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Nonequilibrium effects in the proton neutral fraction emerging from solids bombarded with
MeV H, H+, H2+, and H3+ beams
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(Received 9 May 1977)

We have investigated nonequilibrated neutral fractions in hydrogen beams transmitted through carbori foils
bombarded with H, H, +, and H, + projectiles having energies from 0.5 to 2.4 MeV/amu. Measurements with
neutral projectiles provide a direct determination of the charge-exchange cross sections for fast protons in

solids. The fact that the solid cross sections have been found close to the corresponding. gas cross sections is

discussed and confronted with existing theories. For very short dwell times the role played by projectile
electrons in neutral-atom production is demonstrated, and it is shown that the approach to equilibrium

I

follows essentially the same law for H, H, +, and H, + projectiles. An overproductiori of neutrals has also been
observed with molecular ion projectiles for longer dwell times. An explanation of this effect is suggested in

terms of a multistep process in which a target electron gets correlated with one proton before being captured
by another proton of the cluster. Angular distributions of neutrals produced from incident molecular beams
indicate the possible formation of a repulsive molecular state on emergence from the foil.

I. INTRODUCTION

Transmission measurements in which protons
are incident upon gaseous and solid targets- reveal
hydrogen atoms in the emerging beam, the neutral
fraction 40 having been extensively studied in the
former case. Recently, increasing interest in
the neutral fraction in beams emerging from thin
solid targets has been manifested by both experi-
mentalists" and theoreticians. " The focus of
these studies was determination of the dependence
of the equilibrated neutral fraction on both pro-
jectile velocity v, and target atomic number Z„
and comparison with theory, which predicts the
high-velocity equilibrated neutral fraction to be
the ratio of the electron capture and loss cross
sections a, and 0,. Following the arguments of
Brandt, ' protons could not bind an electron inside
a solid; 0, and 0, are then the cross sections for
gpin and loss of correlation between the projectiles
and target electrons. The mean free path of this
correlation inside the solid is usually very small
compared with the target thickness, and for
incident H' beams, only the equilibrated neutral
fraction can easily be measured. However, non-
equilibrated charge distributions were observed'
for 7-MeV H' bombarding Ag and Au foils. thinner
than 500 A.

In addition, bulk effects have been observed in
channeling experiments. ' lt has been shown that
channeling conditions lead to an equilibrium cor-
responding to a lower neutral fraction when the
proton velocity is comparable with the velocities
of the target core electrons. This channeling ef-
fect on the charge states was interpreted as a re-
duced probability for capturing a target core elec-

tron. In fact, this effect must be related to the
reduction of the neutral fraction observed in the
same velocity range with amorphous foils of de-
creasing atomic number Z, ; as an example, a 2-
MeV proton beam channeled along the (110) axis
of a 1200 -A-thick gold crystal (Z, = 79) gives
about the same neutral fraction as if ithad emerged
from an amorphous carbon foil (Z, = 6).

Another type of nonequilibrated charge distribu-
tion has been observed when foils are bombarded
with molecular beams. The fact that molecular
beams can produce more neutral atoms than atomic
beams of the same velocity was first reported by
Meggitt et al. '; in the energy range 100—150 keP/
a,mu, H,

' molecular beams produce about 40/0
more neutrals emerging from a 5-pg/cm' carbon
foil. They also observed that this effect decreases
to about 20/o when the foil thickness increases to
10 pg/cm'. Similar trends were also observed at
higher energies by Chateau- Thierry and Gladieux. '

The purpose of this paper is a systematic study
of the neutral fraction emerging from amorphous
carbon foils bombarded by various hydrogen spe-
cies (O', O', H, ', and H, ') having energies from
0.5 to 2.4 Me&/amu. In Sec. II we give a descrip-
tion of the experimental method. In Sec. III we
describe the nonequilibrated neutral fractions
measured with neutral projectiles. These mea-
surements provide a direct determination of
charge-exchange cross sections in solids. These
cross sections are then compared with existing
theories and measurements.

In Sec. IV we analyze the production of neutrals
from a proton cluster. The observed overproduc-
tion of neutrals exhibits a short-dwell-time be-
havior which is clearly due to the role played by
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the molecular electrons injected with the incident
H2 and H3 projectiles. These results are inter-
preted in the framework of the conclusions of Sec.
III. The long-dwell-time behavior of the observed
overproduction of neutrals is tentatively explained
by an increase of the capture probability of corre-
lated electrons emerging with the cluster.

In Sec. V we study the angular distributions of
neutrals produced from a cluster and consider the
possible formation of an unstable H,

' molecular
system.

II. EXPERIMENTAL METHOD

Experimental problems related to measur'ement
of the emerging neutral fraction are (.i) the produc-
tion of an uncontaminated low-intensity beam of
H', H, ', and H,

' projectiles, (ii) the measurement
of the thickness, the uniformity, and the density
of the carbon foil targets, and (iii) the collection,
downstream from the foil, of all the transmitted
particles emerging as protons and neutrals, a
condition which requires detectors having large
acceptance angles.

Three different configurations have been used to
measure (a) the neutral fraction in the total trans-

mitted beam for incident atomic projectiles (H' or
H'), (b) the neutral fraction in the total transmitted
beam for incident molecular projectiles (H, ' or
H, '), and (c) the angular distribution of the emerg-
ing neutral and charged components for incident
atomi:c and molecular projectiles.

Hydrogen-ion beams were obtained from the
2.5-Me& Van de Graaff accelerator at the Institut
de Physique Nucleaire de Lyon.

