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The process of formation of H™ as a result of double electron capture by protons from heli-
um is investigated using an atomic-state expansion in which three traveling atomic orbitals
have been retained. The cross sections have been presented for incident proton energy rang-
ing from 10 to 200 keV. The results are compared with the previous experimental and theo-
retical values. Our results show a maximum in the cross-section energy curve in qualitative

agreement with the experimental findings.

INTRODUCTION

The process in which a proton captures a single
electron from a helium atom has been studied in
detail both theoretically' and experimentally® by
several workers. The cross sections for the for-
mation of H™ as a result of double electron cap-
ture by a proton passing through helium have been
measured experimentally for low incident proton
energy (<65 keV) by Fogel et al.,®* Williams,* and
Schryber.® Recently Toburen and Nakai® have
measured the same cross sections for higher in-
cident energies of proton, viz., in the energy re-
gion of 75 to 200 keV. Though quite a large num-
ber of experiments have been performed to mea-
sure the double-electron-capture cross section in
the proton-helium collision, no reliable theoreti-
cal calculations are available for comparison with
the experimental findings.

The only theoretical attempt so far made in this
direction is Gerasimenko’s.” He used the Born
approximation and calculated the double-capture
cross section for the incident proton energy vary-
ing between 150 and 750 keV. The results of
Gerasimenko are orders of magnitude too large
compared to the experimental results. Further-
more, with a decrease in the incident energy, the
behavior of the cross sections calculated by Gera-
simenko is quite different from that experimentally
observed. The experimental cross section reaches
a maximum at about 35 keV and steadily decreases
with further decrease in the incident ion energy.
Gerasimenko did not calculate the Born cross
sections for such incident energies. However,
from the trend of his results (Fig. 1) it may be
inferred that if the Born calculations are carried
out to lower energies, any maximum will have a
value several orders of magnitude greater than
the experimental findings.

The occurrence of a maximum in the observed
double-capture cross section and the absence of
any theoretical calculation in the corresponding
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energy region have led us to make a fresh theo-
retical investigation into this problem. In this
paper we propose to investigate the above collision
process in a three-state approximation®; we have
considered the following possibilities:

H' +He~H" +He (1a)
~H+He* (1b)
~H™ +He**, (1c)

where He, He®, H, and H™ are the ground states
of the helium atom, the helium ion, the hydrogen
atom and the negative hydrogen ion, respectively.
This problem with two active electrons is espe-
cially complicated and the associated computa-
tional difficulty is enormous. The matrix ele-
ments involve oscillatory momentum transfer
terms and their evaluation is formidably difficult.
Consequently we have to limit our investigation
to calculations with the inclusion of the initial
channel, the final channel, and only one inter-
mediate channel. The intermediate channel (1b)
we have considered is that in which a single elec-
tron has been captured by the proton in the 1s
state and the helium ion remains in its ground
state. From previous calculations,’ it has been
found that the cross sections for the single cap-
ture into the excited states are much smaller
than those for capture in the ground state. Hence
the intermediate channel (1b) is likely to play a
more important role than those in which single
capture into excited states occurs.

THEORY

The wave function ¥ for the proton-helium sys-
tem is approximated by the expansion

¥=a,O0, +la,t) V2@ +8y) +a, (DY,  (2)

where the q;(f)’s are the coefficients of expansion
dependent on time ¢ only and ¥,, ¥,,, ¥,,, and ¥,
are the traveling orbitals, given by (atomic units
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FIG. 1. Cross sections for formation of H™ as a re-
sult of double electron capture by protons from helium
compared with previous experimental and theoretical

results. Experimental: -« —, Ref. 3; ———, Ref. 4; O,
Ref. 5; @, Ref. 6. Theoretical: , this work;
—--—, Ref. 7.

are used throughout)
4)1 = ¢Hc(rlA ;TZA)
xexp [ - t€yt — §iv?t - 38V (¥, +T,)], @)

