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We present experimental results from high-resolution studies of the energy and angle distributions for the breakup

products that arise from the dissociation of fast-moving 4HeH+ and 'HeH+ in thin carbon foils. These results are

compared with calculations based on a model for the polarization "wakes" induced in foils by the passage of fast

charged projectiles. We also describe measurements on the transmission of such fast molecular ions through thin

foils and present results on the transmission probabilities, energy losses, and angular distributions of the transmitted

ions. A mechanism is proposed to account for these observations on molecular-ion transmission. Related studies on

the foil-induced dissociation of OH+, OH, +, CH+, H, +, and 'He, + are also briefly reported.

I. INTRODUCTION

In recent publications' "we have reported new
effects seen in high-resolution measurements
of the distributions in angle and in energy for the
breakup fragments produced when fast molecular-
ion beams (2 & v/v, & 10, where v, =e'/I) bom-
bard thin foil targets or gas targets. These
effects manifest themselves in pronounced de-
partures from what one might expect based on a
simple "Coulomb-explosion" picture in which a
cluster of nuclei, stripped of their binding elec-
trons, moves apart under the influence of their
mutual Coulomb repulsion. In the case of solid
targets, an explanation for these differences has
been offered in terms of an interaction between
the projectiles and the electronic polarization
induced in the target by their passage. A the-
oretical model describing this interaction has
been developed. " Calculations based on this
model reproduced the main features of the experi-
mental results obtained for the dissociation of
fast HeH ions in thin carbon foils.

We present here the results of a study on the
dissociation of energetic (up to 4 MeV) beams
of HeH and'HeH in carbon foils. 'This study
was performed with a view of test the theoretical
model in a detailed way and to explore its limi-
tations. To this end, we have varied such pa-
rameters as the beam velocity, the target thick-
ness, and the isotopic composition of the mo-
lecular ions. We have also made measurements
for a variety of charge states of the dissociation
products H, O', H, He, He, and He'). A

related study reported here concerns the trans-
mission of 'HeH' and 'HeH' through carbon foil.s.
We have measured the transmitted fractions, en-
ergy losses, and angular distributions for various
bombarding energies and target thicknesses.

'The HeH' molecular ion was chosen for this
study because it is one of the lightest, structurally
simple, heteronuclear, diatomic ions readily

available as a beam from an accelerator. The
relativel. y big differences in mass and charge
of the two nuclei result in large and easily ob-
servable polarization "wake" effects. The light
mass permits measurements at high velocity
(where the projectile nuclei are almost fully
stripped of electrons) with modest accelerator
voltages.

II. EXPERIMENTAL ARRANGEMENT
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FIG. 1. Schematic experimental arrangement used at
Argonne's 4-MV Dynamitron accelerator.

Magnetically analyzed HeH' beams from
Argonne's 4-MV Dynamitron accelerator were
collimated to have a maximum angular divergence
of + 0.09 mrad at the target position (Fig. 1).
'The ions were produced in the accelerator
terminal from a duo-plasmatron ion source fed
with a mixture of 90%%u() He and 10% H, . A set of
"predef lector" plates permitted electrostatic
deflection of the beam incident on the target.
Similarly, a set of "postdeflectors" was used to
deflect charged particles emerging from the
target. Charged particles entering the electro-
static analyzer were energy-analyzed with a
relative resolution of + 3 && 10 4. 'The angular
acceptance of the analyzer was + 0.11 mrad. Dis-
tributions in angle and energy vere made for
particles emerging from the target, by varying
the voltages on the predef lector and/or the post-
deflector in conjunction with those on the analyzer
Neutrals were energy analyzed by first stripping
them in a -100-A-thick carbon foil located just
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ahead of the analyzer (the stripping did not intro-
duce a significant degradation in energy reso-
lution) ~ The overall angular resolution was
+ 0.15 mrad (0.008-') ~ Selection of the required
charge state for particles leaving the target was
facilitated by a suitable combination of pre- and
postdef lection. 'The optimal combination also
rejected spurious incident beams (e.g. , pre-
dissociated fragments arising from interactions
in residual gas upstream from the target). Elab-
orate precautions were taken to ensure negligible
carbon buildup on the target foils. T hese pre-
cautions included heating the targets to - 150' C
and surrounding them with a liquid-nitrogen cooled
copper shield that contained small apertures to
permit the passage of beam particles. Gas target
experiments were performed by removing the foil
target and flooding the entire target chamber with
gas (typically to a pressure of -10 ' Torr) ~ Ap-
propriate voltages on the deflectors were then
used to restrict the viewed region of interaction
to that between the inner two sets of x-deflection
plate s.
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FIG. 2. Time development of the simple Coulomb ex-
plosion of the nuclei in 4HeH'. The top scale gives the
distance traveled by the beam in times corresponding
to the bottom scale assuming a beam energy of 2.0 MeV.