A. Measurements of 4 0 with H beams

The experimental arrangement is shown in Fig.
l(a). The incident proton beam is collimated to
+0.016' by two circular apertures D, and D, . A
thin carbon foil is then inserted into the charged
beam, immediately behind the collimator D, . In
the velocity range considered, the foil neutralizes
3 && 10 '-to 3 x 10 ' of the incident projectiles. The
charged component of the transmitted beam is re-
moved by means of a permanent magnet inserted
between collimators D, and D, . The energy spread
introduced by the neutralizing foil is negligible.
The charged fraction emerging from the carbon
target is magnetically separated from the neutrals
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FIG. 1. Experimental arrangement employed to measure (a) 40 with an incident neutral beam. (b) Co with an incident
molecular beam, and (c) angular distributions of protons and neutrals emerging from a target.
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which are detected in a silicon surface-barrier
detector. which has a total angular acceptance of
1 . Measurements are monitored by the number
of protons forward scattered by the target into an
annular silicon surface-barrier detector located
in the target chamber and aligned on the trans-
mitted beam. The scattering yield in the annular
detector, per incident proton, was first deter-
mined in a preliminary measurement with higher
beam intensity.

B. Measurement of 40 with 8+, 82+. , and 83+ beams

The experimental arrangement is shown in Fig.
l(b). As will be explained later, the angular dis-'
tributions of emerging neutrals and protons are
quite different if the incident projectile is a mole-
cule or an atom. It is necessary, to measure the
charge distribution jvithin a large angular accep-
tance to be certain that the entire transmittedbeam
is properly collected. Previous reports of similar
measurements performed by other workers were
not explicit enough to let the reader know whether
this condition was fulfilled.

In our measurement, the large angular accep-
tance of the detectors was obtained by using a Far-
aday cup to detect the protons and a fast plastic
scintillator to detect the neutrals. The scintillator
was of the NE 810 type, 38 mm in diameter, and
was attached to an XP 1020 photomultiplier tube.
This allowed angular acceptances up to 2 and
counting rates up to 10' s '. The beam intensity
was typically 0.1 to 10 pA.

In this configuration, a thin carbon foil could
be inserted into the incident beam to dissociate
molecular ion projectiles into free protons. This
method was used to compare the H production with
molecular and atomic projectiles of equal velocity
in identical. geometrical conditions. The compo-
sition of incident molecular ion beams was care-
fully verified to avoid a mixing of molecular ions
anddissociationproducts (H' and H') resulting from
collisions with collimator edges and residual gas
atoms. This was achieved by directly measuring
the composition of the incident beam when the tar-
get was removed. In this experiment, the beam
current was measured with a beam chopper located
at the entrance of the target chamber and com-
pared with the current measured in the Faraday
cup when the magnetic field was set to deflect the
protons coming. from dissociated molecular ions.
In all cases, the fraction of dissociated projectiles
was always lower than a few percent.

C. Measurement of the angular distribution of neutrals

[Fig. 1 (c)]

Angular scans were performed by moving a
tightly-collimated silicon surface-barrier detec-

tor through the neutral component of the trans-
mitted beam after magnetic separation. The de-
tector had an angular acceptance of 2.5 to 36 && iO '
deg and was moved by stepping motors along lines
perpendicular to the beam axis. The beam axis
was determined by removing the target and scann-
ing the incident beam. The corresponding proton
distributions were measured by reducing the mag-
netic field in the magnet to zero.

Such angular scans clearly need very low beam
currents to avoid pile-up in the particle detector.
This was achieved by two pairs of mutually-per-
pendicular adjustable slits located between the
collimators D, and D, ; it was possible to reduce
the incident beam from a flux of a few nA to 10'
projectiles per second. When these slits were
used. with molecular ion beams, it was necessary
to carefully center the slits on the beam axis to
prevent the few protons resulting from dissocia-
tion events (and located mainly at the periphery of
the molecular beam) from entering the target
chamber.

D. Target preparation and control

In order to calculate the dwell time of the pro-
jectiles in the target, one must know the volume
density of the films. As this density may vary
according to preparation techniques, the few data
published in the literature about self-supporting
carbon films' do not necessarily apply here. We
measured the absolute thickness of our films by an
interferometric method. Using the surface density
determined from the Rutherford scattering experi-
ment, we found that the volume density was d = 1.65
+0.15 g/cm'. The uncertainty quoted includes er-
rors in both the scattering and optical measure-
ments. This 10% uncertainty in the film thickness
(or projectile dwell time) does not include the
possibility of carbon buildup during the experi-
ment for very thin targets. The target chamber
was pumped by a turbomolecular pump and typical
pressures during our measurements mere of the
order of 10 ' Torr.

III. NEUTRAL FRACTIONS FROM AN INCIDENT

NEUTRAL BEAM

A. Introduction

In gas targets, charge-exchange cross sections
are relatively easy to measure and are theoreti-
cally well-defined. With a solid target, the situa-
tion is more ambiguous because the emerging
charge state of a projectile probably results from
different processes occurring in the bulk and at the
surface; Even with a projectile as simple. as a
proton, a swift neutral atom emerging from a



solid was considered by Brandt and Sizmann' to
result from two processes: the first occurs inside
the solid and is a collision in which a target elec-
tron gains correlation in speed and direction with
the moving proton; the second occurs at the exit
surface, if the correlation has not been lost, with
the proton capturing the electron into a bound state.
An experimental determination of the cross section
for this multistep process can be achieved by
studying nonequilibrated charge distributions.
This method was employed, for instance, by Datz
et al. ' for channeled oxygen ions in gold crystals.

