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Differential measurements are made for close encounters of protons with helium atoms, mea-
suring the charge state after collision of both particles in coincidence. Incidentproton energies
range from 5 to 170 keV and the scattering angle is 10°. The probabilities versus energies of
three reactions are studied: electron transfer Py;, scattering without change of charge of
either particle Py, and ionization of the target (so that both particles are singly ionized after
the collision) Py;. Here Py is found to exhibit a damped resonant structure plotted versus
energy and Py, shows a complementary oscillatory structure. The ionization probability Py

increases smoothly with energy.

1. INTRODUCTION

These measurements concern encounters of keV-
energy protons with helium atoms at such small
impact parameters that the incident particle is
scattered to an appreciable angle 6, here set at
10°. The charge states of both the scattered hy-
drogen and the recoil helium are examined in co-
incidence. The data extend from 5- to 170-keV
incident proton energy.

Several authors have reported noncoincident mea-
surements of the H+-on-He collisions wherein only
the scattered incident particle is detected. Thus,
Ziemba et al.' and Helbig and Everhart? measured
a quantity P, in these collisions, where P is the
fraction of the incident protons that capture an
electron during the collision and emerge neutral.
When P, is plotted versus incident energy there
is seen a resonant structure that is damped more
as the energy decreases. Dose and Meyer® and
Jaecks, McKnight, and Crandall* have made dif-
ferential probability measurements of electron
capture into the 2s state of hydrogen for this col-
lision. None of these previous studies have ex-
amined the charge state of the target particle after
the collision.

The present study looks at the relative probabil-
ities versus energy for the following processes,
neglecting states of excitation:

H' +He~H+He" P,
+
-H +He, P, (1)
~H +He 1™, P,

The first subscript is the charge of the hydrogen
after the collision, the second that of the helium.
Three other reactions P,,, P_,,, and P, would

be possible if the collision resulted in Het+, The
first two of these reactions are not seen here, and

1

the P,, reaction is seen so rarely that it is negli-
gible.

The process P, is termed charge transfer; P,
is scattering without change of charge; and P,
may be called ionization. A time-delayed coinci-
dence measurement of both particles measures
P, Py, and P;;. In the earlier work';? a single
subscript indicated the charge of the scattered hy-
drogen. Thus

PO=P01:

and P,=1-P,=P, +P,,. 2)

Since this earlier work determined P, and P,, the
contribution of the present study lies in the sepa-
rate measurement of P,, and P;;. Theoretical
studies of close H*-on-He collisions include those
of Lichten, ® Green, ® and Sin Fai Lam,’ though
none of these examine P, and P,,.

II. EXPERIMENT AND PROCEDURE

The theory of the measurement, a description of
the apparatus, and the procedure for taking data
have been described in detail® in connection with
coincidence measurements of Ar*t-on-Ar collisions
and other combinations. It is only necessary to
describe here the special problems encountered in
the H*-on-He combination.

A. Inelastic Energy

Ordinarily a detailed examination of the scatter-
ing angle 6 and the recoil angle ¢ would allow a
calculation of the inelastic energy loss €. How-
ever, for H*-on-He at the rather high incident en-
ergies T, under study, @ is so small compared to
T, that this measurement is impractical. That is,
the angular relationship between 6 and ¢ is prac-
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tically the same as it would be for an elastic col-
lision.

B. Scattering Angle

Experience with this collision!s2 has shown that
the data are almost independent of the scattering
angle 6. The reason is that, over the energy range
of the experiment, the impact parameter is small
compared to atomic dimensions for all angles
greater than a fraction of a degree. For practical
reasons, having to do with the geometry of the scat-
tering chamber available, the angle 6 is set at 10°.
This relatively large angle for the scattered hydro-
gen has the important advantage that the recoiling
helium particle, whose energy varies approximate-
ly as sin?6, is correspondingly easier to detect.

A 20-keV proton scattered at 10° results in a
152-eV helium recoil at ¢ =83.75°, and this helium
(whether neutral or ionized) is sufficiently ener-
getic to be counted with our secondary-electron
multipliers. If the proton angle had been set to
5°, the helium energy would have been only 38 eV,
creating problems for detection.

The angle 10° is a compromise, With a larger
angle the recoil heliums would be still easier to
detect, but the differential scattering cross section
drops so precipitously with angle that relatively
few events would be counted.

C. Use of Deuterons

The collision D* on He is considered to be equiv-
alent to H* on He, provided that the incident veloc-
ity and impact parameter are the same. For ex-
ample, 10-keV deuterons scattered at 10° are
equivalent to 5-keV protons scattered at 20°.

Since there is no angular dependence on the prob-
abilities between 10° and 20°, the 10-KeV deuterons
scattered to 10° give the same data as would 5-keV
protons scattered to 10°.

