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Dissociation of fast HeH+ iona traversing thin foils*
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Distributions in energy and angle have been measured for the breakup products created when thin foils are
bombarded by energetic beams of HeH+. The resolution in both energy and angle is greatly improved over
that previously used in such studies. This permits the observation of several new features. The results can be
explained in terms of the electric field experienced by the trailing ion (of the two produced in the molecular
breakup) when it finds itself in the polarization "wake" created by its partner.

Measurements and calculations were recently
reported' for the distributions in energy and angle
of the dissociation products created when tightly
collimated beams of fast molecular ions bombard
thin solid targets. At the energies employed
(-1 MeV per nucleon) one expects that the electrons
binding an incident molecular ion will be tom off
within the first layer or two of atoms encountered
in the target, and that the remaining molecular
constituents will then continue as a cluster of
bare nuclei exploding apart under the influence
of their mutual Coulomb repulsion. The measure-
ments revealed large and previously unknown de-
partures from the results expected for clusters
undergoing simple Coulomb explosions. An ex-
planation for these differences was suggested in
terms of the electric field experienced by the
trailing ion in a cluster when it finds itself in the
"wake"' ' (polarization wave induced in the target)
of the leading ion. We have extended these studies
using a new apparatus with greatly improved re-
solution in both energy and angle. This has per-
mitted the acquisition of detailed data for a great
variety of molecular-ion beams and targets. Our
measurements reveal many features previously
not resolvable, and in addition confirm the earlier
observations. We report here on some new results
found for the dissociation of HeH' ions incident
upon various target foils.

The experimental arrangement is indicated
schematically in Fig. 1(a). The energies of the
dissociation products were determined with a
25' electrostatic analyzer having a relative energy
resolution of 6 x 10 '. Angular distributions for
the charged products were measured by use of
electrostatic deflectors placed just downstream
from the target foil. The divergence of the in-
cident beam was +0.005, and the angular accep-
tance of the electrostatic analyzer was +0.008'.

Figures l(b) and 1(c) show distributions in

energy and angle for protons arising from 3.5-
MeV HeH' ions incident on a carbon foil. Qual-
itatively similar data were obtained for the n
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FIG. 1. (a) Experimental arrangement. (b) Energy
spectrum measured in the beam direction for protons
emerging from a 200-A-thick C foil bombarded by
3.5-MeV HeH+ ions. The uncertainty in the absolute
energy scale is about 1 keV. The normal energy loss
for 700-keV protons in the target is 1.2 keV, (c) An-
gular distribution for protons whose energies lie half-
way between the two major peaks in (b).

particles that also arise, but the peaks were not
so well resolved, since the a particles emerge
inside a much narrower cone about the beam direc-
tion.
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A
' le Coulomb explosion model' predictsA simp e

t a ehat the emerging protons should e co
= e E)' ' centered onin a cone of half-angle 8 =(e/

direction. Here E is the kinetic energy
f the roton in the incident beam, e

th se shown in Fig. 1) and e is pis the roton'se case
of the otential energy liberated ind in the Cou-.h..., ;.th,lomb explosion [i.e. , 0.8(2e /r, ), w er Q

' 't 1 internuclear separation, .*

,'. After traversinglnl ia
a 200-A-thick foil, the internuclear sepse aration
would be expec e ot d t have increased from about

e exist-0.8 to 1.4 A. The same model predicts the exis-
nce of two equally populated energy groups atence o w

8 =0 separated by 2nE =4(eE} . or pFor rotons
for which &E =0 the angular distribution should
exhibit two equally populated groups at + 8

' ied when factorsThis simple picture will be modifie w

such as mu ip e slt' 1 cattering electronic screening,
and vibra ions anb t and rotations in the incident mole-
cules are taken into account. For fast light pro-
jectiles traversing thin light targets, such mod-
ifications are expected' to be minor.

T'he data in Fig. 1 do, in fact, show many of the
features expected from the '

psim le model. The
measured values of 2 Em~ and 28 both imply a
value of E =25 eV corresponding to r, =0.92 A.
The ground-state equilibrium internuclear separa-

HeH' is calculated' to be 0.77 A. The
difference between the two values may be arge y u
t the incident molecular ions arriving in various
vibrationally excited states. That wou

f t b th of raising the average value of x, and
f ' rise to a wider distribution in r,of giving ris

onl . The mea-that obtaining for the ground state on y.
sured linewidth (2.6 keV) in Fig. 1(b} corresponds

to a full width at half-maximum (FWHMHM of 0.5 A

is rees well within the distribution for x, . This agr
the value neede o id t f t previous channeling data. ')
The line wi'dth (0.13') in Fig. 1(c) can be totally

lar widtht d for by calculating the angular wiaccoun e or
Fi . 1b) and(0 10') plied by the linewidth of ig.