For MeV proton beams, the electron-loss cross
section is too high to allow measurements of non-
equilibrated distributions with self-supporting
films because the equilibrated distribution is too
close to the incident one. The purpose of this
experiment was to introduce incident projectiles
in a charge state as far as possible from the
equilibrated distribution. Nonequilibrated distri-
butions were clearly observed in transmission
experiments by bombarding carbon films with hy-
drogen atoms.

8. Results

The experimental arrangement employed to pro-
duce a neutral incident beam and to measure the
neutral fraction in the transmitted beam is de-
scribed in 3ec. IIA. Neutral fractions Cp have
beenmeasuredfor 1.2, 1.8, and 2.4MeV H'beams
transmitted through 2-10-gg/cm' carbon foils.
The results are shown in Fig. 2 as a function of the
dwell time t spent by the projectiles inside the
foils.

For dwell times greater than 4 x 10 ' s, the
charge distribution is clearly equilibrated and

C,(t) reaches the value C,(~) measured with pro-
ton beams having the same velocity penetrating
the same foils. C,(~) is only dependent upon the
projectile velocity v, . In the range of velocities
and thicknesses discussed here, the slowing down

of the projectiles in the target is negligible. The
data shown as 4,(~) in Fig. 2 have not been mea-
sured in the geometry described hei e with H'- pro-
jectiles, but with an incident proton beam.

For shorter dwell times, 4, increa. ses strongly,
and for dwell times less than 1.5x 10 "s, 4p be-
comes dependent on v, only through an exponential
dependence upon dwell time. For instance, with
2.4-MeV H' projectiles and t = 0.8 x 10 "s the neu-
tral fraction is three orders of magnitude higher
than the equilibrated value.

Each measurement for a given foil was made for
three different, tilt angles (0', 30, and 45') be-
tween the beam axis and the normal to the foil.
The systematic agreement observed within the
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experimental uncertainty in the Cp values mea-
sured for a given dwell time realized with differ-
ent foils and different tilt angles suggests two con-
clusions: firstly, if any tilt effect exists in the
neutral production it is not observable here, and
secondly, our targets are uniform in thickness
and are free of holes.

C, Deduction of absolute charge-exchange cross sections

and discussion

Our measurements for dwell times less than
1.5 x 10 "s exhibit an exponential decrease of 4p
with time, compatible with the extrapolation to
zero thickness that Cp approaches unity when the
dwell time approaches zero.

One can determine the time characteristic of
this exponential decrease &'~, and obtain the elec-
tron-loss cross section 0, from

where A' is the number of target atoms per unit
volume.

The fact that 7'b' is independent of vy within ex-
perimental error shows that 0, is essentially pro-
portional to v, '. inour velocity range, a result pre-
dicted by Bohr to hold rigorously for light ions in

FIG. 2. Emerging neutral fraction 40 as a function of
the projectOe dwell time in the foil for 1.2-, 1.8-, and
2.4- MeV Ho beams bombarding 2-10-pg/cm~ carbon
foils. Arrows pointing downward indicate that only upper
limits could be determined for the neutral fractions.
Solid lines correspond to Eq. (5) calculated with the ex-
perimental values 7. ' and ly 0

' (oc). Dashed ]ines
correspond to Eq. (5) calculated with the theoretical
cross sections derived by Brandt and Sizmann.
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f,(x) = [cr,/(a, + o,)]+[f. (0) a,/—(Ir, + o,)]
x exp [-(a, + a,) Nx],

where f, (0} and f,(0) are the charged and neutral
fractions in the incident beam.

The equilibrated neutral fraction is C,(~) = f5(~}
= o,/(o, + o,). For MeV projectiles, o, «o, and

C,(~) - o,/a, «1. For neutral projectiles f,(0) =1,
and (8) becomes

f,(x)- 4,(~) + [1—@,(~)] exp (- a1 Nx) (4)

or, after introducing the projectile dwell time
t=x/v, and the "electron lifetime" r =(No, v, ) ',

C',(t)- 4',(~)+[1—C,(~)] exp (- t/7') (5)

describing the variation of 4, with the dwell time
observed in Fig. 2. The solid lines correspond to
Eq. (5) calculated with the experimental values

v=7'~~2. 12, x 10"s

3.1x10 ' at 1.2 MeV,

C, ( )=C;~( )= 8.'lx10' at 1.8 MeV,

3.0x10-' at 2.4 Mey.

The dotted lines correspond also to Eq. (5), but
the cross sections employed are those derived by
Brandt and Sizmann' (BS) for protons inside a solid
target of atomic number Z„
aBs — ~2(216/5)Z5 v-6(v2+ 26 x 40-1/3 x, Z16/9)-3 . :1, (5).

and

' Z'/'+ v 4Z' /'(Z, + 1)+ v, '

matter.
Let f,(x) and f,(x) be the proton and neutral frac-

tions after thickness x of a target in which the
cross sections for electron loss and electron cap-
ture are respectively 0, and 0,. A standard cal-
culation gives the charged and neutral fractions:

f, (x) =f o,/(a. , + o,)] + [f,(0) —o,/(o, + o,)]
x exp [-(a,+ o,) Nx]

where a, is the Bohr radius, and v, is the proton
velocity in atomic units.

These theoretical cross sections were already
known as being in good agreement with the equili-
brated neutral fraction C,(~) over a large velocity
range. But our work reveals a systematic devia-
tion in the description of the nonequilibrated neu-
tral fraction which depends not only on the ratio
o,/a, but on the absolute values of these cross
sections as well.