)

i(a +6f1.21dz +f135) — Fy,a, - 6(F1.21 -3 if1.21)a2 -

Z[‘/Efx .21‘}1 +(1 +f21.22)dz +‘/§f21.3d3] - E(FI.Z

‘/)21 = ¢H(7’18)¢Hc’ (’rzA)

xexpl- ey +ey)t - divt =17 G -5,
4)
Uy = D u(Vyp) Puier (7 4)
xexpl-i (e +eyer)t = div?t— i - (= F,)],
5)

Y3=du-(15,725)

xexp[-iey-t—5i0%t +3 v * (T, +1,)],
(6)

where ¢, ¢y, ¢4+, and ¢4~ are the normalized
wave functions for helium, hydrogen, ionized
hehum and the negatlve hydrogen ion, respective-
ly; rM, rn A rla, and rzB are the position vectors
of electrons 1 and 2 from the helium nucleus A and
the proton B, respectively, and €., €y, €.+, and
€y- are the eigenenergies of the respective atoms
and ions. The vectors T, and T, are the position
vectors of the two electrons from the midpoint of
the line joining A and B. For the helium and the
negative hydrogen ion we have used the wave func-
tions of Shull and Léwdin® and Ldwdin,!° respec-
tively.

The equations for finding the coefficients q;
(=1 to 3) are obtained by using a variational
principle.'! Utilizing the symmetry properties of
the wave functions, the final set of coupled differ-
ential equations in q; is written as

(Fls"%ijfa)aszo’ (7a)

1 .:_
2 )a

- (F21,21 +F21,zz "éifm,zz)az' ‘/E(F21,3_%":f;1,3)a3:0: (7b)

i(fladl +‘[§f_21,3dz +ay) - (Els -3 7.1;13)“1 -2 (1;21,3 —%iszx,s)az

(bars denote complex conjugates), where

— Fga, =0 (7c)

f1,21 = f ¢He(71mVzA)qu(rw)d’He*(rzA) exp [i(gﬂe - €y — €yt +7‘V'F1]d;1 d;z ,
13~ f D1 4,72 0P -7, 5,72 5) €xp [’(5 He — GH-)t'”'; . (_1:1 +;2)Jd;1 d;z ’

f21,22 =f ¢H(713)¢He"(rzA)¢H(7za)¢Hc*(rlA) exp [l;' (;2 - -{‘l)Jd-I.'l d-l.‘z y
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far,s = [ (" 18)Pret (V2 ) Pu- (15, 725) €XP [i(ey +€pyer - €H-)t+i;‘-{‘2]df‘l dr, ,

Fy, =f Pute”1.4, 72 D ViPuie?1 4,72 4) d;l dr, ,

Fiq = f Due 14,724 3 (Vi +V3) 047, p) uer (7, 4) exp [i(eHe - €y — €He+)t+i‘7';1]d;ud-{'z s

Fy, =f Due(?14,724) 7 (V; +V;) bu-(715,725) €xp [i(eye-€y-)t +iv - (;1 +1,) ]d-{‘l d;z ’

F21,21 =f ¢’H(’18)¢He"(rz,i)V21¢H(718)¢He+ (72A) d;l d;z ’

F21,22 = f ¢H(rxa)¢'ne*(rzA) % (VZI +V22)¢H(7’23)¢He*(71.4) exp ['; Gz - ;1) d;l d-f‘z ,

E, = _/ ¢H(718)¢He"'(724)% (Vay +V4)bu-(715,7,5) exp [i(eﬂ +E€her — EH‘)t“'i‘?';z]d;z d;z ,

and
F33 = f ¢H'(rxb,725)‘,:44’}{'(715’728) d;l d;z ’

with
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The overlap integrals f,, cannot be evaluated
analytically but are expressed in the form of
one-dimensional time integrals.’* The analyti-
cal evaluation of the interaction integrals F,,
F,,21, and Fg; are always possible; the inte-
grals F ,,, Fj;, and F, ; are, however, ex-
pressed as one-dimensional time integrals as
in the case of f,, The two-centered exchange
interaction integral F, ,, contains a momentum
transfer term and is not easily tractable. A
Mulliken-type approximation'' has been used for
its determination. For the evaluation of the
matrix elements involving the momentum trans-
fer terms we use a method similar to that of
Cheshire,'® Chatterjee efal.,’* and Mukherjee

et al.*?

