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Correlated scattering of protons impinging as hydrogen molecnles
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The joint energy and angular-distribution function of protons transmitted through a thin foil
when incident as 2-MeV H2+ has been measured. The experimental result is compared with
simple calculations and satisfactory agreement is obtained.

In the past few years several workers have re-
ported observing manifestations of molecular
binding in scattering experiments with incident
molecules of hydrogen. Bacher et al. ' saw such
effects on the 14.2-MeV "C(p, p) "C resonance.
Caywood et al.' and Risen et al.' showed modifica-
tion of channeling backscatter results, while
Poizat et al. ' observed H,

' molecules emerging
from a thin foil. Finally, Stotterfoht e'~ aE, ' ob-
served a difference in the fluorescence yield of
the argon I. shell with incident protons and H, '.

In recent experiments we have observed protons
transmitted through thin self-supporting carbon
foils when the incident particles were either
2-MeV H,

' or 1-MeV H+ ions, with the motivation
of measuring physical phenomena depending upon
the correlation of proton positions provided by the
binding in the initial hydrogen molecular ions. Our
preliminary findings show that the energy and
angular distributions of such transmitted protons
have a strong dependence upon this correlation.
Advantage may be taken of these effects to study
proton pairs of a given alignment within the solid.
Indeed even the individual spatial identities may be
determined. With such capabilities„ interesting
new approaches towards measuring the interaction
of atomic systems become available. In particular,
we discuss inelastic excitation of the solid and
show that effects due to correlation may be ex-
pected.

I. EXPERIMENTAL PROCEDURE

The experimental setup used mass-analyzed ions
provided by the Aarhus University 2-MeV Van de
Graaff facility; incident beam energy fluctuations
were less than 1 keV; the incident particles were
collimated to less than 5~10 ' rad angular full
width at half-maximum (FWHM), and the beam-
spot size on the sample was -0.1 mm. It will be
seen shortly that such fine collimation is essential
for these measurements. Directly behind the thin-
carbon sample, a small electromagnet swept (at
10 Hz) the dispersed transmitted protons in a
horizontal plane across a 0.1-mm coQimator,

500 mm behind the sample. In this way, any rep-
resentative part of the final angular distribution
could be selected for further study. This magnet
needed only to supply a maximum deflection of
5x10 ' rad for our measurements. Those par-
ticles transmitted through the f inal collimator
were energy analyzed in the vertical plane by a
magnetic spectrometer with a 40-mm-long posi-
tion-sensitive solid-state detector in its focal
plane. The magnet dispersion (b,X=800 mm ~ b,E/
E) and length of the detector allowed the entire
energy region of interest to be studied at one time
without changing the magnetic field. Energy reso-
lution for 1-MeV protons was -3.1 keV FTHM.
Figure 1 provides a schematic illustration of the
apparatus and the electronics of the data-taking
equipment.

Thus, if the energy spectrum obtained is syn-
chronized with the sweeping magnet current (which
is a ramp in time), then joint energy and angular
distributions are obtained. In addition all x esults
are normalized consistently, with beam-current
fluctuations being averaged out over the course
of the measurement (-20 min). Those readers
familiar with similar kinds of transmission mea-
surements will recognize the important influence
normalization problems have in the design of such

experiments.

II. EXPERIMENTAL RESULTS

Figure 2 (curve 2) shows the angular distribution
of all transmitted protons through an approximately
2- pg/cm' carbon foil with an incident beam of
1-MeV O'. The width of this distribution is 1.46
xiO ' rad FWHM and is not well represented by
a Gaussian. Also shown in Fig. 2 (curve 3) is the
angular distribution of transmitted protons when
2-MeV H,

' is incident. A rather large broadening
and flattening out of the multiple scattering dis-
tribution is observed. For completeness the mea-
sured angular divergence of the incident 1-MeV H'
beam is also shown (curve 1).

Even more dramatically, Fig. 3 shows the more
detailed bvo-dimensionally-displayed joint energy
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and angular distribution of the emergent protons
with 2-MeV K+ incident .The angle is measured
relative to the incident beam direction. For zero
angle the energy distribution shmvs two distinct
peaks situated in a roughly symmetrical may about
half the incident beam energy. As the angle of
observation increases, the peaks appear to merge
at -2.5&10 ' rad. The angular distribution shows
a similar behavior as the energy of observation
is changed.

