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Evidence for an Alignment Effect in the Motion of Swift Ion Clusters through Solids*
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Distributions in angle and in energy have been measured for ions transmitted through
thin solid targets bombarded by various molecular-ion beams. The results, which dif-
fer markedly from those expected from simple Coulomb explosions, indicate that for the
ion clusters created inside the target, the internuclear vectors tend to align with the
beam direction. An explanation is suggested in terms of a wake potential generated be-
hind each particle as it traverses the solid.

We report on measurements designed to seek
evidence for the dynamic interaction between
plasma osciIlations in a solid and the motions of
swift ion clusters. This evidence is sought in
deviations from the behavior expected for such
clusters undergoing simple Coulomb explosions

in solids. We have measured the distributions
in angle and in energy of ions transmitted through
thin solid targets bombarded by beams of molecu-
lar ions. At the energies used (0.15-2.0 MeV
per nucleon) one expects the electrons binding a
molecule to be tom off within the first one or two
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FIG. 2. (a) Yield curve for y rays from the reaction
2~Al(p, y) induced by protons transmitted at 0 through
a 100-A-thick C foil bombarded with H2+. (b), (c) Pro-
ton energy spectra measured at 0' for protons trans-
mitted through C foils with thicknesses of 105 and 880
A, bombarded by 2-MeV beams of H&+ and (4HeH)+,
respectively.

was 5 keV (fwhm). The scattering foil in the de-
tection system consisted of 10 p, g/cm' of C with
30 A of Au evaporated on the front surface. The
spectra exhibited two peaks as expected, but the
low-energy peak was always more intense than
the high-energy one and the separation was al-
ways somewhat less than 2EcE. These depar-
tures from the results expected from a simple
screened-Coulomb explosion increased with foil
thickness (Fig. 2). Almost identical results were
obtained in Rehovot with a different technique.
Here protons emerging from the target inside a
cone of half-angle 0.09' centered on the beam di-
rection were incident on thin secondary targets
of either Al or CaF, . The y-ray yield from the

reaction "Al(P, y) or "F(P, ny) was measured as
the bombarding energy was varied over a small
range so as to excite a narrow nuclear resonance
(Fig. 2). Both measurement techniques indicated
that the detailed shapes of the energy spectra de-
pended not only on the thickness but also on the
composition of the target foil.

In Munich the channeling experiments were
computer simulated by calculating, for several
thousand randomly oriented incident molecules,
the trajectories of the individual bare nuclei as-
sumed created on entering the target. The ini-
tial internuclear separations were assumed to
have a Gaussian distribution. At first the parti-
cle motions were calculated with use of only a
screened-Coulomb repulsion and a continuum
channeling potential. ' The influence of the tar-
get's stopping power on the trajectories is small
and was neglected. Similarly, the small effects
due to multiple scattering (almost entirely elec-
tronic) were not calculated microscopically but
were taken into account (together with the angu-
lar resolution of the apparatus) by smearing the
calculated angular distr ibutions with Gaussians
whose widths were those measured with monatom-
ic beams. The widths of the angular distribu-
tions thus calculated were always too large and
the shapes often differed markedly from the mea-
sured ones (see Fig. 1, dashed lines). We were
unable to fit the experimental data by assuming
larger initial internuclear separations or lower
ionic charge states inside the solid.

Before smearing, the calculated angular dis-
tributions exhibited a central peak and two peaks
located at + OCE. Contributions to the central
peak come mainly from incident molecules whose
internuclear vectors lie close to the normal plane
(i.e. , a plane that is perpendicular to the channel-
ing planes of the crystal and that contains the
beam direction). The relative height of this cen-
tral peak is increased when one introduces into
the calculations an additional force correspond-
ing to a wake potential assumed to trail behind
each particle as it traverses the solid. Good fits
(examples are shown by the solid curves in Fig.
1) to a wide range of data were obtained with a
wake potential of the form

P (s, p) = —(2Ze/a) sin(s/a) K,(p/a)S(s),

where Ze is the particle's charge, s and p are
distances from the particle measured antiparal-
lel to and perpendicular to the particle's velocity
vector, respectively, Ko denotes the zero-order
modified Bessel function of the second kind, and
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S(s) is the unit step function. The wakes of lead-
ing particles in a cluster influence the motions
of trailing particles so that the internuclear vec-
tors tend towards alignment with the normal
plane.

