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Two methods [D. G. Truhlar and J. K. Rice, J. Chem. Phys. 52, 4480 {1970)and B. Ritchie, Phys.

Rev. A 6, 1456 (1972)] for calculating cross sections for vibrational excitation of molecules by electron
impact are compared. The former method is shown to have a greater range of applicability. Cross
sections computed by the two methods differ by about a factor of 2 for excitation to the first
vibrationally excited level of H, . The neglect of the short-range potential in Ritchie s method is shown

to be an important source of error in that method.

Recently, Ritchie~ has proposed a quantum-me-
chanical theory for cross sections for vibrational
excitation in collisions dominated by long-range
central potentials. Previously, a theory applica-
ble to such collisions had been proposed by the au-
thor and Rice. ~'3 It is of some interest to compare
these theories. The latter theory is the polarized
Born approximation and it includes not only the
spherically symmetric part of the long-range po-
tential but also the short-range potential and the
asymmetry of the potential. The polarized Born
approximation is also more general in that it does
not require the assumption of small energy trans-
fer. Ritchie's calculation evaluates the eigen-
phase shifts in the high-energy limit. The high-
energy approximation is similar to, but not identi-
cal to, the plane-wave approximation in the polar-
ized Born calculations; the relationship of the two
approximations has been discussed elsewhere. '
In the present article we consider vibrational ex-
citation of N~ and H~ by electron impact.

First we consider excitation of the v = 1 vibra-
tion. The data needed for the calculations by
Ritchie s method are R, (the equilibrium internu-
clear distance), e {the vibrational excitation ener-

1
gy), n,o, and n=-~(n~~ —npo) where

n„.„= f q~. (R) n (R) q, (R) dR

and g„. (R) is a vibrational wave function and n(R)
is the static dipole polarizability as a function of
internuclear distance. These data were computed
for H2by the method of Paper I and are given in
Table I as data set 1 (DS1). These data are essen-
tially the same as Ritchie's data set (HDS), in
which n„„.is taken from Henry's calculations. 7

For N~, Ritchie used H& matrix elements scaled
to account for the different polarizability of Nq at
R, . This yields the data labeled RDS in Table I.
A more accurate data set (ADS) was determined by
the following procedure. Assume

n (R) =- n (R,) +i „ i x,/dn&
I d~) zz,

where x=8 -8, . Define

x„i„=J g„i (R) (R —R,) g„(R)dR

These matrix elements were computed by an ac-
curate numerical method using vibrational wave
functions corresponding to the accurate Nz poten-
tial function of Levine. The results are xo&=7. 192
x1Q, xo~ 6.Q58x1Q ~ and gati

—2. 174x1Q . From
dn/dR I ~ „a5.71'0' and xoq, we obtain no~. From
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TABLE I. Matrix elements (a.u. ) needed for scatter-
ing calculations by Bitchie's method.

TABLE II. Quantities important for validity of
H,itchie's theory.

Molecule

Data set

Hp

0. 2355
0. 739
1.4011
0. 01895
l.4011

Hp

DSl

0.2351
0. 7388
1.4011
0. 01895
1.4011

0.542
1.701
2. 0741
0. 01062
2. 0741

0.0415
0.346
2. 0741
0.01062
1.3

Molecule

Data set

A/O4

H2

DS1

0. 0610
0. 0190

HDS

0. 0292
0. 0106

N2

0.0145
0. 0106

o.oo=11.925 and xoo, we obtain o.(A, ) =11.884 (in
this model). From (R(R,), dQ/dR I g g, , and x„,
we obtain a1, = 12.008. The resulting data are
given in Table I.

Finally the calculations involve a cutoff param-
eter 0. The potential causing the transition is as-
sumed to vanish for r & v (where r is the distance
of the incident particle from the molecular target).
Ritchie assumed o =-R, . This is reasonable enough
for H&. However, previous work ' ' using simi-
lar model potentials has shown that such a value is
too large for No (values of 1.3, ~' 1.75, ~o and 1.19~4

were found to be close to the optimum in these var-
ious models). Hence we used o'= 1.3 for No.

The criterion' for validity of Ritchie' s theory is
o./r» e for most r, where r is the distance of the
electron from the molecular target. For r=o,
these quantities are compared in Table II. For H2

and for Ritchie's data set for N„ the validity cri-
terion is fairly well satisfield. But for the accurate
data set for No, the criterion is not valid. (Note:
Ritchie originally applied the criterion at ~ = 1;
however, since the potential causing the transition
is assumed in his method to vanish for ~&8„ this
is inconsistent. Further, the criterion would be
even farther from satisfaction by the accurate data
set if we used o =R, . ) Thus Ritchie's method is
not applicable to N&.