III. THE DISSOCIATION OF HeE' IN CARBON FOILS

A. Expectations based on a simple Coulomb-explosion
model

When a fast (for example, 2-MeV) HeH' pro-
jectile is incident upon a solid target, the two
electrons that bind the molecular ion are expected
to be stripped off almost always within a few
angstr om s of penetration into the target. Thi s
is a consequence of the large cross sections
(-10 " cm'/atom for electron loss due to colli-
sions with target electrons. This is also con-
sistent with recent measurements" showing that
two such binding electrons only remain correlated
with the incident ion for a few times 10 " sec
after entering the foil target. It is therefore
reasonable to assume that the proj ectile' s elec-
trons are removed instantaneously at the moment
of entrance into a carbon foil target. This allows
us to make simple estimates of the magnitudes
of quantities (energies, angles, times, etc.} in-
volved in the breakup of the molecular projectile.

Figure 2 shows the solution, r(t), to the equa-
tion of motion (pr=Z, Z, e'/r') governing the sim-
ple Coulomb explosion of jthe 'HeH' molecular
ion. Here ~(t) is the internuclar separation at
time t and p, is the reduced mass of the a par-
ti c1e and proton combination. For the purposes
of Fig. 2, which is designed merely to illustrate
the times and distances involved, we assume
Z, =1, Z, =2, r(0) =0, and r, =r(0)=r„ the equi-
librium separation in the electronic ground state.
(For HeH', r, has been calculated" to be 0.774

A. ) With these assumptions, the time for the
internuclear distance to increase by a factor ( is
easily shown to be

t(f) =(IIr,'/2Z, Z,e')' '[[f(]—1)]' '

+in(v $+g( —Q}.
From this it can be seen that the initial potential
energy is converted into kinetic energy in times
on the order of a few femtoseconds (fsec). In these
times, the projectile typically travels a few hun-
dred angstroms. The final relative velocity of
separation is given by u=r(~) = (2Z,Z, e'/
pr, )"' For th.e case shown in Fig. 2, u=9.5
x 10' cm/sec, which is about 1% of the incident
beam velocity, v (v =8.8X 10' cm/sec for 2-MeV
HeH }.

With these simplifying assumptions, one readily
calculates that the protons from the dissociation
of 2-MeV HeH may be observed in the laboratory
system (at times t » 10 " sec. ) to have a maximum
angular deviation from the beam direction of ap-
proximately +(M Z, Z, e /M~r, E)'t' =+8.8 mrad
(0.49'}, where E is the beam energy and M and

M~ are the masses of the a particle and proton,
respectively. This maximum deviation corresponds
to the molecular axis being normal to the beam
direction and there is then approximately zero
energy shift due to the Coulomb explosion. Sim-

ilarlyy,

when the molecular axis is parallel to the
beam direction, there is no angular shift, but
the energy shift has the maximum value of ap-
proximately + [4M~M Z, Z, e'E/r, (M, +M.)'1"'
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=+6.9 keV. The positive sign refers to the case
when the proton leads the a particle and the
negative sign to the proton trailing. The maxi-
mum energy. shift for the a particle has the same
value, but the maximum angular deflection is
about a factor of 4 smaller.

