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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

1099



VQLUME 31,+UMBER 18 PHYSICAL REVIEW LETTERS 29 QGTQBER 1973

energy resolution measured with Fe Kn x rays
was 165 eV full width at half-maximum. The in-
stantaneous count rates were kept below 3000/sec
to avoid spectral distortions due to pileup. The
x rays at 90' to the beam were collimated to an
angular divergence of less than 0.1 rad to keep
the Doppler broadening of the x rays emitted by
the fast ions smaller than the detector resolution.
Using a "Co standard source, we could deter-
mine the detection efficiency at 6.4 and 14.4 keV
absolutely. The background produced by the beam
passing through the evacuated chamber was mea-
sured to be negligible in all cases.

Figure 1 shows sample x-ray spectra, from the
He and Ne gas targets. In the Ar run, besides

the Kn and Kp lines which have energies expect-
ed for transitions in Ar'", one sees at higher
energy a. broad line. Such lines (marked with ar-
rows in Fig. 1) are beam associated, because
their peak energies change only with the energy
and the species of the projectile, but not appre-
ciably with the target atom. In agreement with
Ref. 1, we assign these to radiative capture of
bound electrons from He or Ne into (mainly) K
orbits of the highly stripped projectiles. If one
considers the electrons quasifree, with an intrin-
sic momentum p& in a, potential U;, moving with
a momentum k towards the projectile considered
at rest, one can intuitively derive the radiation
frequency ~ when the electron is captured in an
orbit with a binding energy E&.

(p;+k)'/2m, +P; =@e+E& or Rm =(E;—E&)+k'/2m, +k p, /m, .

dQ de C& R CV P mIII
(2)

For a given frequency &u one has p =v/~ be-
cause for impact parameters larger than p the
collision time 7 = p/v is too long to produce a, sig-
nificant radiation at that frequency. For bound

This energy for the capture maximum is in fair
agreement with the experimental results.

In addition, in the spectra of all targets with Z
& 6 we observed high-energy tails, such as those
shown in Fig. 1. These radiation tails must have
a different origin because their intensity relative
to the capture peak increases with larger beam
velocities. We assign this radiation component
to bremsstrahlung from strongly bound electrons.
Such electrons can take up more momentum dur-
ing an encounter with the projectile (before they
get knocked out of the target) than can loosely
bound electrons. The cross section for brems-
strahlung radiated by an electron during a colli-
sion with a heavy particle of charge Z and veloc-
ity v is classically given by' (we use atomic units)

electrons the quantum limit on the impact param-
eter is the limit down to which the electron can
be localized. The upper limit to the bremsstrah-
lung spectrum &u~ =v/p;„=v/a increases with
decreasing orbital radius z. Thus, strongly
bound 1s electrons lead to high-frequency brems-
strahlung and we write w =Av(1/r)„, where A.

is a factor of the order of 1.
Loosely bound electrons, however, contribute

mainly to the production of high-energy x rays
via radiative capture into inner atomic shells of
the projectile. The radiative capture of complete-
ly free electrons is treated by Bethe and Salpe-
ter. ' Bound target electrons are characterized
by their Fermi motion, i.e. , by a distribution of
velocities. If the velocity of the projectile is high
compared to the orbital velocity of the target
electrons, one can use unperturbed wave func-
tions for the electron in target and projectile.
We calculate the cross section for radiative cap-
ture within the impact parameter method. For
hydrogenlike wave functions, the result for the
capture cross section due to the A field of the
projectile is

d'o 256o. sin'& ", ~, 'z~'(k+p, )'
f

( )2 3 4 p t( ), -2~4 ~, ~ 5((v —k'/2 —E; +E& —p, k)/k)

¹ and N& stand, respectively, for the number of
electrons in the target shell with principal quan-
tum number n; and for the number of available
electron states in the projectile shell with prin-
cipal quantum number nf. The momenta K; and

zf depend on the screened nuclear charges Z„
through &=Z„/n. The 0 function contains the dis-

persion relation of Eq. (1). In the region where
the cross section is peaked (P, =O) the term (p
+k)'+ zz' va.ries slowly and ean be taken out of
the integral. The cross section then factorizes
into two parts: one which contains the properties
of the projectile, and the other which gives in-
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weight the cross section for bremsstrahlung by
a factor of 8 in the case of Ne on Ne and by a fac-
tor of 10 in the case of Ar on Ne. The large
weighting factors indicate that the approxima-
tions involved in Eq. (2) may not be adequate. For
~ we chose the reasonable values 2 and 3.5, re-
spectively. Finally, we determined the screened
nuclear charges from Slater's' prescription, At
the maximum of the K-shell capture peak the cal-
culated cross sections in b/(sr keV) are found to
be 24 for 7.0-MeV/nucleon Ne'o on He, and 53
for 7.21-MeV/nucleon Ar" on He. The experi-
mental numbers are 24 and 50, respectively. For
Ne as target the theoretical values are 73 (Ne" )
and 155 (Ar"') compared to the experimental
numbers 32 and 56. In both these cases, the ra-
tio between bremsstrahlung of strongly bound
electrons and capture process is 0.2 in the peak,
and the high-energy radiation tails are mainly
due to bremsstrahlung. The discrepancy between
theory and experiment vanishes if one assumes
a lower average charge of the projectiles in the
case of the Ne target. The assumption is reason-
able because the radiationless electron capture
(which we do not consider here) increases rapidly
with the nuclear charge of the target. The number
73 is reduced to 41 if one uses Ne" instead of
Ne . Note that both Ne and Ar do not con-
tribute to the radiative capture into the K shell.

To compare the experimental and theoretical
shapes we have normalized the cross sections to
equal height at their maximum. The binding en-
ergies -E; are taken from experiment and the
binding energies —E& in the highly ionized pro-
jectile are calculated with Slater's method. Equa-
tion (3) predicts maximal intensity at an energy
slightly higher than that observed in experiment;
in the figures we shifted the theoretical maximum
down to the observed one. The shifts were 300
eV for Ne' on He and Ne' on Ne, 50 eV for Ar
on He, and 400 eV for Ar on Ne. They are prob-
ably due to screening effects. [In this paper we
also did not consider relativistic corrections
which are of the order (u/c)'= l. 5/o. ]

To summarize, we have established the main

features which determine the spectral distribu-
tion of the capture radiation of weakly bound elec-
trons by fast (v/c =0.12) heavy ions. The radia-
tion frequency is connected by a simple disper-
sion relation [Eq. (1)] to the momentum compo-
nent P, of the captured electron. The cross sec-
tion for a given frequency is proportional to the
probability to find an electron with the corre-
sponding momentum component P, (Compton pro-
file). In addition a new radiation process was
found, a type of bremsstrahlung of strongly bound
electrons. Brem sstrahlung becomes important
in the x-ray spectrum at the highest beam veloc-
ities because its cross section drops more slow-
ly with increasing beam energy than that for ra-
diative capture. At lower beam velocities the cap-
ture radiation becomes more important, whereas
at still lower velocities (which we did not study)
one would expect that the radiative capture pro-
cess should turn into transitions between quasi-
molecular states formed during a slow collision.
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