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Attention ie called to the remarkaMe agreement between a recent experinmnt and the Gerjuoy-
Stein theory based on the Born approximation for the rotational excitation of H2 near threshold.
The comparison is conducted through partial-wave analysis and application of the Wigner thres-
hold law.

The recent experiment of Crompton et d'l. mea-
sures the absolute e-HB cross section for the ro-
tational transition j=0 to j' =2. Values of this
cross section a'3, accurate to 5% are obtained for
the incident enex'gy of the 6lectroll from tile rota-
tional threshold at Q. 0439 eV to the vibrational
threshold at 0. 52eV. The purpose of this paper
is to discuss the implications of this expex"iment
for theory, in particular the Gerjuoy-Stein (GS)
approach, which is intended to be applicable in
this low-energy range. Excellent agreement be-
tween theory Rnd experiment; is found from the
threshold energy to -0.076V, provided one re-
places the GS value of the H~ quadrupole moment
with a more accurate one. However, at higher
energies, the theoretical results begin to fall
short of the experimental ones; e.g. , at 0.2eV
tllls disci epancy hRs 1ncreRsed to R fRctox' of 2.
To elucidate this situation, the GS cross section
will be decomposed here into partial cross sec-
tions characterized by spherical incoming andout-
going waves, as is done in the adiabatic theory.
It is found that at threshold energies, the domi-

nance of the d- s transition determines the thres-
hold behavior of o'&0 according to the %signer law.
At the same time, the adiabatic theory proves in-
applicable to this situation. However, at higher
energies, this dominance passes on to a different
(p- p) partial cross section and it becomes clear
why the GS theory fails while the adiabatic theory
applies.

To demonstrate these points, we begin by re-
stating the essence of the GS theory. This theory
is based on three assumptions: (1) The Bornap-
proximation is valid; (2) only the quadrupole
term in the expansion of the electron-molecule
potelltlal ls slgnlf1cant~ and (3) tile large-t' fol'Ill
of the quadrupole potential can be used throughout.
Corrections to the rotational excitation cross sec-
tion due to the above assumptions are, respective-
ly, of the order (1) kao, (2) (kao)', and (S) (kao)',
where k is the momentum transferred and ao is the
Bohr radius. In the energy range of interest,
k &0. 1 ao', and extensive analysis has demon-
strated the smallness of these corrections.

For rotational excitation of the type (j=j' + 2),
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the GiS cross section ls given by

o~&~ =P, (kr/kg)Q mao(j 200j~'0),

I', +~(j+1)a=I,'+I'(~'+1)I3, (2)

where 8 is the moment of inertia of the molecule.
The threshoM excitation energy of the j = 2 state
of hydrogen is 6B=0.0439eV. For k, &68, Eq.
(1) can be written as

o'ao= 4o q &(~so) ~

2 2

where K is the final momentum in threshold units,
lo6 ~ )

In Fig. 1, the experimental data of Crompton
et al. are represented by points with error bars
and plotted against a. The points fall on a re-
markably straight line. Furthermore, the value
of @=0.48+0.01 deduced from the slope of this
line is in excellent agreement with the theoretical
value of 0.4857 calculated by Karl and Poll. In
fact, the solid line in Fig. 1 represents Eq. (2)
with the theoretical value of Q, and it is seen to
lie essentially within the error bars. It is sug-
gested that further experiments of this type may
be useful in determining the quadrupole moment
of the target molecules.

Let us now expand the QS result by using a par-
tial-wave analysis as is done for electron scat-
tering from polar molecules. Starting with Eq.
(1V) of GS, we have

where Q is the quadrupole moment of the molecule
in a.u. (eaoo) and the last bracket is a Clebsch-
Gordan coefficient. The initial and final wave
numbers k, and k& are related by the conserva, tion
of energy:

ly+l ly -l —1 3
2 ~ 2 ~ f 2& 3 s'