The most important advantage of using deuterons
is that their greater mass (for a given scattering
angle) imparts more kinetic energy to the recoil
helium, In practice, a 10-keV deuteron beam
scattered to 10° (equivalent to a 5-keV proton
beam) results in a 152-eV helium recoil, whereas
it required a 20-keV proton beam at 10° to give a
152-eV recoil. Thus use of deuterons in place of
protons allowed the equivalent proton energy of the
data to be lowered from 20 to 5 keV, while main-
taining sufficient recoil-particle kinetic energy for
detection.

The D*-on-He data, appropriately scaled in en-
ergy, overlap smoothly with the H*-on-He data.

D. Procedure

As shown in Eq. (2), a measurement of P, is

here entirely equivalent to a measurement of P,
Thus the neutral scattered component is detected
in coincidence with the “total” (independent of
charge state) recoil component, and then the “total”
scattered component is detected in coincidence
with the “total” recoil component. The ratio of
these two count rates is P =P,. The recoil
counts serve as a beam time monitor to connect
these two counts.

Probabilities P,, and P, are measured by de-
termining the relative number of He and He+* co-
incidences with scattered protons. Here the pro-
tons serve as a beam time monitor. The counts
are normalized so that P, +P,; =1~ P,,.

E. Correction for Secondary Collisions

The differential cross section for scattering of
H* on He at 10° is so small that target gas pres-
sures of 3 to T mTorr were necessary in order to
obtain reasonable counting rates with good statis-
tics (100 events/h).

The scattered fast H or H* particle and the much
slower He or He* particle must traverse about
0.43 cm of helium target gas at these pressures
before they can reach the evacuated detector cham-
bers. There is negligible change of charge for the
H*, H, and He particles under these conditions,
but, unfortunately, there is a 6-10% probability of
neutralization for the He™ in its own gas at this path
length and pressure. Such neutralization depletes
the count of He' and increases the count of He.

The techniques used to measure P,, make the
result independent of this complication, but the
data taken for P,, and P,, require correction. To
first order, this is accomplished by adding oxn N,
counts to the apparent number N, of He* coinci-
dence counts and by subtracting the same number
of counts from the He recording. Here x is the
0.43-cm path, and % is the helium-target-gas
number density at the pressure in question. Values
of total cross section ¢ for charge transfer are
read from Hayden and Utterback® at low recoil en-
ergies, and from Nagy, Savola, and Pollack'® at
the higher recoil energies.

III. DATA AND DISCUSSION

The charge-exchange probability P ; (often
called P,) is plotted versus incident proton energy
T, in Fig. 1. Although measured on different ap-
paratus the present 10° data agree well with Helbig
and Everhart’s data® taken at 0.7-3.0° as shown
on the figure. The D*-on-He data, properly
scaled, are consistent with the H*-on-He data.
The coincidence data show a somewhat higher
scatter than the previous noncoincidence data.
Apparently the advantages of freedom from spuri-
ous counts and freedom from the possible effects
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FIG. 1. For close H'-on-He collisions the charge-
exchange probability Py is plotted versus incident proton
energy T,. The proton is scattered at 10° in these data,
and a comparison is made with similar data taken at
0.7°=3° by Helbig and Everhart (Ref. 2). Data for the
D*-on-He collision are included, scaled as explained in
the text.

of target gas impurities are canceled by the much
lower counting rates in the coincidence experi-
ment.

Of more interest are the results for P, and P,,
shown plotted versus energy T, in Fig. 2, since
these data can only be attained by the coincidence
method.

The curve for P, scattering without change of
charge, is complementary to the charge-exchange
data of Fig. 1, the one having a maximum where
the other has a minimum. Oscillations are not
seen in the P, data. There is a threshold at
about 7 keV, and above this there is a linear de-
pendence of P, on the logarithm of P,. Over the
energy range between Tand 170 keV an empirical
expression
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P,,=0.2176 log,, (+ T,) 3)

fits these 10° differential scattering data.

The fact that the P, data do not partake of the
oscillations is significant, and leads the authors
to speculate on the mechanism. The P,, reaction
could occur in several steps:

% -
H +He-HHe -H'+He ~H +He +e™.

4)

An intermediate doubly excited state of the H He+*
ion breaks up into a proton plus He*, this latter
also being doubly excited. Later an auto-ioniza-
tion transition occurs, leaving Het and e™. Ap-
parently when the H Het* state is formed, it is
created independently of the phase of the oscilla-
tions, and no further oscillations occur afterwards.
In other words, the ionization reaction appears to
take precedence over the charge-exchange oscil-
lations.
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FIG. 2. The probabilities P,y and P;; are plotted ver-
sus incident proton energy for measurements of the -
on-He and the D*-on-He collisions wherein the incident
particle is scattered at 10°.
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