the curves of Fig. 2 and show the
result in Fig. 3. In addition, we also include the contribu-
tion from the tail of the integration using an asymptotic ap-
proximation.!® Lastly, we plot the measured values from
the beam experiment;* according to the investigators, the
error bars are mostly due to energy uncertainty, beam

spread, and fluctuations in the measurement of beam
current.

We conclude that the calculated low-resolution cross sec-
tion is in accord with the experiment. In addition, we note
that the measured cross section presents structure which is
outside the error bars. Likewise, we also expect that a more

accurate calculation of the cross section would also yield
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FIG. 3. N1t-N charge-exchange cross section. The solid curve has been determined from relation (3); the contribution from the tail of
the integration is added to this to obtain the dashed curve. The merged arrows cover the range of interest for AOTV applications.
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structure. This structure is expected!! to arise from the
behavior of our calculated splitting at small R where we find
curve-crossing-type interactions with excited-state—
potential-energy curves. We are taking this into account in
a more careful treatment of the small impact parameter con-
tribution to the cross section. These results along with

transport properties that include the effects of the induced
polarization forces, discussed above, at low collision ener-
gies will be reported later. '

We are indebted to Dr. Charles W. Bauschlicher, Jr. for
his guidance in the use of his computer codes.
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