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The diAerential cross sections for double and single ionization and the corresponding charge-state
fractions of He resulting from impact of fast protons have been measured as functions of both the

scattering angle (0.25-4. 1 mrad) and the impact energy (300-1000 keV) of the proton. The diff'erential

cross sections smoothly decrease with the scattering angle, but the fraction of doubly charged ions, F2,
exhibits a distinct peak at =0.9 mrad. This peak is not easily explained in terms of the single- and

double-ionization mechanisms thought to operate at these energies.

PACS numbers: 34.50.Fa, 34.80.Dp

Many-electron processes in atomic collisions have at-
tracted a considerable amount of attention. One goal
has been to determine the range of validity of the
independent-electron model. The physical cause of devi-

ations from the independent-electron model, commonly
as correlation, is the Coulomb interaction between the
electrons. Two-electron processes in the collisions of He
atoms with fast protons (p) have, in particular, been the

subject of extensive research. This system contains the

minimum number of particles for a many-electron col-
lision system. Furthermore, the strength of the elec-
tron-electron interaction in this system is relatively im-

portant because of the low He nuclear charge. Measure-
ments and calculations of total cross sections for both

single and double ionization are now available. '

The single-ionization process is well understood in

terms of the first Born approximation. The emphasis
has, therefore, been on double ionization, and the data
are commonly presented as the ratio of the cross sections
for double and single ionization, R =cr++/cr+, or as the
charge-state fraction, F2=tT++/(o+++cr+). The ratio
R decreases rapidly with increasing energy at energies
below 1 MeV/nucleon, ' s and reaches an asymptot-
ic value of =0.003 above 10 MeV/nucleon. Double-
ionization studies have recently been extended to include
ionization by fast antiprotons (P). In a broad range of
velocities around 10 a.u. , the experimental R values for p
were found to be almost twice as large as those seen with

p impact.
Two theoretical models have been advanced in an at-

tempt to explain first of all this p-p diA'erence, but also
the energy dependence and magnitude of the individual

cross sections. One model focuses on the spatial correla-
tion between the motion of the two electrons of the He
atom and explains the observed difI'erence as a result of a
charge-state-dependent correlated adjustment of the
electronic motion to the presence of the projectile during
the collision. For p, the correlation is such as to increase
the strength of the interaction ~ith one electron on the
condition that the other electron is being ionized. The

effect is reversed for p. Both a quantal calculation and
a Monte Carlo calculation based on this effect repro-
duce part of the observed difference. A simple estimate
with an adjustable parameter also agrees reasonably well
with the experimental data. The other model explains
the charge eA'ect in terms of interference between two
diA'erent double-ionization mechanisms. One of these,
called the two-step-one (TS-1), involves one collision be-
tween the projectile and a target electron and a subse-

quent collision between this recoiling electron and the
other electron. The other mechanism, the two-step-two
(TS-2), attributes the ionization to consecutive indepen-
dent collisions of the projectile with each electron.
When we use an empirical method to determine the rela-
tive phase of the amplitudes, this model also describes
the data fairly well.

Previous measurements of F2, differential in the pro-
jectile scattering angle, 8, for simultaneous capture and
double ionization of He by p discovered a sharp structure
at =0.55 mrad. This structure was explained' in terms
of the TS-1 mechanism, where one of the electrons is

now captured. Therefore, it seemed natural to look for
further evidence of this mechanism and possibly other
double-ionization mechanisms in the diA'erential cross
sections. This Letter describes the measurement of
diA'erential cross sections for single, der+/do, and dou-
ble, der++/dn, ionization of He by p at energies be-
tween 300 and 1000 keV, and 8 between 0.25 and 4. 1

mrad.
The experimental apparatus has been discussed in de-

tail elsewhere, ' and will be only brieAy discussed here.
A beam of protons was collimated and directed through
a diA'erentially pumped gas cell. The projectile scatter-
ing angle was selected by a solid-state surface-barrier
detector, which was screened by annular apertures cen-
tered on the beam. The angular resolution given by the
apertures varied from 25% for the smallest 0 to 10% for
the largest. The slow He-recoil ions were extracted elec-
trostatically from the gas cell and the charge states spa-
tially dispersed in a magnetic field. The recoil ion spec-

2018 1988 The American Physical Society



VOLUME 60, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MAY 1988

[
1

[
i

[
i

[

I
[

I
[

I

[
I

10
-11

10

10 -10
-12

10 —
1

10 -10 10
-ll—10

1Q —1
-12—10

-]5 -1

10 -10 10 -1 —1Q

10 -10 10 -1 —10

10 -10 ~: da'/ dA
da" /dA x 100

o: da'/dQ
da" /dA x 100

10 -1 —10

1Q
0.4 0.6 0.8 1.0 1.5 2.0 3.0 4.0 lQ

0.4 0.6 08 1.0 1.5 2.0
I I

3.0 4.0

SCATTERlNG ANGLE «PROJ MASS (rnrad x arne)

FIG. 1. Differential cross sections for single and double ionization of He by protons (m = I) and deuterons (m =2). Note the
diff'erent scales for the diA'erent curves and the shift upwards of der++/drt by 2 orders of magnitude. The curves are drawn to guide

the eye.

trum was measured with standard coincidence electron-
ics as a function of the time-of-flight diference and of
the dispersion of the recoil ions. This double separation
of the charge states greatly improves the reals-to-
randoms ratio for the doubly charged ions.