The absolute values can be calculated from 7'~
and 4'~(~) o ~=(Nv 3' ) ' and a =o 4' (~)
Table I gives a comparison between these experi-
mental values and the Brandt-Sizmann cr,oss sec-
tions; the experimental cross sections for loss
and -capture are both higher than predicted by this
theory.

It is of interest to compare these data with gas
target values. Although no direct measurement
exists for carbon targets in the gas phase,
Toburen et al."gave an indirect determination of
0, and 0, by applying. an additivity rule to ihe cross
sections of each compound from measurements in
various carbon-containing gas targets (CO„CH„
C,H„C,H„and C,H»). The result of their calcu-
lation of o, and 0, in our energy range is shown in
Fig. 3. When comparing our data with the indirect
measurements of Toburen et al. in gases and the
prediction of Brandt and Sizmann in solid carbon,
we conclude that, to the extent that the additivity
rule is applicable, the MeV energy-range cross
sections for charge exchange are nearly the same
in2 solid carbon, and for carbon atoms in gases.

To the electron-loss cross section determined
in this experiment, there corresponds a mean
free path A. , =v1v= (Na, ) ' for loss of correlation
between the electron and the proton of given in-
cident projectiles. It 'is of interest to compare the
mean free path of such an electron, correlated with
a moving proton, to the inelastic mean free path
of a free electron injected into the solid with. the
same velocity. Measurements of these mean free
paths A. ~, or attenuation lengths, are available in
the literature for our velocity range because of
their considerable importance in Auger electron
spectroscopy and x-ray photoelectron spectro-
scopy. A compilation of these data has been pre-

TABLE I. Charge-exchange cross sections for protons in carbon as determined in this ex-
periment, and calculated from the Brandt-Sizmann (BS) theory.

Proton energy
(MeV)

~Obs

(10 cm )

~BS

(10 "cm')
ebs
C

(10-21 cm2)

BS
C

(10-" cm')

1.2
1.8
2.4

3.75 a 0.3
3.1 +0.25
'2,.7 + 0.25

2.49
2.11
1.86

11o7 + 2+2
2.7 + 0.5
0.8 + 0.15

7.33
1.79
0.63
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times longer for an electron correlated with a
proton than the mean free path for in'elastic colli-
sion of a free electron. This means that inside
the solid an electron correlated with a moving pro- .

ton has a probability of decorrelation by scattering
which is lower than that of an isolated electron.
The fact that our measurement of cr, in solid carbon
gives a value which is intermediate between pre-
dictions of Eq. (7) and gas phase measurements
does not allow a definite conclusion about the wave
function of the correlated electron within the solid;
the theory of Brandt and Sizmann suppose that no
bound state exists on the proton; in contrast, in the
recent paper of Cross, 4 bound states on the proton
are considered within the solid.

IV. NEUTRAL FRACTION WITH INCIDENT

MOLECULAR BEAMS

A. Introduction

FIG. 3. Variation of charge-exchange cross sections
o& and oc for protons in carbon as a function of proton
velocity. Measurements from the H . C experiment
are compared with the Brandt-Sizmann calculations in
solid carbon and the measurements reported by Toburen
et al. (Ref. 10).

sented by Powell. " Figure 4 shows the variation
of these various mean free paths in carbon as a
function of the projectile velocity. A comparison
between these values shows that the mean free
path for electron loss in a solid is about three
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FIG. 4. Mean free paths of fast electrons in soli.d
carbon as a function of the projectile velocity. Mea-
surements of A,~„, in the H -C experiment are com-
pared with the predictions of Brandt-Sizmann for pro-
tons in carbon (solid line). Measured (closed ci.rcles)
and calculated (open circle) values of the attenuation
lengths corresponding to free electrons are from Ref. 11.

There has recently been considerable interest
in the study of the interaction of fast molecular ions
with solid matter. " Experimental evidence has
been found for an increased stopping power of pro-
jectiles when they penetrate a solid as a cluster
of ions. "'" It has been shown also that the propa-
gation of ion clusters is strongly influenced by the
wake of coherent electronic excitation trailing each
ion." These studies contributed significantly to
the understanding of particle interactions in solids,
by separating binary collisions from collective
processes. The authors were stimulated by these
new features of atomic collisions to undertake a
systematic study of charge-exchange measure-
ments between a fast ion cluster and a solid target
to study processes leading to emission of a neutral
hydrogen atom from a solid. As already mentioned,
a few earlier measurements" indicated that pro-
ton clusters could produce more neutrals per inci-
dent proton than isolated protons of the same velo-
city.

Consider what happens when a molecular pro-
jectile enters a thin film and penetrates through it.
Valence electrons are stripped off within a few
atomic layers and the protons then repel each ot-
her, partly in the target and partly in the vacuum
if, as for most of them, they. emerge as protons.
As discussed later, in our velocity range the re-
pulsion can be considered inside the film to be
purely Coulombic.

If one of the projectiles emerges as neutral, the
situation is different; whatever the process of
neutralization is, the repulsion inside the solid is
still entirely Coulombic, but is strongly screened
in the vacuum downstream from the target. This
will be discussed in detail in Sec. IV E. As a con-
sequence, the angular distribution of the neutrals
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is expected to be narrower than the angular dis-
tribution of the protons.