III. DISCUSSION AND ANAI. YSIS

The main features of the angular-energy dis-
tributions for incident H, ' may be understood in
terms of simple mechanical arguments. As the
incident molecule passes through the first few
atomic layers of the foil, the electron responsible
for the binding is lost by ionization. The two pro-
tons then repel one another via a (screened)
Coulomb potential. In the bvo-proton center-of-
mass system, 18.6 eV of potential energy trans-
forms into kinetic energy. (An initial proton
separation of 1.06 A, is assumed. '} This trans-
formation alone results in significant modification
of the energy and angular distribution of the beam.
For example the proton kinetic energy in the lab-
oratory system, after separation is complete, is

Ey -—~E, +~Epa(E~, Ep —E~~, sin p)' . (1)

Here, E,.„, is the incident kinetic energy of the
molecule, E~ the initial potential energy of the

boo-proton system and p is the angle of observa-
tion in the laboratory relative to the incident beam
direction. (For the interested reader the math-
ematical details of this problem may be found in
the Appendix. ) It may be noted that just upon leav-
ing the foil, the proton separation has increased
by -10% over the initial value. Thus most of the
repulsion occurs after the foil.

For our experiments, with 2-MeV K,' at y =0,
ere expect to detect protons of energy 1.0052 and
0.9948 Mev corresponding to protons that break
up aligned with the beam direction. (We neglect
the small energy loss due to excitation of electrons
in the foil. ) The higher-energy proton comes from
the front position and the Imager-energy proton
from the back. As the angle (t) is increased, these
bvo energies merge towards one another until
finally they meet at 1.000 MeV, corresponding to
protons breaking up perpendicular to the incident
beam direction. Here

Also assuming the molecular orientation to be
isotropic, rve find, for the probability per unit
solid angle for detecting a proton with P ~ P « I,
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FIG. 1. Schematic illustration of the experiment.

FIG. 2, (1) Angular distribution of the incident beam.
(2) Angular distribution of the H+ beam after passing the
foil. {3)82+ angular distribution after passing through
the foil.
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But, alas, all is not so simple. Deviations from
the ideal behavior already discussed may result from
three causes. Most interesting in these measure-
ments, although least important, is the modification
caused by uncertainty in relative position between
protons associated with the quantum-mechanical
description of the 8,' molecule. For an incident
particle in the ground state, this effect produces
about a 600-eV spread in the energy spectrum ob-
tained at P =0. (The uncertainty in momentum
produces a much smaller effect. ) Multiple scat-
tering in the foil and experimental energy reso-
lution completely overwhelm this effect. %e have
calculated the energy and angular distributions
(details are in the Appendix) including multiple
scattering and energy resolution as measured
from the H' incident case. Figure 4 shows the
relative contribution from these effects to the

P = 0 case. The agreens. nt with the experimental
points is deemed quite acceptable. Note should
be taken of the fact that the H' multiple scattering
distribution is not of a Gaussian type. This is to
be expected for such thin foils. The distribution
can be represented quite accurately for angles
up to P by a sum of two Gaussians, one having
a FTHM of }.47~}O~ rad and a weight of 5, the
other having twice this width and a weight of —,.
This distribution eras used in obtaining the result
in Fig. 4. %'e are not aware of any theoretical
estimates that may be compared with this dis-
tribution (in this experiment Bohr's parameter
IC = Z~Z28 /PEV l).

Finally, an interesting, though somewhat spec-
ulative, application of the above technique may be
to study the effect of proton correlation on the in-
elastic excitation of the solid. It is well known
that perturbation treatments of energy loss of

fast particles I matter show a proportional de-
pendence on the square of the charge of the pene-
trating particle. Thus, as the separation between
two protons varies from zero to some large value,
the energy-loss rate per proton may be expected
to change by a factor of 2. A convenient, though

perhaps crude, model for estimating the detailed
dependence on proton separation and orientation
is that of particles penetrating through a free-
electron gas. Calculations in the linear dielectric-
response approximation indicate that, for some
orientations and a particle separation of two Bohr
radii, one may expect from distant collisions
alone a 50% increase in the average energy-loss
rate per particle, compared with only a single
penetrating proton. Details of these calculations
will be reported later.

Experimental attempts to verify this effect in a
quantitative manner have been frustrated by the
small energy loss observed in the measurements
(-500 eV). We hope to be able to clear up this
matter in the not too distant future.