We finally solve numerically the set of equa-
tions (7) using the initial conditions a, =1 and
a;(i#1) =0 at = —o, The values of the three
quantities |a; [? for i=1 to 3 at =+ give the
probabilities for the three processes [Eq. (1)]
for the given velocity v and the impact para-
meter p. Multiplying the probabilities by 2mpdp
and integrating over p from zero to infinity,

r

the total cross sections for the corresponding
processes are obtained.

RESULTS AND DISCUSSIONS

In Fig. 1, we have shown our calculated re-
sults for the cross sections for formation of
H™ as a result of double electron capture by
protons from helium for the incident energy
10-200 keV, as functions of incident proton en-
ergy. For comparison, we have also given in
the same figure the experimental’~® and the
previous theoretical results.” Our results for
the double-capture cross section are in fair
agreement with the measured cross sections of
Fogel etal.,® Williams,* and Schryber.® The
only existing theoretical results for the problem
under consideration are Gerasimenko’s”; they
are for the high-energy region and are more
than two orders of magnitude greater than the
experimental values. In the low-energy region,
with the increase of incident energy, the exper-
imental results®~® show a peak in the cross
sections and then gradually decrease. In our
present calculation we also find the same na-
ture, as is clear from our curve shown in Fig.
1. The maximum value of the cross section
(1.3 X 107'® c¢m?®) occurs in our calculation near
the incident ion energy of 20 keV, whereas the
experimental cross section (0.7 X 107!% cm?)
reaches a maximum at about 35 keV. The cal-
culated value of the cross section is somewhat
higher than that observed experimentally. In
the higher-energy region covered by Toburen
and Nakai,® i.e., for 75-200 keV, our theoreti-
cal results show a much better trend as com-
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pared to the Born results of Gerasimenko but
do not agree quantitatively with the experimen-
tal findings. The discrepancy between the pre-
sent theoretical values and the experimental
findings may be attributed to the effect of con-
tinuum states ignored in our calculation.

We have used the Mulliken-type approxima-
tion for the calculation of the integral Fj, ,,
occurring in Eq. (7). This approximation gives
a good estimate of the integral when the collid-
ing nuclei are close to each other. With an
increase in the internuclear distance the per-
centage error increases but the value of the
integral itself becomes small. It may be noted
that the integral F,, ,, occurs only in Eq. (7b)
of our coupled set of differential equations.

This indicates that any change in the double-cap-
ture cross section by protons from helium owing
to uncertainty in the integral F,, ,, is caused by
the coupling with the state of single capture.
Furthermore, the single-capture cross section
computed in the present work is in agreement
with those obtained by other workers.! Hence
we may conclude that the use of the Mulliken-
type approximation does not cause any serious
error in the present calculation.

We have presented in Fig. 2 our results for

the probabilities of the double capture at inci-
dent protor energies of 10, 20, and 100 keV,
respectively. At an incident ion energy of 10
keV, the probability curve has a maximum at
impact parameter p =0.4 and then diminishes
rapidly but shows a hump near p =0.8. For
the incident ion energy of 20 keV, the probabil-
ity curve has a maximum at p =0.2 and does
not diminish as rapidly as in the case of 10

keV. This curve also shows a hump near p
=1.5. In the 100-keV case, the probability
curve shows a maximum at p =0.5. Unfortu-
nately, no experimental or theoretical results
exist to compare our calculated values of these
probabilities.

The calculated values of our single-capture
cross sections almost coincide with the previous
theoretical values' and as such these results are
not presented here. All numerical computations
have been performed on the IBM 370 at the
Indian Institute of Technology, Madras.
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