B. Results

Neutral fractions measured with molecular pro-
jectiles are expressed in terms of the neutral
fraction 4,""per incident proton. The corre-
sponding value Cp"' is measured under identical
geometrical conditions by dissociating the incident
molecular ions with a thin carbon foil placed up-
stream from the target, as described in Sec. IIB.-
This method provides a, beam of protons with a
neutral fraction and a velocity spread which are
both negligible; the neutral fraction then mea-
sured with such a dissociated beam gives the
equilibrium neutral fraction, i.e. , independent of
the target thickness, under our conditions.

The 4, ""data, normalized to the corresponding
4p measurements, are shown in Fig. 5 as a
function of the dwell time spent by the clusters in-
side the targets. The scaling of the data with time
will be justified later.

The observed cluster effect on the neutral frac-
tion can be separated into three time ranges: (a)
For t ~ 15 x 10 "s, no cluster effect is observed.
(b) For 2 x 10 "s & t & 15 x 10 "s, an overproduc-
tion of neutrals i.s observed which diminishes
slowly with d~ll time from an initial value of - 2
for H, ' and of - 1.5 for H, '. (c) For t & 2 x 10 '" s,
the overproduction of neutrals exhibits a very
rapid dependence upon the dwell time.
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FI.G. 5. Variation of 4~p /4p with the projectile
dwell time for molecular beams bombarding 2-30-pg/cm
carbon foils, Lines correspond to the nonequilibrated
fraction as calculated from Eqs. (8) and (9).

C. Analysis of the short-dwell-time effect

The analogy between the enhancement of neutral
production observed in this time range with mole-
cular ion projectiles and the enhancement ob-
served with neutral projectiles in Sec. III is rather
easy to understand. In the case of incident neu-
trals, the effect was interpreted as the probability
that an incident atomic electron remains correla-
ted with the moving proton through the foil. In
order to estimate the corresponding probability
for.the electrons of the incident molecular ions,
we consider an H,

' ion to-be equivalent to two in-
dependent projectiles, one proton and one neutral,
and an H, ' ion to be equivalent to.three free pro-
jectiles, one proton and two neutrals. With this
hypothesis, we can calculate the nonequilibrated
neutral fraction as a function of-the projectile
dwell time in the target by using Eq. (3).

For an H, ' projectile, f,(0) =. 0 for the incident
proton and f,(0) =1 for the incident neutral. Since
o, «(Y, in our energy range, the neutral yield per
incident proton becomes

4" (f)-~.( )+-'fl-O( )]

A similar calculation for H, ' gives

C "a (f)- ~.(~)+ a [2 —~.(~)]s "
(8)

After assuming that T- T' ', where 7'~ is the
"lifetime" derived in gec. III from the experiment
performed with incident Hc, Eqs. (8) and (9) allow
calculation of 4, ""(t)for each projectile velocity.
Three examples of such calculations are plotted in
Fig. 5. These calculations should be compared
with the data corresponding to the fastest projec-
tiles, i.e., that of the 1.2-MeV/amu H, ' ions, cor-
responding to the shortest dwell times. The agree-
ment is fairly good. For molecular projectiles of
lower velocities, the thinnest targets used were
not thin enough to allow a significant observation
of this nonequilibrium effect.

In conclusion, the role played by the. projectile
electron seems to explain, without any collective
effects between the projectiles in the cluster, the
overproduction of neutrals observed with molecu-
lar projectiles for very short dwell times. The
fact that this model gives a good fit of the data
when the effect is clearly observed seems to justi-
fy a posteriori the assumption that the projectile
electrons have essentially the same probability for
losing their correlation with moving protons when
they are injected as atomic electrons (H') or mole-
cular electrons (H, ', H, '). The cross section v, for
electron loss seems to be nearly the same for iso-
lated and spatially correlated protons.

For very short dwell times, the role played by
the projectile electron in the rieutral production
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should also manifest itself by an increase of the
molecular production. Measurements previously
performed in our laboratory" of the fraction of
H, ' molecules emerging from carbon foils bom-
barded with H,

' and H,
' projectiles did not concern

dwell times short enough to allow clear observation
of such an H, ' overproduction.

D. Analysis of the long-dwell-time cluster effect

Consider now proton clusters emerging from the
foil with a negligible probability of correlation
with the molecular electrons injected with the pro-
jectiles. The overproduction of neutrals could be
caused by one or both of the following effects: (i)
an increase (or a decrease) of the cross section for
events leading to correlation gain (or loss) between
protons and target electrons inside the solid or by
(ii) an increase of the electron capture probability
at the surface-through which the projectile emer-
ges.

When considering processes occurring inside
the solid, it has been shown in Sec. IQC that the
cross section 0, for decorrelation is about the
same for isolated protons and protons in a cluster.
As for the correlation gain, it involves a scattering
event with an impact parameter so small, when
compared with interproton distances inside the
clusters, that collective effects on it should be
negligible. This must be related to measurements
of forward-emitted electrons whose velocities are
centered about the proton velocity. These elec-
trons missed the capture by a proton, nevertheless
their yield per proton provides information about
the cross section for scattering leading to corre-
lation. The first measurement performed by
Dettmann et al."with 100-keV/amu H' and H,

'
projectiles in carbon showed that the electron
yield per proton was higher by a factor of 2 with
H, ' projectiles. More recently, Duncan and
Menendez, "using 0.2-1.0-MeV/amu H' and H,

'
projectiles in carbon, found that the electron yield
is the same for both projectiles. This last mea-
surement performed in our energy range could
confirm that the cross section for scattering lead-
ing to correlation is the same for isolated protons
in a cluster.