Equation (1) is identical with the (undamped)
oscillatory part of the potential derived by Neu-
feld and Ritchie' in considering the passage of
charged particles through a plasma. The wake
potential results from electron-density oscilla-
tions generated by the projectiles. (It has re-
cently been suggested' that charged particles
could become trapped into bound states in such a
wake potential. ) The data on plasmon energies'
and also the results presented here indicate that
about eight electrons per Au atom contribute to
the plasma oscillations. Channeling offers a
unique opportunity for studying interactions with
such a dense electron gas over usefully long in-
teraction times without the disturbing influence
of nuclear multiple scattering. Since in our ex-
periments, the clusters remain compact during
traversal of the target, our measurements do
not test the detailed form of the oscillatory part
of Eq. (1). However, the fits are quite sensitive
to the value chosen for the plasma frequency and
also to the functional form chosen for the radial
part of Eq. (1). Because of the compactness of
the clusters, plasmon damping (even at the fast
rate known to exist for Au) does not play a role
here.

The unequal populations of the peaks observed
in the energy spectra may be qualitatively under-
stood by noting that trailing particles in a cluster
experience a force tending to align their veloci-
ties with the beam direction, whereas leading
particles experience no such force. Consider,
for example, those protons arising from the
breakup of ('HeH)+ molecules whose initial inter-
nuclear vectors lie close to the beam direction.
Protons emitted forwards at some small angle cp

in the c.m. frame may miss a detector placed on
the beam axis and having a restricted acceptance
angle (-+0.06' in our experiments). Protons
emitted backwards (initially at an angle m —y in
the c.m. frame) would also miss the detector
were it not for the force exerted by the wake of
the e particle. This force reduces the angle be-
tween the proton velocity and the beam direction
so that the proton may now strike the detector.
A crude order-of-magnitude estimate of the ex-
tent to which the wake force can alter the labo-
ratory angle for trailing particles emitted in
the breakup of a diatomic cluster with nuclear

charges Z,e and Z,e is given by

A8 = (Z,S,e'd/a'E) sin(s/a) X,(p/a), (2)
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From cross sections derived, for example, by
N. Bohr, Kgl. Dan. Vidensk. Selsk. , Mat. -Fys. Medd.
18, No. 8 (1948), one can estimate that the mean free
path for electron loss in the target is always less than
10 A for the ions considered here.

For a recent discussion, see W. Brandt, in Atomic
Coll'isions in Solids, edited by S. Datz, B. R. Appleton,
and C. D. Moak (Plenum, New York, 1975), p. 261.

M. Glicksman, in Solid State Physics, edited by
H. Ehrenreich, F. Seitz, and D. Turnbull (Academic,

where d is the target thickness, E is the labo-
ratory kinetic energy of the trailing particle, K,
denotes the first-order modified Bessel function
of the second kind, and s and p are average sep-
arations between the two nuclei while inside the
solid, measured parallel to and perpendicular to
the beam direction, respectively. For a case
like the one depicted in Fig. 2(c) [protons from
2-MeV ('HeH)' incident on 380-A-thick carbon,
Sw~ = 22 eV, dwell time in the target = 4.2 & 10 "
sec], Eq. (2) yields &8 = 0.3' if we take s = 1.7 A
and P= 1.0 A (corresponding to a c.m. angle cp

= 30'). By way of comparison, the laboratory
angle expected for these protons in the absence
of a wake force is 8=0.25'. The longer the dwell
time in the target, the longer the wake force can
operate and the greater will be the disparity in
the peak intensities in the 0' energy spectra.
This is in accord with our experimental results.
Thus, for 2-MeV H,

' incident on C foils of 2, 10,
and 14 p, g/cm', we observe the high-energy pro-
ton peak to be less intense than the low-energy
one by 7/o, 15/o, and 20/o, respectively. ' Simi-
larly, as the bombarding energy is raised, the
peaks become more nearly equally populated.
Differences between energy spectra observed for
various foil materials may reflect differences in
the plasma frequencies involved. Calculations
taking into account nuclear multiple scattering
are currently in progress in an attempt to re-
duce the detailed shapes of the energy spectra.