then adding in quadrature our mer measured width
(0..08' FWHM) for the multiple scattering of V00-

keV protons in the same target.
The most striking departures from the expecta-

tions based on a simple Coulomb expex losion are
th relative populations of the peeaks shown inin er

i . 1 b confirms1. The large asymmetry in Fig.Fig. . e
rablthe resu ounlt f d earlier ' but with conside y

11 eakd t '1. There is an additional sma pea
at ~E = 0 whose origin is not yet unders o

bl it a.rises from the breakup mode HeH' -He'si yi
Th small peak is closer to the 'g-hi h-energy+H'. T is sma

thatn to the low-energy one, indicating
protons in the low-energy group have suf ere

loss. A further point of interest islarger energy oss.
aks in Fig. 1(c) asthe reduced population of the peaks in ig.

compared with those in Fig. . ei . 1 b). These features
are illustrated in more detail in g.Fi . 2 which
shows a comp e e is1 t d tribution measured in both

and an le. A simple Coulomb explosion
tensit aroundmodel would predict a uniform in ensi y

. We believe that thethe ring shown in Fig. . We
asymmetry of the energy sps ectra for 8 =0 is due
to the interaction of the protons wi pwith the polariza-
tion wa es ok s of their associated n particles for

h th orientation of the inciden mo
is such that the proton trails the n partic e.cule is such a e

ic field due to theI these orientations the electric ie
wake deflects the proton towards the beabeam direc-

.0- Ogo

FIG. 2. Joint distribu-
tion in energy and angle for
protons emerging from a
200-A-thick C foil bom-
barded by 3.0-MeV HeH+

ions. For ease in viewing,
the distribution has been

ned up" about the ver-
tical axis, as indicated by
the hinges. The vertical
scale, which has been
omitted to avoid clutter,
extends linearly from zero
up to a maximum of 60000
counts at the top of the
highest peak in the distrib-
ution.
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FIG. 3. Comparison of the proton energy spectra
observed at 0' when foils of (a) Al, (b) Al203 and (c) C

are bombarded by 3.0-MeV HeH+. All three foils had a
density of 20 pg/cm2. The three spectra were accumu-
lated for the same number of incident molecular ions.
(d) Proton energy spectra observed at 0' when a double-
layer target (10 pg/cm C and 10 pg/cm Al) is bom-
barded by 3.5-MeV HeH'. Crosses, data obtained when
the carbon layer faces the beam; open circles, data
obtained for the same incident flux but with the target
flipped 180'. The absolute energy scales are uncertain
by about 1 keV.

tion. No such force acts on the proton when it
leads the n particle. In Ref. 1 it is shown that the
magnitude and direction of the wake force' are
sufficient to cause the observed asymmetry. An

additional feature seen here, viz. , the depletion
in the intensity of protons at larger angles, may
be linked to the fact that for those initial orienta-
tions in which the internuclear vector is roughly
perpendicular to the beam direction, the proton's
deceleration (due to the combined wake forces) is

expected to be about twice that of the n particle.
We have measured effects of the type described

above for foils of conductors such as Be, C, and

Al, which are known to sustain volume plasmons. '
It is of interest to determine whether such phe-
nomena can also be observed with an insulator such
as Al O„where no plasma oscillations can exist.
A comparison of results for Al, Al, O„and C is
shown in Fig. 3, from which it is apparent that an
insulator does in fact exhibit these effects. Thus
although the wake formalism developed for an
electron gas' is not applicable, it nevertheless
appears that a wake can be generated in an insul-
ator. Presumably it is of the type originally con-
templated by Bohr' in which bound target electrons
are displaced in response to the passage of a
charged projectile. In principle, knowledge of the
frequency-dependent dielectric constant of the
target material would permit calculation of the
force due to the polarization wake.

Further evidence for the validity of the present
interpretation of these effects is found in experi-
ments that use a target composed of two layers of
different materials and that compare results ob-
tained by reversing the target with respect to the
beam direction. Figure 3(d) shows the 0' energy
spectra obtained for a carbon/aluminum target.
The target layers are thick enough that the Cou-
lomb explosion develops almost completely in
the first material traversed by the beam. The
high-energy peaks are identical for both target
orientations, thereby reinforcing the idea that
leading protons are not significantly affected by
wake forces. Differences are seen, however, in
the low-energy peaks, as would be expected for
differing wake forces. In fact, the greater inten-
sity in this peak, together with the increased
separation between peaks observed when the beam
enters the carbon layer first, is consistent with
the larger plasmon energy for carbon (22 eV) as
compared with aluminum (15 eV).' These results
indicate the need for care in interpreting measure-
ments' that show abnormal energy losses for fast
clusters penetrating solids.

We wish to thank G. E. Thomas for his valuable
assistance in preparing target foils.
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