The cluster effect then should take place just
after emergence from the foil, when the electron
capture occurs, by increasing the capture proba-
bility of electrons which have a low probability
of capture by an isolated proton. Such a collective
effect depends on the distance separating the pro-
tons in a cluster as it emerges from the foil.

To calculate the emergent internuclear separa-
tion R between the protons after a dwell time t in-
side the target, one must have information about

the initial configuration of the projectiles and the
dynamics of the Coulomb repulsion inside the solid
as a function of time.

For H,
' ion, a mean value R, -1.3 A can be cal-

culated" "by assuming that the relative popula-
tion of the vibrational levels follows the Franck-
Condon principle when the molecular ions are ex-
tracted from the accelerator-ion source.

For H,
' ions, no simple theoretical estimate of

Ro is pos sib Ie. A study of this initial conf iguration
has just been performed in our laboratory; it was
concluded that protons in H, ' beams are -1.2 A
apart in a triangular configuration. The descrip-
tion and discussion of this determination will be
published elsewhere. "

With these initial configurations, the explosion
of the proton cluster inside the target was calcu-
lated by using a non screened coulomb potential.
This approximation is valid because the inter-pro-
ton distances considered are small when compared
with the dynamic screening length v, /~~, where &u~

is the plasma frequency of the target valence elec-
trons. Furthermore, .screening due to the projec-
tile electrons can be neglected because the electron
correlation path lengths are much smaller than the
target thicknesses considered here. One can con-
vert the repulsion time t inside the target into a
mean internuclear separation R between the pro-
tons when they emerge from the foil as shown in
Fig. 6.

Figure 7 shows the data of Fig. 5 scaled now with
R, after removal of the short-dwell-time effect

20

g 70

8.

5

7 I iitiI iiil I I I I I

0 5 70 75 20 25. ' 30 35
Repulsion time (in units of 10 s)

FIG. 6.. Internuclear separati. on in a proton cluster as
a function of the repulsion time. It is assumed that the
coulomb force is not screened and that the initial separ-
ations are Ro =1.3 and 1.2 A for the dicluster (solid line)
and the tricluster (dashed line), respectively. These
values correspond to the mean internuclear separations
of the H2+ and H3+ incident projectiles.
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gence from a solid, can be accompanied by elec-
trons of two kinds; first it has a probability n, of
being accompanied by an electron, the capture

'

probability of which is unity; second it has a pro-
bability n, of being accompanied by an electron,
the mean capture probability of which is K, with
K«1. The neutral fraction of a transmitted beam
from incident protons is then

4 " =n, +En, .

1.5 2.5 3 4 5 6 7 8 9 10 12 14

Emergent internuclear separation R (Aj
FIG. 7. Variation of 40 '"'/4o" for H2+ and H3+ pro-

jectiles as a function of the mean internuclear separation
in the photon clusters when they emerge from the foil.
Lines correspond to the predictions of Eqs. (14) and (15),
and arrows are the limits predicted when R 0.

analyzed in Sec. IVC. The neutral production be-
comes normal for R ~ 15 A. The molecular effect
is of the order of 1.5 and 2 for H, ' and H, +, respec-
tively, for inter-proton distances of the order of
the initial separations.

Some electrons can emerge from the foil with a
velocity correlation with the pz'ojectiles, without
contributing to formation of a neutral atom, as ob-
served experimentally. ""In the case of a proton
cluster, one may consider the probability for an
electron which has gained correlation with a pro-
ton to be captured by another proton of the same
cluster. This probability could explain the over-
production of neutrals observed in the range of
dwell times considered in this work.

gee give here a tentative explanation of this ef-
fect, based on the main features of our results
which are the ratio, approximately two, between
the respective magnitudes of the effect for H,

' and

H, ', for any value of R, and the absolute values of
the effect for the smallest values of R, approxi-
mately 2 and 1.5 for H, ' and H, ', respectively.

The distance R, which will be denoted 2 R„, for
which the effect vanishes in both cases, H, ' and

H, ' is also of interest. We interpret the distance
R„by assuming that to be captured by a proton the
electron must be inside a sphere, centered at the
proton, with a radius R„. We will call S„S„and
S3 the spheres associated with each proton of a
cluster. A cluster effect then appears when

R&2R„, i.e. , when the spheres S„S„andS,
overlap; an electron of S„ for instance, can then
be captured by protons 2 or 3. For the smallest
experimental values of R, which are close to Rp,
the overlap can be considered total since R, is
much smaller than R„.

We are led to postulate that a proton, upon emer-

4 "~ = 4" + 2Kjz2V, . (12)

An immediate result retrieved by Eqs. (11)and (12)
is that the H, ' effect is twice the H,

' effect. If now
one imposes the experimental values 1.5 and 2 for
zero thickness (R-R„V,-1) one obtains

Kn = —4'" (13)

Using (13), (11), and (12) can be rewritten

c,"2 /e""=1+-' v

4&"3 /4" = 1+ V

(14)

(15)

The variation of the neutral fraction in function of
R, as given by Eqs. (14) and (15) are shown in

Fig. 7 (solid lines). The agreement with the ex-
perimental data is not too surprising sjnce the
calculation takes the main features of the experi-
mental results into account.

Interesting conclusions can be drawn from this
model, which is the only one with which both H, '
and H, ' data can be explained.

First, the condition K«1 is dictated by the ex-
perimental evidence that the H,

' effect is twice
the H, ' effect for any value of R. Indeed, if this
condition were not fulfilled, there would be a satu-
ration when passing from the H, to the H, ' case.

