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Molecular vibrational excitations by charged-particle impact are investigated within
the Glauber-theory approach. Theoretical results for electron-H2 scattering give good
agreement with experimental data. We study the physical effects responsible for the
structures in the differential cross section.

Recent experiments' on the vibrational-rota-
tional excitations of molecules by charged-par-
ticle impact at intermediate and high energies
have revealed considerable distinct features.
The multicentered nature of the target molecule,
along with the complexity of possible excitation
channels, effectively precludes a first-princi-
ples theoretical treatment; one is therefore led
to seek to understand the excitation process
through approaches with simplified assumptions.
In this note we report the result of such a study.
Two dominant physical processes for the vibra-
tional excitations of molecules are taken into
account. Calculations are carried out within
the framework of the Glauber theory. ' Results of
our calculation for e-H, vibrational excitation
show good agreement with experimental data.
In addition, much qualitative understanding of
the excitation mechanism can be gained.

Physical considerations of the vibrational ex-
citation process suggest that two leading mech-
anisms take place in two distinct physical re-
gions.

(1) Large-impact-parameter region. Here the
incident charged particle "sees" the target mol-
ecule as a whole, and excitations are induced
through the long-range dipole polarization po-
tential. The Buckingham-type potential V~ = —o./
2(r +a~')' is often used in atomic scattering prob-
lems; but for molecular problems an additional

factor l —exp[- (r/a&)'j is needed' to account for
the larger excitation channels or absorption ef-
fects. The average molecular dipole polariza-
bility o.(R) is a function of the interatomic sepa-
ration A. For our H, calculation, we use tabu-
lated values of n(R) by Kolos and Wolniewicz. '

(2) Small-impact-parameter region. Here the
incident particle comes closely and will "see'"
each individual atomic center of the target mol-
ecule. The important point here is to recognize
that molecular vibrational and rotational excita-
tions must proceed mainly through energy-mo-
mentum transfer imparted directly to the heavy
atomic nuclei. That is, excitations come mostly
from the direct encounter between the incident
particle and the atomic nuclei of the target, with
the molecular electron clouds p playing mainly
the role of shielding. The effective potential
for each atomic center is thus

V(r) = —Z/~+ fd'~'p(r')/~r r'I. —

For the H, case, this is well approximated by

(2)

with Z = 1.166.' Other interactions such as ex-
change and quadrupole will have only a secondary
effect for the energy range considered.

We proceed to calculate the differential cross
sections for vibrational excitations within the
framework of the Glauber-theory approach. ' The
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do k~

G(ii s) i f d2g & iq b[y e ix(b, s)]
23 'P (4)

where

y(b, s) = —k; 'f „V(b+kz, R) dz

is the Glauber phase-shift function, b the impact
parameter, R=s+kz the interatomic vector, and
q=k,. —kf the momentum transfer in the excita-
tion process. The path of integration z is along
the incident direction, the center of coordinates

10

20eV
o 45eV
o 60eV
+ 81.6eV

Glauber formulation, developed originally in the
context of nuclear physics, has recently been ap-
plied to electron-atom scatterings with consider-
able success. ' Here we mention two features par-
ticularly salient for molecular scattering calcula-
tions. First, difficult calculations of a multicen-
tered nature never appear directly in the present
formulation, and it is one of the aims of this pa-
per to show that good results can be obta. ined with-
out such calculations. Secondly, the approach
easily lends itself to multiple-scattering decom-
positions, hence the study of single and double
scattering.

With the Glauber formalism, the relevant equa-
tions are

N
Gf

C

10

being the middle of the nuclei. All rotational
wave-function states are exp1.icitly summed up to
provide direct comparison with experiment. For
the vibrational wave functions, the Morse func-
tion' has been used. While the expressions con-
tain up to five in total dimensionality, the sym-
metry properties contained therein still keep the
computational effort on a quite modest level.

