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Differential Cross Sections for Electron Capture in High-Energy Proton-Atom Collisions*
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Various high-energy calculations of proton-multielectron-atom differential capture
cross sections are compared with each other (and with the data on p+ Ar g-shell capture) .
The proton-core interaction, including screening from the core electrons, is found to af-
fect significantly the differential cross sections. I speculate that final-state interactions
of the hydrogen atom with the target electrons of large atomic targets play a significant
role in capture events and are in part responsible for the poor agreement with the Ar
data.

In a recent experiment, Cocke eI. al. ' measured
the differential total capture cross section, do„, /
dQ, of K-shell Ar electrons by 6-MeV protons.
Differential cross-section data of this type for
high-energy capture collisions by point projec-
tiles provide a critical test of rearrangement the-
ories. The data in the above experiment were
compared with calculations based upon several
high-energy approximations and the theoretical
results did not agree with the data. These calcu-
lations were based upon a first-order perturba-
tion theory (FOPT) which (a) contained the inter-
action potential between the proton and the active
electron but omitted the interaction potential be-
tween the proton and the residual Ar core [known
as the Oppenheimer-Brinkman-Kramers (OBK)
approximation], (b) also included the proton-Ar
nucleus interaction (Za/It, where Za is target nu-
clear charge) which can couple the initial and fi-
nal states, and (c) included a proton-core inter-
action of the form 1/ft (it ' FOPT), thereby ac-
counting in some fashion for electron screening
for large g. The latter calculations' have met
with some success in determining the integrated
capture cross sections. The OBK approximation,
when multiplied by factors, obtained empirically'
or from P+H capture taking into account the pro-
ton-core interaction, ' also seems to reproduce
experimental trends for total charge capture
cross sections. '

The purpose of this paper is to report the re-
sults of full FOPT calculations for high-energy
capture cross sections from multielectron atoms.
Besides the usual questions concerning the cri-
teria for validity of FOPT for charge-capture col-
lisions ' and the effects of nonorthogonality cor-

rections upon FOPT ' (and higher-order perturba-
tion theory terms), there are two crucial points
which must be considered: the full inclusion of
the proton-core interaction in FOPT, thus taking
into account the screening due to the distribution
of the atomic electrons, and the unsolved prob-
lem of determining the effect of the remaining
electrons of the target atom upon the electron
bound to the proton once capture has occurred.
The latter effect should serve to ionize the hydro-
gen atom as a result of its final-state interactions
with the outer-shell electrons, thus reducing the
charge-capture cross section. For P + Ar K-shell
capture there is no reason to suppose that this ef-
fect is negligible, but in P + He capture collisions,
it may not be important. Given the agreement of
the Born calculations and experiment for ioniza-
tion of inne r- shell electrons when the FOP T cri-
teria are satisfied, ' I attempt to apply FOP T to
the capture collisions.

Using the coordinate system introduced in the
first paper of Ref. 6, I let A denote the proton
and B denote the target core. The full FOPT am-
plitude for capture (including nonorthogonality
corrections) is given by

(f I 1., + ~..li) —(f li) (iI 1"..+ ~.,li)
1 —

I (f li) I'

whe re

li) =(2m) '~'exp(ik. R ')y (r ).
I f)=(2m) '~'e xp(-ik~ R )pa~(r~),

V„,= —y~ ', and V» is the interaction potential
between the proton and the remaining core of the
target atom given by

All th«erms in (1) except (fl V»li) are easily evaluated using r„and ra as the independent coordi-
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nates in Performing the integrations. ' The Proton- x=2Zs 'R/(Sv/4)' '=R/P, . A good fit to y is ob-
core term can be reduced to tained by taking a linear combination of three ex-

ponentials

=(2~) 'J d'k V(k)P~*(C-k)P;(B-k), (3)

where f is the Fourier transform of f, i.e., f (p)=re'I' 'f(r)d'r, B and C are mass-weighted lin-
ear combinations of k and kz, and the method pro-
posed in the second paper of Ref. 6 may be em-
ployed to carry through the integration over k.
Using a Slater basis for the electronic wave func-
tions of the target electrons, V(k) can be analyti-
cally evaluated. For p+ He capture the analytic
expression for V(k) using the variational wave
function for helium is simple to derive. For
relatively large atoms, the procedure of calcu-
lating V» from accurate wave functions and then
taking the Fourier transform of V» becomes te-
dious. For the level of accuracy warranted in
FOPT, we may use a Thomas-Fermi or Thomas-
Fermi-Dirac potential'