It is clear that the cluster effect does not change
the contribution of the.electrons of the first group
since they are always captured but will be due to
those of the second group, which are assumed to
be uniformly distributed inside the sphere of ra-
dius R~.

Then, if V, is the volume common to spheres S,
and S, (expressed in units of the volume of each
sphere), the neutral fraction from an incident bea, m
of H,

' ions can be written

C,"2 = n, +Icn, (1 —V,)+fC(2n, )V„

In the same way, 4,"3 can be written, V„being
the volume common to three equidistant spheres:

C, & = n, +An, (1 —2V, + V„)

+K(2n, )(2V, —2V„)+K(3n,)V„,
or
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The magnitude of the cluster effect leads us, by
means of (10) and (13) to conclude that

\

n~ Kn2 . (16)

Equation (16) implies that for an atomic projectile
the contribution of the two kinds of electrons de-
fined above are nearly equal. Those electrons of
the first kind appeared to be strongly correlated
to a proton when emerging (a bound state, as. sug-
gested by Cross, ' would be the extreme degree of
correlation). The number of electrons of the sec-
ond kind is much higher (probabilities n, and n,
are related by n, /n, =K); they could be electrons
which have lost correlation a few atomic layers
before emergence. Qur data and our interpreta-
tion suggest that they play an important role in the
neutralization process.

Moreover, it is 'tempting to mention the simi-
larity between these data and the well-known part-
ition between the two processes of electronic en-
ergy loss of charged particles in solids, binary
collisions and collective excitations, which were
also separated in molecular beam experiments. "

There is another way to consider this effect: it
has been shown"" that cluster protons emerging
from solids have a probability of producing an H, '
molecular ion which is small, and rapidly de-
creasing with R. If electron capture into a stable
molecule is possible, it might be assumed that
capture into an unstable molecule is also possible.
Such a capture would lead to a final state of one
proton plus a neutral atom. Formation of a re-
pulsive molecular state could then be the process
producing extra neutrals when the incident projec-
tiles are molecular ions.

In fact, both models have the common concept
of an electron being initially correlated with one
proton and finally captured by another proton of
the same cluster. Qur calculation is simple enough
to accept both interpretations. Repulsive molecu-
lar states will be considered again in the next sec-
tion.

The last point concerns the meaning of the radius
R„, which is of the order of 7 A. R„could be
characteristic of the bulk of the target (the screen-
ing distance is, perhaps fortuitously of the order
of 7 A in carbon in our energy range) but we rather
believe that it is characteristic of the neutral atom
produced (whether via a molecular state or not).
Similar experiments performed at higher veloci-
ties (with a correspondingly higher screening rJi,s-
tance) or with another material could discriminate
between these two interpretations.
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FIG. 8. Variation of the FWHM of the angular distri-

butions of protons and neutrals emerging from carbon
foils as a function of the target thickness. Foils are
bombarded with 733-keV/amu H+, H2, and H3+ pro-
jectiles. Lines drawn through. each set of data are to
guide the eye. Arrows correspond to the zero thickness
prediction of the widths of the proton distribution (i)
and of the neutral distribution (6) resulting from the
explosion of a free (H+ H+) pair and a repulsive (H+ H )
2p o„molecule; Both clusters are assumed to be ran-
domly oriented with a distribution of internuclear dis-
tances identical to the distribution of the incident H2+

projectiles.

TABLE II. Angular widths of the neutral and charged
fractions emerging from a 5-pg/cm carbon foil bom-
barded with 733-keV/amu O', H2', and H3' projectiles.

Angular widths

FFWHM (deg)
Incident projectiles

H+
2

H+
3

sured with the experimental method described in
Sec. II C. Measurements of these angular widths
were first motivated by the need for mell-deter-
mined geometrical conditions for neutral fraction
measurements, but it also appeared that this study
was relevant to the understanding of electron cap-
ture by a proton cluster because the angular dis-
tributions of neutrals are determined by the inter-
nal energy of the (electron-proton cluster) system
as it emerges from the foil.

Figure 8 shows proton and neutral angular widths
I'»«(full~ width at half-maximum) for carbon
targets of various thicknesses bombarded with 733-
keV/amu O', H, ', and H,

' projectiles. As expected
the angular widths are narrower for the neutral

E. Angular distributions of neutrals

The angular distributions of neutrals and charged
particles emerging from carbon foils were mea-

Protons
Neutrals

0.085 + 0.01 0.38 + 0.01 0.57 +0.02
0.26+ 0.01 0.43+ 0.02
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component than. for the charged component when
the projectiles are molecular ions. Table II gives
these relative widths when 733-keV/amu projec-
tiles bombard a 5- p, g/cm' carbon foil. As also
expected, with an incident proton beam the neutral
and charged components exhibit the same width.

The thickness dependence of the widths is
governed by the multiple scattering of the projec-
tiles inside the target and by the relative amounts
of the cluster explosion occurring inside and out-
side the target.

In the H, ' case, if one neglects repulsion inside
the target, one can estimate the widths of the neu-
tral and the charged distributions by comparing the
explosion of a diproton cluster and of a (proton-
neutral) cluster. As suggested in Sec. IVD, the
exploding (proton-neutral) cluster could be de-
scribed as an excited H, ' molecule in a repulsive
state. Excited molecular states dissociate into a
proton and a hydrogen atom, as seen in Fig. 9.
For instance,

H2'(3s o~) -H'+ H (3s),

g, '(2p &„)-H +H'(2p).