Deepest appreciation for guidance and criticism
during the course of this work is due J. U.
Andersen, J. Lindhard, and H. H. Andersen. One
of us (JG) would like to express his thanks to the
Aarhus University, Institute of Physics, for the
privilege and pleasure of being a guest.

APPENDIX

Consider a fast incident H,
' molecule. Neglecting

the contribution from rotations and vibrations, the
incident kinetic energy is

2
Efftc =~P &tftc

where e~ is the incident proton velocity and M~
the proton mass. Assuming that the binding elec-
tron is ionized and no longer effects the proton,
motions of repulsion occur, resulting in a final

Cl

LU

UJ

tJJ
K

FIG. 3. Joint angle-
energy distribution. Energy
is measured relative to 1
MeV.
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kinetic energy per proton of

Ep =
2Mp (V~c +Vp)

=-,' E. , +-, Ep+(E, Ep)' ' cos8 .
Here 8 is the polar angle determined by the mo-
lecular orientation relative to the incident beam
direction, and E~ is the initial potential energy
of the repelling protons, i.e.,

Ep =Mp IIp = e /2'12,
0

where r» =1.06 A is the average distance between
the protons in a 8,' molecule. The final polar
angle P in the laboratory at which the proton will
be detected is determined from

tan(j) = ep sin8/(I). , + Up cos 8).

Since in this work v-, » v» we have

(j) =(Ep/E, )' ' sin8= (j) „sin8 .
Such a small angle approximation is assumed
hereafter.

Consider C((j), Ep, Ep), the normalized joint final
angle and energy distribution resulting from an
initially uniform spherical distribution for the
H, ' molecule. Introducing dimensionless variables

I I I I I I I

ENERGY DISTRIBUTION AT IP= 0

( = (EI —2 E. , —2 Ep)/(E;., Ep)' '

with differential solid angles

~~=@~dX= 4 &%&X/C..= d~/4' . ,

we have

C(y, E„E,) d~dE,
1

=(fg(fg d(cos8) 6(4 —sm8) ~((-co»)4'
if 4 «1, whoe for 4 &1, C is zero. g is the angle
measuring the azimuthal orientation of the mole-
cule.

Using C, other distribution functions of interest
may be easily determined. For example, the in-
tegral energy distribution is

a(s„z,)as, as, f-=a c :«=-
=0,

Similarly, the integral angular distribution is
given by

s(as, )ala a, fas=,-c —( -(a)="a,na-1

=0

In order to represent the effect of multiple scat-
tering in the foB on the final results, consider the
"folding" of a Gaussian angular-distribution func-
tion with C. Thus, let

n(a, z„s)a aa; a, as, fa=tac(a', s„z,)aa(z).

Here

1 E'
) g y )2 W

( y )2 I
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Fla. 4. Comparison of experimental and calculated
distributions for tIJ)= 0. O: experimental points; 1:
distribution with zero point motion; 2: calculated dis-
tribution tak~~~ into account two-component multiple
scattering and energy resolution as observed for 1-MeV
H+ on the same target foil.

K2 = (j)' —2(j)(j) ' costi'+ (j)",
where a measures the dimensionless angular ex-
tension of the multiple scattering in the foil. One
then finds for each component Gaussian term

1 4'+1 —('
D(IjI, Ep, Ep) d(aI de =

2 exP—

xa —() —(')'i')ana(,24'

where I, is a modified Bessel function. With D
one may now fold a Gaussian distribution to account



for the energy resolution of the particle-detection
system, i.e.,

with ~ being a dimensionless measure of the en-
ergy resolution. If the argument of the modified
Bessel function is quite small (4 = 0), this program
may be carried to completion analytically, giving

Fig. 4 have been obtained vrith the above consid-
erations in mind.

For the sake of completeness, the energy angle
distribution may be calculated including only the
effect of zero-point motion of the incident mole-
cule (assumed to be in a harmonic oscillator
ground state). For this purpose the distribution of
E~ should be calculated and folded arith C. The
result is

E(P, Eq, E~) d(u de
b'-ac

4so.(rF —e )'i' a

x erf + a —erf —Wa dg dg

H(Q, Eg) dry de =
~~~ (( +4 ) Si

for a &0. Here i'=(hen„,' I, v', / -E')'~' .

For 4 $0 we have resorted to numerical methods
to determine E. The calculated results shown in

h~+ is the distance between oscillator energy
levels, and —,'I v', is the kinetic energy of a proton
at the Bohr velocity. This result is also plotted
in Fig, 4 for 4 =0.
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