The ratio between the number of coincidences with
He (or He++) ions and the number of extracted He+
ions is equal to du+/dII (or da++/dQ) divided by the
total cross section for formation of He+. The latter
cross section is known and used to extract the absolute
differential cross sections shown in Fig. l. A comparison
with the cross section for ionization and simultaneous

capture, ' which is included in the present measure-
ments, shows that this contribution is negligible. There-
fore, the cross sections represent simple single- and
double-ionization processes. One set of data shown in

Fig. 1 (300 keV/nucleon) confirms momentum-transfer
scaling, " which is expected to apply for the present col-
lisions. Moreover, the figure shows that while the angu-
lar dependence of da+/I II at each energy is given close-

ly by a simple power law, da++/dry clearly deviates
from this at 19&0.5 mrad.

Thus, the experimental data suggest a distinction be-
tween small and large scattering angles. The limiting
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FIG. 2. Charge-state fraction F2 of He recoil ions from proton-He collisions. (a) Fz as function of projectile scattering angle at

different impact energies. The data are deduced from the cross sections shown in Fig. l. (b) Total F2 values obtained from recoil-

ion intensities irrespective of projectile scattering angle. Filled circles: present data; open circles: Ref. 4; inverted triangles: Ref. 6.
Note the different scales used in (a) and (b). The curves are drawn to guide the eye.

angle is close to the maximum scattering angle Hm.,„
(=0.545 mrad) for a proton off a free electron at rest.
The deflection in the large-angle scattering event is,
therefore, dominated by the interaction with the target
nucleus. We suspect that the behavior at small scatter-
ing angles is governed by the interaction with the active
electrons. An example of this has previously been seen
in electron capture by protons at high velocities, where a
peak (the Thomas peak) was predicted in do/d II at 0.47
mrad, exclusively because of the interaction between the
proton and the active electron. ' The Thomas peak was
subsequently observed' and the data reproduced by de-
tailed calculations. ' ' The shape of the Thomas peak
is partly given by interference between first and second

Born terms. '2 A similar effect may be present here, and
the combined scattering off the electrons and the target
nucleus in the transition region between small and large
deflections may be governed by quantum (diffraction)
effects.

A more sensitive comparison of the differential cross
sections is obtained from their ratio. The charge-state
fractions deduced from these ratios are sho~n in Fig.
2(a). A distinct peak is observed near 0.9 mrad, accom-
panied by a strong decrease at smaller 0. We note that
the shape of the curves and the location of the peak vary
slowly with energy, and point out that the differential Fp
values at each energy are considerably larger than the
total Fq value [Fig. 2(b)]. This implies that the present
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angular region is beyond the region of very small scatter-
ing angles which dominates the total cross sections. A
comparison between the present F2 values [Fig. 2(a)l
and the previous F2 values for capture and double ioniza-
tion'0 reveals a dramatic shift of the peaks for simple
double ionization towards larger 0, smaller peak values,
and larger widths.

We find it difficult to explain the existence and posi-
tion of the peaks in terms of any of the proposed ioniza-
tion mechanisms. The kinematic restrictions of capture,
which in TS-1 product a critical angle, ' ' are not

present for simple double ionization. More important,
the peaks come at larger angles than the maximum
scattering oA' a free electron. Therefore, the peak cannot
be due solely to TS-1. To the extent that the deflection
in the TS-2 mechanism is given by Coulomb scattering
oA' the target nucleus, there is no reason to expect a peak
from this mechanism at all. One of the double-
ionization models invoking electron correlation does not
treat close collisions and, therefore, has little direct
relevance for the present data. The other, more ela-
borate, theories, s which are formulated in the impact-
parameter picture, do include close collisions and could
conceivably yield angular diA'erential F2 values, but it is
not obvious that a peak will emerge.

A structure in the angular-dependent probability for
double ionization has been observed. We are not able to
explain this in terms of the double-ionization mecha-
nisms proposed in the analysis of total cross sections.
However, two or more of these mechanisms may inter-
fere and give rise to a structure like the one observed.
This would be consistent with the previously cited
works, which presume interference at the very small
deflection angles which dominate the total cross section.
A more definite analysis awaits the completion of more
detailed calculations.

' Present address: Oak Ridge National Laboratory, P.O.
Box 2008, Oak Ridge, TN 37831.
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