The angular distributions for v=0 to v=1 ex-
citations in the energy range 20 to 81.6 eV, along
with the corresponding experimental data, are
given in Fig. 1. It is seen that theoretical result
is able to yield the observed structures as well
as a good overall quantitative agreement, even
at an energy as low as 20 eV. As the energy in-
creases, our theoretical results predict that the
dip structure becomes more pronounced and
moves toward small angles, again in agreement
with the experimental indications. The break-
down of contributions from different physical ef-
fects as given by the Glauber-theory result is il-
lustrated in Fig. 2. It is seen that the sharp for-
ward peak comes from the long-range polariza-
tion effect. The broad secondary maximum at
large angles comes from short-range collisions
with individual atomic nuclei. At even higher
energies (not illustrated), we find that the for-
ward peak narrows steadily and small-impact—
parameter collisions become dominant at all an-
gles. The double-scattering contribution, in this
ener'gy range, is shadowed by the polarization
contribution at small angles and by single-scat-
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FIG. 1. Differential cross sections for the 0—1 vibra-
tional excitation of H& by 20-, 45-, 60-, and 81.6-eV
electrons. Solid lines, results of the present calcula-
tion. The corresponding experimental results are tak-
en from Ref. 1.
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FIG. 2. Contributions from various physical effects
(large impact parameter, single scattering, double
scattering) to the differential cross sections for the
0- 1 vibrational excitation of H2 by 81.6-eV electrons.
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tering contributions at large angles. However,
from our calculations the double scattering will
become more important for higher vibrational-
level excitations or at lower electron impact
energies. These and other results will be re-
ported later in a detailed publication. The excel-
lent result from the present calculation encour-
ages further exploration of this simplified gener-
al approach for the molecular vibrational excita-
tions.
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X rays emitted during the radiative capture of target electrons into the K shell of fast
and highly stripped projectiles were observed, When using targets with strongly bound

electrons, a high-energy x-ray tail was also found; this new process is a type of elec-
tron bremsstrahlung. The cross sections for both these processes can be explained
quantitatively.

In the x-ray emission accompanying the pass-
age of fast highly stripped heavy ions through

gases, we have been able to distinguish three
types of beam-associated radiation:

(1) Characteristic x rays emitted following
electron transfer into the I., M, and outer shells
of a stripped ion.

(2) A broad x ray band fro-m the radiative cap-
ture of bound electrons from the target into the
K shell of the fast projectile. The energies cor-
respond to the difference of the electron binding
energies in the initial and final state plus the
electron kinetic energy relative to the projectile,
and reflect the momentum distribution of the
bound electrons. This radiation has been recent=
ly identified by Schnopper et al. '

(3) A high-energy tail going up to an energy
corresponding roughly to S /a, vwhere v is the

projectile velocity and a is equal to the Bohr ra-
dius. This new process we ascribe to brems-

strahlung from initially bound target electrons in
the Coulomb field of the projectile.

The x-ray emission was studied when high-en-
ergy '0Ar, ' Ne, and '~N beams passed through
targets of gaseous molecules and simple noble
gases up to argon. Beams of "Ar were obtained
from the Lawrence Berkeley Laboratory (LBL)
SuperHILAC (heavy-ion linear accelerator) at en-
ergies up to 288 MeV (7.2 MeV/nucleon) and then

stripped in the 6- p. m Al entrance window of the

gas target cell to an equilibrium average state of
about 17'. The "Ne and "N were accelerated in
the LBL 88-in. cyclotron to 140 MeV (7.0 MeV/
nucleon) and to 160 MeV (11.4 MeV/nucleon) and

250 MeV (17.9 MeV/nucleon), respectively, and

were essentially completely stripped upon enter-
ing the gas target. The x-ray spectrometer was
a 5-mm-diam Si detector coupled to a low-noise
pulsed-light feedback amplifier with a peaking
time of 9.5 p, sec and a fast pileup rejector. The
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