Using data set 1 the calculation for excitation of
the fundamental vibration of H~ by Ritchie's method
proceeds as follows:

@oi- (oo &,«)(1-+oG+ ooo4o G ), (4)

where

&. = 4x'.
,/(I+ x'.)',

X. = (S-

o')/ohio,

(~2 ~ ~o )1/o

G = (vS/ka o)o,

and Qo„. is the integral cross section for excitation
of v' quanta of vibration. Equation (4) is an expan-
sion in powers of G. For Ho, G=0. 7842/k . Since

: the vibrational excitation cross section is dominated
by a resonance at low energies, ' the direct exci-
tation mechanism is not applicable there (e.g. ,

TABLE III. Integral cross sections (in ao ) for vibra-
tional excitation of the fundamental vibration of H2 as
functions of impact energy E.

B/I' using
Ritchie s
potential"

B/P using
modified
potentialc

0.1O6'
O. O7S2'
o. 0536'
0, 0239~
0.0179
0.0132'
O. O1O7'

O. 00537
O. 00261

Complete
B/P'E(eV) Hitchie's method

10 0„290 O. 185'
13,6 0. 178d O. 136
20 0.139 0.0930
45 O. 0801d 0.0414
60 0. 0627 0. 0311
81.6 0. 0473d 0. 0229

100 0. 0390 & 0 0187
200 0. 0202' 0. 00934
412 0. 0100 0.00453

Using data set 1 of Ref. 2.
"I

0 with a&=l.4011ao in the notation of Ref. 2.
Po with a&= 2. lao in the notation of Ref. 2.

"Paper III.
'Ib„ference 1.
Paper I.

0.275
0. 203
0.141
0.0658
0. 0495
0. 0367
0.0301
0.0152
0.00739

even at 10 eV, the resonance accounts for at least
& of the excitation cross section; see Paper III'o).
Thus we will restrict attention to energies E & 10
eV. At high energies there is a different difficulty
because at high energies the polarization-potential
model used here to obtain the dominant long-range
potential breaks down.

Calculations for excitation of the v = 1 state of
H2 by electron impact using Ritchie's method and
using the polarized Born method of Papers I and III
with data set 1'"(the latter calculations are la-
beled simply B/P since they are our most com-
plete polarized Born calculations) are compared in
Table III. The comparison shows that for energies
of 45 eV and higher, Ritchie's method yields re-
sults lower than the B/P calculation by about a fac-
tor of 2. This can be explained by considering two
calculations of integral cross sections which, like
Ritchie's method, consider only the central poten-
tial. One, labeled "Po "by the convention of Pa-
per I and called "B/P with modified potential" here,
includes only the spherically symmetric part of the
polarization potential of the complete B/P calcula-
tion. The other, labeled "SoPo " in Paper I and
called "B/P with spherically symmetric potential"
here, includes the spherically symmetric part of
the whole potential (short-range static potential
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plus polarization potential) of the complete B/P
calculation. Figure 10 of Paper I shows that the
former cross sections are only about half or less
than half of the latter ones for v =1. Figures 15
and 1V of Paper I show the ratio is even less for
higher v . Thus, it is a poor approximation to ne-
glect the short-range static potential and it be-
comes worse for higher v . For example, Table
XI of Paper IA shows the B/P with modified poten-
tial model predicts Qoz/Qo, = 0.0092-0. 00SS, for E
= 10-100 eV. But the B/P with spherically sym-
metric potential calculation predicts 0.0169-0.0239
for the same quantity (the complete B/P calculation
predicts 0.0141-0.0264 for this quantity and in-
cluding exchange by the BOB/P method changes

, this to 0.0148-0.0268). Similar considerations
indicate that the B/P with modified potential meth-
od underestimates Q03/Q03 in the 10-100-eV energy
range by a factor of about —', .

Finally we carried out plane-wave calculations
for exactly the same central potential used in

Bitchie's method. These calculations would be la-
beled Po by the convention of Paper I since the po-
larization potential is of the C type. ' These calcu-
lations, shown in Table III, also yield results higher
than those obtained by Ritchie's method. This
shows that part of the difference between columns
2 and 3 of Table III is in the treatment of the dy:-
namics for a given potential. Since the short-range
potential cannot be treated realistically by Ritchie's
method, and since we have shown in the previous
paragraph that the short-range potential is ex-
pected to be very important, the values computed
by the B/P method are preferable to the values
computed by Ritchie's method. However, the
empirical accuracy of either method cannot be
finally assessed until they can be compared with
experiment in a greater number of cases in
which the experiment is independently normal-
1zed.

The author is grateful to Dr. Burke Ritchie
for valuable and helpful discussions of Ref. 1.
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We examine a three-parameter formula for the electronic stopping cross section at nonrelativistic
velocities of Brice based upon the Firsov formalism. We show that it is substantially a special case of a
simple formula applied earlier by Green and Peterson, and that the work of Brice provides an

approximate rule relating two of their four parameters.

I. INTRODUCTION

Recently Brice has proposed a three-parameter
semitheoretical formula for the electronic stopping

cross section of heavy particles,

S(e) = (Z, + Z,) (4&2/5m jf,(e)f(u),

where