It can be expected that the HeH ions in the
incident beam are to be found in a range of vi-
brationally and rotationally excited states. The
nuclear velocities associated with these exci-
tations are small compared with the c.m. vel.oc-
ities (-10' cm/sec) acquired as a result of the
molecular Coulomb explosions and we may, as a
first approximation, ignore them. However,
molecular vibrations also have the consequence
that at the instant of electron removal the inter-
nuclear separation can have a value that lies any-
where within a wide range of possible values.
This then gives rise to a range of possible Cou-
lomb explosion energies.

Figure 3 illustrates the calculated "ring" pat-
tern predicted on the basis of the simplified pic-
ture of the Coulomb explosion outlined above. The
calculation pertains to protons from the breakup
of 2-MeV HeH' in a thin (85-A} carbon foiL We

FIG. 3. Joint distribution in energy and angle (rela-
tive to the beam direction) expected for protons arising
from the simple Coulomb explosion of 4HeH' ions inci-
dent at an energy of 2 MeV. The Coulomb explosion is

O

assumed to start at the entrance surface of an 85-A-
thick carbon foil. The two single-parameter distribu-
tions shown are those for zero shift in energy and angle.
They thus correspond to cuts (a "cross") through the
center of the ring pattern.

have ignored the small (less than 1-keV) energy
loss of the protons due to the stopping power of
the foil. In the calculation it is assumed that r,
is distributed as a Gaussian (&r = 0.081 A} about

r, (this ought to be reasonably accurate for the
case where the incident ions are in the ground
vibrational state). The calculation includes the
effects of multiple scattering [multiple scattering
contributes 1.6 mrad (0.09') FWHM to the angular
widtht, but omits any energy straggling effects
(these are expected to be negligibly small). The
diameters of the ring (0.97' and 13.5 keV) measure&
between the maxima are slightly lower than the
values (0.99' and 13.8 keV} calculated above for
fixed ro= r,. This is a consequence of ro now

assuming a range of values due to molecular
vibrations.

B. Observed distributions of fragments from the
dissociation of HeH+

Most of our data on the dissociation fragments
produced from molecular-ion beams take the
form of measurements of either a complete
"ring" pattern (i.e., a joint energy-angle dis-
tribution} or a 'bross" [i.e., an energy distri-
bution for zero angular shift together with an
angular distribution for zero energy shift (allowing
for the usually small energy loss due to the stoppin
power of the target)]. Figures 4 and 5 show ex-
amples for protons from 'HeH'. The smooth curve. '

drawn through these and all subsequent dissociatiom
data presented as "crosses" are simply to guide
the eye.

A comparison of Figs. 3 and 4 illustrates the
significant departures of the observed results
from those expected on the basis of a simple
Coulomb explosion. These differences have been
accounted for'" in terms of the interaction
between a fragment and the polarization "wake"
induced in the foil by its partner fragment. The
wake, which has been discussed by several
authors, "'"" represents the response of the
target electrons to the passage of a fast charged
projectile. Following the treatment of Ref. 12,
the target can be considered as an electron gas,
in which the projectile induces regions of alter-
nately enhanced and depleted electron density
that trail behind it. Figures 6 and 7 show exam-
ples of the wake potential calculated with such a
model, and of the resulting computer-calculated
ring pattern corresponding to the data in Fi g. 4.
In calculating the ring shown in Fig. 7, the dis-
tribution of internuclear separations in the inci-
dent HeH beam was taken to be Gaussian, with
a mean value r, = 0.79 A and o = 0.15 A. The gen-
erally good agreement between the calculated and
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IV. WORK WITH OTHER MOLECULAR-ION BEAMS

