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nance line the usual Auger multiplet structure is
generally shifted by the relaxation energy of about
5 eV for Xe and Kr to higher kinetic energies.
We could also show that there is nearly the same
probability for the two atoms to decay by the sin-
gle Auger transition and by a Auger transition
accompanied by a shake-up process leading to
5s'5p'Vp and 4s'4p'6p excited states in Xe and Kr.
The comparison between the measured spectra
and the energies obtained from optical data' dem-
onstrates the relevance of core rearrangement
and other correlation effects in Auger transitions.
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We present angle and energy distributions of H atoms emerging from thin carbon foils
bombarded with MeV H2+ and H3+ beams. If the target is thin enough, a projectile elec-
tron can participate in the formation of a neutral atom at emergence through dissociation
of a vibrationally excited H2 molecule. This process is not observable with thicker tar-
gets when the formation of a neutral requires the capture of a target electron. The re-
sults suggest that electrons can be bound to the projectile inside the solid.

Recent studies performed in our laboratory'
have given new information about the neutraliza-
tion of MeV protons at emergence from solids.
It has been shown that hydrogen species contain-
ing electrons (H, H, +, H, ) produce more neutral
atoms in the beam transmitted through very thin
carbon foils (transit times & 2&&10 " s) than inci-
dent protons of the same velocity.

However, this evidence for what we shall call,
perhaps abusively, a transmission of bound elec-
trons through a solid target does not describe the
electron-proton system when moving inside the
solid. The existence of a bound state has been
questioned by Brandt' and recently considered
by Cross. ' Moreover it was shown in Ref. 1 that

the angular distributions of H atoms in the trans-
mitted beam from incident H, projectiles are
compatible with the repulsion of randomly oriented
H'H, pairs along the dissociative 2pv„state of the
H, molecule. This observation was, however,
restricted to foil thicknesses for which the neu-
tral atoms emerge after capture of a target elec-
tron.

In order to know more about the transmission
effect in which the incident-projectile electrons
participate in the formation of emergent H atoms,
we have studied the angular distributions of H
atoms transmitted through very thin carbon foils
bombarded with H, and H, ions. This investi-
gation was pursued further by measuring the ener-
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gy distribution of the dissociation fragments trans-
mitted at 0 .

As the neutral fraction in the transmitted beam
is always much smaller than unity in this work,
a neutral atom emerging from a foil may be con-
sidered as having one (two) bare proton(s) as
partner(s). On the other hand, if the foil is thin
enough, the separation between the cluster con-
stituents increases only slightly before emer-
gence and most of the repulsion, if any, takes
place outside the target. Then the angle and en-
ergy distributions of the transmitted neutral
atoms reveal the physical state of the cluster out-
side the solid. The differences observed in the
neutral atoms "transmitted" or resulting from
capture of a target electron suggest new ideas
about the electronic state of the cluster inside
the solid.

The H, and H, incident beams had an angular
dispersion less than + 0.2 mrad at the targets,

0
which were 60-600-A carbon foils. The dissocia-
tion fragments emerging from the foil at + 0.2
mrad with respect to the incident beam direction
were energy analyzed by a 90' magnetic spectrom-
eter. The relative energy resolution of the mea, s-
urement was 5&&10 '. Energy ala, lysis of the neu-
tral atoms was performed by inserting a per-
manent ma, gnet which removes the charged com-
ponents and a 3-p, g/cm' carbon stripper.

Angular distributions of H atoms emerging from
carbon targets of thicknesses 1.8, 3.5, and 7.5
p g/cm' bombarded with 2.3-MeV H, ions are
shown in Fig. 1. The count number for each ex-
perimental point corresponds to the same number
of incident projectiles. Then, because of the cy-
lindrical symmetry, the volume generated by ro-
tation of each distribution around the beam axis
(8 =0) is a measure of the neutral fraction 4', ' .
The ratio 4', '/4', , where C', is the neutral
fraction measured with an incident proton beam
of the same velocity, is also shown for each tar-
get on Fig. 1. We notice the change in the shape
of the distribution when the foil thickness de-
creases. The presence of a peak at 0' seems to
be correlated to the overproduction of neutral
atoms which has been previously observed. ' This
peak corresponds to H H pairs which liberate
nearly no transverse energy. These pairs origi-
nate either from H,