We gratefully acknowledge helpful discussions
with Professor R. Sizmann and also the assis-
tance of J. N. Worthington, R. Kirsch, and
Y. Wolfson in performing the experiments.
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New York, 1971), Vol. 26, p. 888.
One expects the molecules to be incident on the tar-

get in various excited states primarily determined by
conditions in the accelerator ion source. The average
internuclear separation 70 will therefore differ slightly
from the value for the molecular ground state. The
curves shown in Fig. 1 were calculated with zp = 0.8
and 1.1 A and with Gaussian widths (fwhm) of 0.5 and
0.7 A for ( HeH)+ and D,+, respectively. For further
details, see the discussion by J. Remillieux, in Pro-
ceedings of the Fifth International Radiation Congress,
Seattle, Washington, 1974 (to be published).
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A previously developed theory of NMR in superQuid He is generalized to include re-
laxation effects. The physical mechanism envisaged is the relaxation of nonequilibrium
Cooper-pair concentrations in the different spin bands. The results should describe both
linear and nonlinear phenomena for all frequency regimes. The results for continuous-
wave linewidths disagree with those of Combescot and Ebisawa as to temperature depen-
dence.

If we assume, as is by now conventional, that
the A phase of liquid 'He is the ABM (Anderson-
Brinkman-Morel) state' and the B phase the BW
(Balian-Werthamer) state, ' then most of the gross
features of the dynamic nuclear magnetism in
both phases' can be understood in terms of the
equations derived previously' from a Born-Oppen-
heimer type of approximation. These equations
are equations of motion for the total spin S and
the vector T(n) [or d(n)] which describes the am-
plitude and axis of spin quantization of the Cooper
pairs at point n on the Fermi surface:

dS/dt = yS x k(t) + Ro/T(n)], (1)

dT(n)/dt = T(n) xH. (2)

Here K(t) is the external magnetic field (includ-
ing the radio-frequency field, if any) and Rz& is
the "dipole torque" and is a bilinear function of
T(n) and T (n) for whose specific form we refer
to Ref. 4. H is defined as —(BE/8S); in particu-
lar, in the case of longitudinal resonance, it is
the difference of the up- and down-spin chemical
potentials. To get a closed set of equations we
need to supplement Eqs. (1) and (2) with an ex-
pression for H in terms of S and X. In the ze-
roth-order adiabatic approximation used in Ref.

4 the system is taken to be always in equilibrium
for the given values of S and T(n); then (neglect-
ing for the moment the question of "susceptibility
anisotropy") the requisite relation is

H =7 k(t) —y2q-'S. (3)

The theory based on Eqs. (1)-(3) seems to be
reasonably successful in accounting for a variety
of phenomena observed in the dynamic nuclear
magnetism of the new phases. ' ' However, it
has the major defect that there is no point at
which relaxation is introduced. Experimentally,
on the other hand, very substantial effects of
damping and relaxation are seen, although it is
not always easy to disentangle intrinsic effects
from those which may be due to inhomogeneity of
sample orientation and/or rf field. A theory of
the damping of the cw resonance has been given
by Combescot and Ebisawa' on the basis of a ki-
netic-equation approach; however, the generali-
zation to nonlinear phenomena, though possible, '
is not trivial, and there may be, therefore, some
value in an attempt to set up a more intuitive,
less mathematically complex approach to the
problem.

In this Letter we attempt to generalize Eq. (3)
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