Figures 12-14 show some representative exam-
ples of results obtained for the foil dissociation of
molecular ions other than HeH'. A comparison
between the experimental and calculated results
is given in Table III for some of the molecular
dissociations discussed here and shown in the
various figures. It can be seen from Table III
that the values of F, required to fit the experi-
mental data all lie close to their corresponding
value of r,. This suggests that the molecules
incident on the target are almost always in their
ground vibrational states. It is a reasonable
assumption that many of these molecular ions
would be produced in the ion source in such a way
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ion bombardment of carbon foils with thicknesses 3, 7,
and 10 pg/cm2. The straight lines merely indicate
trends in these data.

as H and then at some later time (10"sec
«t«10 ' sec) capture an electron. The most
likely source of that electron is the partner He
ion which may be in some excited state and able
to shed an electron. The lifetime of this state
may be long compared with the Coulomb explosion
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TABLE II. Com rimparison of measured and
dissociation of 4HeH'

an calculated results f than s or e breaku frap agments produced in th f 'e oil-induced

Target
Detected
particle

0.85-MeV 4HeH'

4E (keV) b, 8 (mrad)
Calc. Expt. Calc. Expt.

2.0-MeV 4HeH+

hE (keV) 68 (mrad)
Calc. Expt. Caj.c. Expt

3.63-MeV 4HeH'

4E (keV) b,8 (mrad)
Calc. Expt. Calc. Expt

3.3 pg/cm2
carbon

7 pg/cm2
carbon

10 pg/cm2
carbon

H'
4He'
4He+

4He

H'
4He'
4He'
4H

H'
'He'
4He'
4He"
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5.1
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6.2

3.9
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2.2
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17.6
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TABLE III. Comparison of experimental and calculated results for the dissociation of various molecular ions in car-
bon foils.

Molecular
ion

Beam
energy Detected Figure
(MeU) ion no.

4E (keV)
Expt. Calc.

Ee (mrad)
Expt. Calc.

+e Fp ZiZR
(inside target)

H'
2

3HeH'
4HeH'
3He '

2
CH'
OH'
OH'

3.0
1.6
2.0
3.0
3.25
3.7
3.7

H'
H+

H'
3He"
H'

H+

13
10
10
12
12
14
14

11.7
12.6
13.1
24.0
12.2
11.5
13.4

11.5
12.5
13.0
24.2
12.7
7.0

12.6

3.9
14.8
15.5
7.5

21.5
28.6

3.9
15.1
15.5
8.1

10.4
24.9

1.06
0.77
0.77
1.08
1.13
1.03
1.03

1.08
0.79
0.79
1.10
1.15
1.05
1.05

1.00
1.78
1.79
3.72
2.86
3.05
3.05

dissociative molecular states associated with the
neutral hydrogen. The role of such molecular
states has been examined in a previous publi-
cation. '

V. THE TRANSMISSION OF HeH+ THROUGH
CARBON FOILS

In 1971 Poizat and Remillieux" demonstrated
the rather remarkable fact that there is a small
but significant probability for 2-MeV H,

' ions to
be transmitted through thin carbon foils. We have
observed that 'HeH' and 'HeH' ions are also
transmitted and we have measured the trans-
mission probability T, the energy loss, and the
angular distributions for transmitted ions over
a range of target thicknesses and bombarding en-
ergies. Figure 15 illustrates a typical energy-
loss spectrum and angular distribution. Figures
16-20 show data obtained in our various trans-
mission measurements. We have also made one
measurement on the transmission of 2-MeV H,
through an 11-gg/cm carbon foil and for this
our value of T = 1.4 & 10 ' is in reasonable agree-
ment with that of the Lyon group" (T = 1.2
x10 ').

In contrast with results obtained" "for H, , the
transmission yield of 'HeH' for a given target
thickness is strongly energy dependent (Figs.
16 and 18). Other measurements" with 800-keV
'HeH have shown no detectable transmission
(i.e., T & 10 ') even for the thinnest carbon targets
used (6 i g/cm ). This result, is taken in con-
junction with the data reported here, indicates
that the transmission yield must drop by at least
a factor of 20 as the bombarding energy is reduced
from 800 to 300 keV. The implied sudden reversal
of the energy dependence observed in our results
warrants further investigation.