' molecules in a repulsive
state and preferentially aligned along the beam
direction or from randomly oriented systems
which dissociate without repulsion. A similar
observation was made with incident H, ions
where a central plateau (instead of a peak) domi-
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FIG. 1. The angular distribution of H atoms in the
beam transmitted through carbon foils (1.8, 3.5, 7.5
pg/cm ) for incident 2.8-MeV H&' ions. Inset, the
variation of the neutral fraction vs foil thickness and
projectile transit time in the foil.

nates the broad distribution of neutrals.
We measured the energy distribution of the

neutral atoms emerging at O'. We show in Figs.
2 and 3 the energy spectra of protons and H atoms
emerging at + 0.2 mrad from carbon foils of va.-
rious thicknesse s bombarded with 2.4-Me V H,
and 2.2-MeV H, ions, respectively. The count
numbers in the various spectra are not normal-
ized and the zero energy has been set approxi-
mately at the center of symmetry of each spec-
trum and corresponds to the energy of fragments
which would have received no repulsion energy.
In part (a) of both figures the energy distribution
of protons is shown in order to allow a compari-
son with the H'H Coulomb explosion.

The energy distribution of H atoms from H,
projectiles exhibits a sharp central peak and two
lateral peaks t Figs. 2(b) and 2(c)], a structure
which is not observable with the thickest foil [Fig.
2(d)]. The separation between the two lateral
peaks measured for the thinnest target is 7.3
keV, in very good agreement with the separation
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0. 1 FIG. 3. As in Fig. 2, for 2.2-MeV H3+ incident on
(a), (b) 1-, {c) 1.8-I and (d) 3.8-{Ig/cm2 carbon foils.

FIG. 2. The energy distribution of {a) protons and
{b)-{d) neutrals emerging at 0 when 2.4-MeV H2+ are
incident on {a),(b) 1-, (c) 3.3-, and {d) 9.5-pg/cm
carbon foils.

expected from the dissociation of H, molecules
along the 2Pv„state, and confirms the role played
by this repulsive state in the production of neu-
trals.

After ruling out the possibility for the central
peak to be due to edge effects around pinholes in
the foil, we note that the peak is wider than the
experimental energy resolution and therefore cor-
responds to neutrals which have experienced a
reduced repulsion; either their partner has been
scattered by a target atom (process A), or they
have separated gently from their proton partner
downstream of the target (process B). Processes
A and B are also responsible for the small cen-
tral peak of Fig. 2(a). However, their contribu-
tions to the central peaks of Figs. 2(a) and 2(b)
are different, since process B produces one neu
tral for one proton, whereas A produces only
@', neutrals for (1 —4',) protons. From an esti-
mated value of @, through the 1-pg/cm' target,
and assuming that the probabilities of processes
A and B are independent of the incident molecule
orientation, one calculates from spectra [2(a)]
and [2(b)] that - 1% of transmitted protons and- 15% of transmitted neutrals have experienced
process A or B and that process A contributes
- 75% to the central proton peak but only - 8% to
the central peak of neutrals.

We interpret process B as resulting from the
formation of a H,

' molecule in the electronic
ground state 1sag, but in a state of vibration-ro-

tation located in the continuum above the dissocia-
tion level. The corresponding molecular-ion-
solid interaction can be described as a vibration-
al dissociation of H, ', a process which has been
observed for a long time with gas targets. ' We
conclude that, in the electron-transmission
regime, the neutrals are produced via two chan-
nels: autodissociation of the 2po„state (- 85%)
and vibrational dissociation (-15%). Unfortunately,
multiple-scattering effects, i.e., the increasing
contribution of process A with increasing thick-
nesses to a widening central peak (because the
repulsion between partners before scattering
lasts longer in the average), and the smallness
of the contribution of proce ss B to the production
of neutrals, even for a thin target, make it diffi-
cult to study the behavior for thicker targets;
Fig. 1 suggests a correlation between the obser-
vation of vibrational dissociation and the elec-
tron-transmission regime.

During the course of this work, Laubert and
Chen' have reported on the observation of a cen-
tral peak in the energy distribution of protons
emerging at 0' from thin foils bombarded with
100-300-keV H,

' ions. They interpret this peak
as being due to protons which did not experience
repulsion inside the target. We remark that
these protons did not experience repulsion even
outside the target. Their projectile dwell times
are longer than ours and should not allow obser-
vation of the electron-transmission regime con-
sidered in our work. We think that process A

could become dominant at lower energies, al-
though Fig. 3 of Ref. 5 suggests that a small frac-
tion of unrepelled protons could originate from
process B.
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The existence of two dissociation channels, evi-
denced with H, beams, has been confirmed with
H, beams. In Fig. 3 we show the energy spec-
tra of H atoms emerging at 0 from targets of
thicknesses (b) 1, (c) 1.8, and (d) 3.8 p. g/cm' for
incident 2.2-MeV H,

+ ions. For the thickest tar-
get (d), the H a.toms are due to target-electron
capture and one observes mainly two peaks, sepa-
rated by 10 keV, due to the repulsive dissociation
of the unstable H, molecule into H-2H frag-
ments.