F is the hypergeometric function and the double
factorial (!!)is the product of odd integers up to
the argument. Note that in the limit (kr/k, )-0,
E-1 and 0&.; fxk&'~", in agreement with the Vhgner
threshold law. ' Indeed, in this limit Eq. (5) re-
duces to Eq. (1), with the contribution coming en-
tirely from l& = 0 and hence l; = 2 as required by the
Clebsch-Gordan coefficient in Eq. (6). The lin-
earity of o,'; as a function of kz(or Ir) emerges here
as a direct consequence of the Wigner threshold
law. In this encl gy 1 eglon we have expllcltly
shown that the rotation of the molecule is predom-
inantly excited by incoming d waves; the incident
electron gives up two units of angular momentum
directly to the molecule and departs as an 8 wave,
as conjectured in an earlier paper. '

Hence to determine which region of x dominates
the cross section at threshold, it suffices to ex-
amine only o'(l;=2, l&=0). The relevant expres-
sion for the amplitude is

—j o(k,r)j o(her) (I)

Now when kz= 0, j o is (I a/r)-, a being the scat-
tering length, and jz is an oscillatory function. At
very small values of x, j~ has an x dependence so
the integrand is small provided that a is not large. 11

Qn the other hand, at very large values of x, con-
tributions to the integral are also small because
of the diminishing amplitudes of j~, the weighting
factor of x ', and the near cancellation of succes-
sive half-cycles of j2. Therefore the dominant

o ~
=~ dr~ 'e"'& '&'" dcosede

k Qao

jp; 2m

3

& Fy*I;Po(r, s)

the incoming and outgoing plane waves are ex-
panded separately into partial waves. The re-
sultant integrations over various angles can be

readily performed, and the radial integral may
be evaluated by a Bessel function integral. e The
1 esult ls
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FIG. 1. Rotational cross section of H2 0.
20 plotted

versus k& in threshold uni. ts.
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contribution to the integral in Eq. (6) comes from
the vicinity of the first extremum of j2, which oc-
curs at kp™3.3, corresponding to r= 50 q, . At
this distance the potentials @Pa(cose)r 3 has fallen
off to IO eV even at 8=0', andisthus muchsmaller
than the kinetic energy of the electron = 0.05 eV.
Therefore, it is not surprising that the Born ap-
proximation is valid. Qn the contrary, the basic
assumption of the adiabatic theory is that the ro-
tational energy, 68 =0.044eV, is small compared
with the electron's kinetic energy and the potential
in the important region. We conclude that in the
threshold region the adiabatic theory is not valid
for the electron-neutral-molecule problem. How-
ever, if me mere to consider the electron-molec-
ular-ion problem, the Coulomb potential at a com-
parable distance mould be much larger than the
rotational energy. Therefore, the use of the adia-
batic theory in the threshold region is mell justified
in the problems of e-H3' ' and of photoionization
of H, ."

Returning to the problem at hand, we should
mention that the agreement between theory and ex-
periment shown in Fig. 1 is somewhat fortuitous.
The actual 68 result as given by Eq. (1) -rather
than (2) —is shown by the dashed curve, which
falls considerably short of the experimental data
at the higher energies. It mill be shomn below that,
as the incident energy increases, the cross section
becomes increasingly dominated by the (fz=/;= 1)
rather than the (1&-—0, l; = 2) contribution. Evidently
the low-energy Z„resonance~4 enhances the (lz
=l, = 1) contribution above the Born-approximation
result, thus keeping the experimental points close
to a straight line.

To verify the dominance of the (l&=l &= 1) contri-
bution in the GS theory as k& increases, consider
the limit when kz/k, approaches 1. [Note that this
limit is reached rather rapidly; e.g. , even at
ka, =0.1ev, krak, =0.76. ] Equation (6) becomes
then

~-4(f,200 f,o)[(f,+f,){&,+f, +2)(2-26, , )] '. (6)

This result is identical to that of an adiabatic the-
ory if one evaluates phase shifts by the Born for-
mula, using the large-x form of the quadrupole
potenti. al. Note that in this adiabatic Born approxi-
mation o(l~=0, l, =2) contributes to only 6% of the
cross section, while o'(lz=l, = 1) contributes 6VPo,

and in fact the sum of all diagonal terms

contributes 68%. ft is evident that in the theory of
68, s-outgoing (and d-incoming) waves dominate
the cross section near threshold, but quickly give
may to pure P-waves as the energy increases. ~5