Comparison of the transmission for 3.0-MeV
'HeH' and 2.4-MeV 'HeH' is of interest. At the
velocity corresponding to these energies, both the

He and H ions should be almost fully stripped.
This means that the decelerations for 'He" and
H' due to the target's stopping power should be
almost identical. Oa the other hand, the 'He'
ions should decelerate more rapidly than their
partner H' and one might conjecture that this
should result in markedly reduced transmission
as compared with the 'HeH case —especially for
thicker targets. This type of argument has been
advanced" to explain the enormously different
behaviors of the transmission yields for H,

'
and

HD' as functions of the target thickness. In
striking contrast to the H,

'
and HD cases, the

transmission yield for 'HeH is not much lower

1000
(a)

800-
9.0 ke Y

600-

400-
S MITTED

HeH'

0
O

800
(b)

5 IO

ENERGY LOSS (keV)

I

l5

600- ULES W 1TH

9.0 keV

400-

200-

0 5
ANGlE (mrad)

IO

FIG. 15. (a) Energy-loss spectrum and (b) angular
distribution for 1.2-MeV 4HeH+ ions transmitted through
a 3.7-p, g/cm2 carbon foil. The peak at 4E =0 l.s due to
ions transmitted through pin holes in the target foil.
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FIG. 18. The transmission yield as a function of
bombarding energy for 4HeH+ ions incident upon an 8-
pg/cm2 carbon foil.
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0~
5.6&Hey 3 ~ey

HeH' 4HeH+
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5 IO

TARGET THICKNESS (pg /cm )

l5

(typically only a factor of 2 or less) than that for
'HeH and shows a very similar dependence-on
target thickness (Fig. 16).

As can be seen from Fig. 2, for target dwell

FIG. 16. Transmission yield as a function of carbon
target thickness for HeH' ions. In this figure, as well
as the next two figntres, the smooth curves merely serve
to guide the eye.

times typical of our experiments (e.g. , 6 fsec) the
internuclear distance in a Coulomb exploding
'HeH' ion reaches about 4 A and the relative vel-
ocity of separation is already about 90% of the
final value. It is therefore difficult to see how a
transmitted molecule could arise from the capture
of two electrons at the foil exit by such a pair of
rapidly separating nuclei. We therefore surmise
that the transmission occurs only for incident
proj ectiles whose initial internuclear separations
are large. Figure 21 shows in more detail how
initial values of xo develop in the first few fsec
of the Coulomb explosion.

If we make the approximation that the trans-
mission can be expressed as the product of two

T I

l.2-Me V 10.7

-6
IO 8.0

g) 20-
CO
O "——x

2.4-Me
HeH+

-8IO—
V

4J

IO—

4.3

3.2
t

TARGET TH I CKNESS
(pg/cm )

3.63+le
HeH+ 4He H+

-9
IO I I I I I I

2 3 4 5 6 7
DWELL Tl ME ( fsec)

I

8 9

FIG. 17. Transmission yield as a function of target
dwell time for HeH+ iona.

0 I I I

0 I 2 3
HeH+ ENERGY (MeV)

FIG. 19. The energy loss shown as a function of
bombarding, energy for 4HeH' ions transmitted through
carbon foils. The solid line shown for the 8-p.g/cm~
target is a fit to the experimental points and the lines
drawn for the remaining targets are then obtained by
normalization according to target thickness.
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.2 MeV

.0 MeY
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E

.0 MeV

2.0

1.8

1.6

I I I I

I 2 4
I/2 2 I/2

(TARGET THICKNESS) (pg/cm )

FIG. 20. Widths (FWHM) of the angular distributions
measured for 4HeH' ions transmitted through carbon
foils. The data are shown plotted versus the square
root of the target thickness.