With thinner targets one observes two new peaks:
They appear in Fig. 3(c) and dominate in Fig. 3(b).
Their energy separation reveals a reduced repul-
sion of the H atom by its two H partners. We
believe that these new peaks have the same ori-
gin as the central peak observed with incident
H, ions, and we interpret them as resulting
from a two-step dissociation of the triangular'
triproton cluster, as follows: (i). The emergent
cluster behaves like a dicluster consisting of a
bare proton plus a H, molecule in the continuum
of the 1svg state. A few 10 " s are needed by
this repulsive H H, system to liberate its kinetic
energy. (ii) Simultaneously the H,

' molecule un-

dergoes a vibrational dissociation which takes
much more time and can be then considered as
taking place after completion of the H H, repul-
sion. This last process transfers no additional
energy to the resulting H H pair.

The H'H, ' repulsion was directly measured
from the energy distribution of the bound H, mol-
ecules' emerging at 0' from the 1-p g/cm' target
with a 2.2-MeV H, beam: The spectrum exhibits
two peaks separated by 8.7 keV. The energy is to
be compared to bvice the energy separation be-
tween the peaks of Fig. 3(b), 2&&3.4 keV. This
value is 2(Po too low, because at emergence the
mean proton separation is probably larger in a
molecule vibrationally excited to the continuum
than in a bound molecule, and furthermore in-
creases slightly during the H H, repulsion. We
consider the agreement good enough to support
the idea of a neutral atom separating from its
two partners through the described double pro-
cess.

Here the fraction of neutral atoms produced
through vibrational dissociation reaches 45%%uo of

the total number of neutral atoms emerging from
the thinnest foil [Fig. 3 (b)]. This value, contrary
$o the H,

' case, is high enough to enable us to
study the evolution of the phenomenon with in-
creasing target thicknesses. We observe a de-
crease of the fraction of neutrals due to vibration-
ally excited H, , which appears to be correlated
with the decay of the electron-transmission re-
gime (the maximum thickness for electron trans-
mission, given in Ref. 1, is-3 pg/cm' for 2.2-
MeV H, ions). We believe that this correlation
holds in the case of H, projectiles, where we
saw it was not easily observable.

The study of angle and energy distributions of
neutral atoms emerging from very thin carbon
foils bombarded with H, and H, projectiles' can
be summarized as follows: The projectile elec-
tons still accompanying the cluster at emergence
may interact with it and form a H atom in a spe-
cific way which is the formation and the dissocia-
tion of an intermediate H, molecule vibrational-
ly excited to the continuum. This observation
raises questions about the state of projectile elec-
trons inside the solid, since we showed that trans-
mitted electrons may occupy a molecular ground
state at emergence as they did in the incident
projectile. This work does not prove, but strong-
ly suggests, that these electrons are in a bound
state inside the foil.

'M. J. Gaillard, J. C. Poizat, A. Ratkowski, J. Rem-
illieus, and M, Auzas, Phys. Rev. A 16, 2323 (1977).

W. Brandt, Atomic Collisions in Solids (Plenum,
New York, 1975), Vol. 1, p. 261.

M. C. Cross, Phys. Rev. B 15, 602 (1977).
See, for example, H. Caudano and J. M. Delfosse,

J. Phys. B 1, 813 (1968).
5R. Laubert and F. Chen, Phys. Rev. Lett. 40, 174

(1978).
M. J. Gaillard, D. S. Gemmell, G. Goldriag, I. Le-

vine, %. J. Pietsch, J. C. Poizat, A. Ratkowski,
J. Remillieux, Z. Vager, and B. J. Zabranski, to be
published.

~M. J. Gaillard, J. C. Poizat, A. Ratkowski, and
J. Remillieux, Nucl. Instrum. Methods 132, 69 (1976).

A similar observation has been made by D. S. Gem-
mell in the case of HeH" projectiles (private communi-
cation).

162