However, the value of the p-wave partial cross
section depends greatly on the occurrence of the
broad g„resonance, whose existence has been
predicted on grounds of the antibonding molecular
orbital and confirmed experimentally. 4 This re-
sonance cannot be evaluated by Born approximation
and thus falls beyond the scope of the simple GS
theory. Thus the discrepancies between GS theory
and experiment by a factor of 2 at 43~=0. 2eV and
4 at k& =0.5eV are not surprising. Fortunately, at
these energies, the adiabatic theory becomes valid.
Alternatively, excellent results may be achieved
by a close-coupling calculation. ' (The appropri-
ateness of the close-coupling and adiabatic ap-
proaches and their relationship are discussed
elsewhere. ") Finally, the large contribution of
diagonal terms to the cross section ean be inter-
preted as approximate invariance of the electron's
orbital angular momentum / in the collision pro-
cess. This is a valuable concept in situations when
the adiabatic theory is valid. '
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Absolute measurements are reported here of the total cross section 0.
&o for charge transfer

of He', Ne+, Ar', Kr', and Xe' in N& in the energy range from 10 to 100 keV. These mea-
surements were obtained with ions produced in both an rf ion source and an electron-impact
ion source. Xhfferences are observed in the measured cross sections obtained with the dif-
ferent sources, except for Ne'. These differences are attributed to metastable ions produced
in the rf source. (Note: Ne' has no known metastable states. ) The largest difference occurs
with Xe' ions, where the ratio of the two measurements is 1.5 at a velocity of 2&10 cm/sec.
In addition, a peak in the Xe' cross sections obtained with the rf ion source is not present in
data taken with the electron-impact source. It is believed that the peak is caused by the near
resonant charge transfer which can occur between metastable Xe' and dissociative ionization
of N2 or with excitation of N2 to the C2Z'„state.

I. INTRODUCTION

Radio-frequency ion sources have been utilized
for many years to produce ions for use in charge-
transfer and stripping cross-section measure-
ments. Ion sources of this type are capable of
imparting excessive energy to the gas being ion-
ized, as evidenced by the extraction of doubly and

triply ionized particles from the source. This is
no problem when the source is used to produce
H' ions. However, a problem does arise when

an rf source is used to produce noble-gas ions
and others with metastable states. All noble-gas
ions except Ne' have known metastable states.
There are one in He' and four each in Ar', Kr', and
Xe'. Thus, cross sections obtained with these
ions can be influenced by the presence of meta, -
stable ions in the incident beam. To further com-
plicate the situation, there is no established
method at present to determine how many of the
ions are in a given metastable state for ions of
the energy range used here, The number in a
given metastable state will most likely depend on

source-operating parameters. Thus, cross sec-
tions measured with these ions cannot be realis-
tically compared with theory or data of other
investigators.

To determine the extent of the cross-section
dependence on the presence of metastable ions in
a beam from an rf ion source, the total cross

sanction for charge-transfer o&o was measured
with the use of both an rf source and an electron-
impact (EIj source. The EI source was operated
in such a manner that the electron energy was
sufficient to singly ionize the gas but not sufficient
to excite it to any of its metastable states in a
single collision. For all ions which have meta-
stable states, the cross sections obtained with the
two sources differed. It is important to note that
the measured differences are meaningful only for
the particular rf source and its operating param-
eters. However, the differences are indicative
of what can be expected when an attempt is made
to compare data obtained with any rf source.

The total cross sections measured with the EI
source constitute a reliable set of data on the
charge transfer of an electron from room-temper-
ature N, to ground-state noble-gas ions.

Section II describes the apparatus and proce-
dures used in obtaining the data. In Sec. III the
data are presented. Results are discussed in Sec.
IV.

II. APPARATUS AND PROCEDURE

The Sandia Laboratories 100-kV ion accelerator
was used in this study. The accelerator delivers
a beam of magnetically analyzed ions having small

energy spread to the experimental chamber. The
energy is measured to 2k. As stated in the