The only excited state leading to a hydrogen atom
in the ground state is

H, '(2 p o'„) —H'+ H'(1s) .
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FIG. 9. Potential energy curves for the proton di-
cluster as free protons (H++ H'), as molecular ions
(H2') in the 1s a~ ground state, and as repulsive molec-
ules in various excited states of the H&+ ion. Also indi-
cated are the final states of resulting hydrogen atoms
after complete explosion of the dicluster. Vertical
arrows show the relative amount of kinetic energy re-
leased from (H H+) and from (H2+) 2P o„clusters ex-
ploding from a given internuclear separation.

For a given initial interproton separation, the
amount of internal energy liberated from a dipro-
ton cluster can be directly compared with the in-
ternal energy liberated from such a repulsive
molecule, as shown in Fig. S by the vertical ar-
rows for a 2p o„state.

To go further in this analysis, one has to con-
sider the relative population of these numerous
excited molecular states. Beam-foil measure-
ments give information describing the final. rela-
tive populations of the excited neutral atoms;
Bukow et al."compa, red these populations by bom-
barding carbon foils with 50-400-ke7 H, ' and pro-
ton beams. Their conclusion is that the population
of levels of higher angular momentum is larger
with H, ' than with H' projectiles. They also ob-
serve that with both projectiles the population de-
creases as n ', where n is the principal quantum

nurser. Most of the hydrogen atoms are in the
ground state.

In our experiment it is then reasonable to as-
sume that if intermediate molecular states are
involved, the 2p o„state should be the most popu-
lated because it leads to a hydrogen atom in its
ground state.

The relative amount of kinetic energy released
from the diproton (H'+ H') and the (H, ')'2p o„state,
can be estimated ig. the limit in which the targets

are so thin that multiple scattering effects are
negligible and the internuclear distributions are
nearly the same in the emergent and incident clus-
ters. To an initial interproton distance R, corre-
sponds a potential energy E' for the diproton clus-
ter and E' for the H, '(2p o„) molecular ion. If these
clusters are both randomly oriented, the distribu-
tj.ons of partners after repulsion have respective
widths r (R,) (E')"' and r'(R, ) (E')'"

For a given distribution N(R, ) of initial inter-
proton distances, one can simulate the measured
angular distributions by integrating these distribu-
tions over N(R, )

The result of such a calculation is shown in Fig.
8 for 733-keV/amu H, ' ions. It gives I"'=0.36
for a djproton cluster and I"'=0.26 for a
H' H'(2p o„) cluster. The distribution N(R, ) was
calculated by assuming that the population of

H, '(1s o,) vibrational levels follows the Franck-
Condon principle. " A comparison between such
an estimate of the relative widths in the limiting
case of a zero thickness target and the data, does
not allow a definite conclusion but shows that our
results'seem compatible with the formation of qm

excited molecular state when neutral atoms are
produced from a dicluster. Such an intermediate
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molecular state could explain both atomic excita-
tion and angular distribution of the observed neu-
tral atoms.

In the case of a tricluster, no simple calculation
can be performed because information on H,

"is
not available. Nevertheless, a similar molecular
stage is likely if one considers the similarity be-
tween H,

' and H,
' data. Such a similarity between

dicluster and tricluster behavior has been pre-
viously shown by studying the relative probability
of producing an H, ' bound state from H, ' and H, '
px'ojectiles in the energy and thickness range of
this work. "

As a final comment on these cluster effects on
charge-exchange processes of fast hydrogen ions
in solids, we would like to mention another char-
acteristic of the molecular ion-foil interaction
which has been reported by Duncan and Menendez":
the cusp-shaped peak of electrons emerging from
the foil close to the beam direction is narrower
when H, ' projectiles are used. This effect, which
has been recently confirmed by Meckbach et pl. ,

"
is clearly related to our study but at this point our,
model is unable to explain this curious feature.

V. CONCLUSION

The nonequilibrated neutral fractions observed
when thin carbon foils are bombarded with fast
hydrogen atoms provide a direct measurement of
the charge-exchange cross sections for fast pro-
tons in solids. In the MeV energy range, the mea-
sured cross sections in solid and gas targets are
found to agree quite closely. However, this result,
obtained for carbon targets only, does not make
more evident the neutralization process itself.
Particularly, it does not prove the presence or the
absence of bound states inside the solid.

The overproduction of neutrals observed when a
foil is bombarded with molecular projectiles clear-

I

ly exhibits two different effects that could be called
surface and solid effects.

The solid effect, observed for very short dwell
times, is the charge equilibration of the projec-
tiles as they penetrate deeper into the solid. Our
measurements show that the approach to equili-
brium follows essentially the same law for H', H, ',
and H, ' p'rojectiles.

The surface effect emerges at longer dwell times
in the foil and has been interpreted as an interfer-
ence between the contributions of the protons in a
cluster in the successive phases of a multistep
process; namely, a collision leading $o a corre-
lation of the electron-proton pair arid to a final
capture at the exit surface of the foil, as proposed
by Brandt and Sizmann. We are led to conclude
that this effect concerns only a fraction of emitted
electrons, perhaps those which have lost their
correlation inside the target.

Finally, we have related the angular distribution
of neutral'atoms produced from a proton cluster to
the electronic configuration of the unstable elec-
tron-cluster system created upon emergence from
the foil. In the case of diproton clusters, these
distributions are compatible with an intermediate
capture into an H,

' (2p o„}state which leads to the
formation of a neutral atom in the ground state.
To obtain accurate information bearing upon a
possible anisotropy of this molecule in a repulsive
state, more detailed experiments and analysis will
be necessary.
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