S,(t) = (e'uP, /v') In(2mv /her~)

x[Z', +Z +2Z, Z G(f)].
Here G(t) is a factor describing the average ef-
fects over a dwell time & of the interference be-
tween the two wakes of the projectiles in a di-
nuclear cluster. As described above, we believe
that the internuclear separation for transmitted
ions remains fairly constant inside the target.
Also, for these ions, we believe the separation

(2)

probabilities, one P(f) depending on the dwell
time f, and the other p(v) depending on the beam
velocity e, it is possible to bring the measured
transmissions onto a single curve P (t) = T/Q(v).
This is demonstrated in Fig. 22. The required
function Q(e) is shown in Fig. 23. It has been
normalized so as to facilitate comparison with
the value P, (v) given by Marion and Young' for
the probability of Li ions emerging singly charged
from a foil.

The fact that the stopping power measured for
transmitted HeH ions (Fig. 19) is almost in-
dependent of target thickness is in harmony with
the above discussion. It suggests that the inter-
nuclear separation does not vary much with dwell
time inside the target for those ions that are
transmitted and this would account for the ability
to separate T into functions of f and v [one would
expect Q(n) to depend rather sensitively upon the
internuclear separation].

We have calculated the stopping power for trans-
mitted 'HeH' using an expression derived by
Brandt p] gl. 2s.

1.4

1.2

1.0

0.8

10

T/f

-4
10

v 0.8-MeV
1.2
2.0

~ $.0
O 5.63

HeH+

0.6

0.4
-5

10 =

0.2

00 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
r (A)

FIG. 21. Plot of the internuclear separation r(t) as a
function of ro = r(0) for the Coulomb explosion of 4HeH+.
The distributions of r are given schematically for the
ground vibrational state and for some postulated high
vibrational state (or set of states). It is assumed here
that r(0) =0 and that Z@2=2.

-6
IO

I I I I I I I

2 3 4 5 6 7 8 9
DWELL TIME ( fsec)

FIG. 22. The transmission yield T (Fig. 17) for 4HeH+

ions divided by ft)(v) is as shown in Fig. 23. The ratio
T/g(v) is shown plotted as a function of target dwell
time.
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FIG. 24. The normalized effective charge functions
for transmitted 4HeH' ions. The solid line gives the
similarly derived result for Li ions. The dashed line
represents the limit at high velocities corresponding to
Mly stripped proj ectiles.

6 8 IO I2
V (IO cm/sec)

FIG. 23. The function P(v) required to bring the trans-
mission yields for HeH+ onto a single curve (Fig. 22).
The value of P(v) has been normalized at a 4HeH' energy
of 1.2 MeV to the singly charged fraction Q(v) for lith-
ium ions emerging from a solid (Ref. 27) (dashed line).
The solid points are for 4HeH'. The open circle is for
2.4-MeV 3HeH'.

remains less than the screening distance a= vl
Under these conditions the predicted value

of G is about 0.5 and independent of the dwell time.
That is, Eci (2) pre. dicts S, = 7 S~, where S~ is the

stopping power of a proton having the same vel-
ocity as the cluster.

The five data points shown in Fig. 19 for an
8-pg/cm' target were fitted with the curve shown,
using the expression S, = Z', «S~. The other three
curves were obtained by normalization using the
ratios of target thicknesses. The ratio (8,'«/7)
is shown plotted as a function of v in Fig. 24. A

similarly derived curve is shown for Li ions,

which may be regarded as the united atom (r= 0)
limit. The fact that the 'HeH' points lie below the
curve for Li presumably reflects a reduced con-
tribution of close collisions to the stopping power
at low velocities.

The relation of the widths of the angular distri-
butions for transmitted 'HeH ions to the target
thickness (Fig. 20) is further evidence suggesting
that these ions remain tightly correlated during

. their passage through the target. (For multiple
scattering of monatomic beams, one expects these
widths to vary as the square root of the target
thickness. )
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