(R)=R '|Z —(Z, —1)W(x)J,

where y(x) is the Thomas screening function and

y(x) =Q c,. exp(- a,.x),

where the values of c,. and a,. are obtained by a
least-squares analysis, ' and we obtain

c; 1)'()') = 4w ((z~ - ))r, ' „+—,
, , 0'+ a,. p)' k'

Halpern and Law" have recently performed a
rough calculation of the screening where they
have approximated the first term in V(k) by a con-
stant times 5'(k). Further details regarding the
method of calculation may be obtained from Ref.
6.

Calculated differential capture cross sections
are presented in Figs. 1 and 2 for p+He and p
+Ar collisions for incident proton energies E~
=300 keV and E~ =6 MeV, respectively. The dif-
ferential capture cross section for P+He- H(nlm)
+He+(ls), summed over the ls, 2s, 2p, Ss, and
Sp states of hydrogen is plotted in Fig. 1. The
cross section for capture into higher excited
states is small. Figure 1 shows that for the larg-
er scattering angles, the full FOPT cross sec-
tions are substantially greater than the R '-FOPT
or the OBK results. For scattering at larger an-
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FIG. 1. Calculated differential capture cross sections
p+He —P„& H{nlm)+He+(ls) for 800-keV incident pro-
tons. The solid curve is the full FOPT, the dashed
curve is & ~ FOPT, and the dash-dotted curve is the
OBK approximation.
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FIG. 2. Calculated differential cross sections for
A'-shell vacancy in p+Ar —H{ls) +Ar+ with 6-MeV inci-
dent protons. The data are those of C. L. Cocke et al.
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gles (smaller impact parameters) the full FOPT
core interaction is considerably larger than R"',
thus accounting for the order-of-magnitude larger
cross section. For smaller scattering angles
there is a cancellation between contributions from
the attractive V„, potential and those from the
repulsive V» potential. This cancellation is re-
sponsible for the dark angle in the full and R '-
FOPT calculations of capture to s states. This
cancellation significantly reduces the size of the
integrated cross section from the OBK result and
helps to satisfy the FOPT critieria better. ' Cap-
ture cross sections for higher angular momentum
states do not have a dark angle as a consequence
of the filling of the dark angle for a given magnet-
ic substate cross section, do„, /dQ, by the cross
sections for other magnetic substates, but the ex-
cited states do not completely fill in the dark an-
gle. Capture into H(nlm)+He+(n'l'm) may fill in
the dark angle further. The use of a six-param-
eter Hylleras He wave function may further mod-
ify the angular distribution and fill in the dark an-
gle. Experiments to measure this differential
cross section are under way" and will provide a
test of high-energy rearrangement theories.

Figure 2 shows that for p+Ar collisions the
full FOPT curve for ground-state capture has the
same shape as the experimental data but is too
large by two orders of magnitude. Note the ab-
sence of a dark angle. Capture into excited states
does not significantly change the shape of the
curve. There is no indication of a dark angle in
the data, and the slope of the data points is con-
siderably different from the OBK result. Com-
paring the full FOPT results to the other calcu-
lations indicates that a large part of the charge-
capture amplitude results from capture within the
Ar atom radius, and that it is therefore impor-
tant to include the correct screening of the pro-
ton Ar-nucleus potential by the Ar electrons.
The strong cancellation which gives rise to the
dark angle in p+He is no longer present in FOPT.
The nonorthogonality terms in the full FOPT are
small at this energy. Given the poor agreement
with theory, one might speculate that the final-
state interaction of the H atom with the outer elec-

trons is responsible for the strong depletion of
flux from the charge-capture channel. This flux
would be redistributed in some fashion into the
ionization channel for K-shell vacancy producing
processes. In the forward peak where the full
FOPT angular distribution is large, the depletion
would be weakly dependent upon scattering angle,
so that the shape of the cross section would re-
main unaltered. It is observed that the cross sec-
tion for K-shell vacancy production is larger by
several orders of magnitude than the K-shell cap-
ture cross section and therefore there is no in-
consistency in speculating that the large capture
cross section is converted into ionization by the
final-state interactions, accounting for part (ap-
proximately —,') of the flux into the large K-shell
ionization channel.

It is my pleasure to thank Dr. M. Inokuti for
helpful discussions.
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