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Cross sections for the excitation of the projectile He+ ions in collision with hydrogen atoms
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The two-state distortion approximation and a corresponding second Born approximation are employed to calculate
the 2s excitation cross section of the projectile He+{1s) in He+{1s) + H{1s)collision process, keeping the target atom
unexcited for the incident energy ranging from 30 to 4000 keV. The distortion e8'ect in the second Born calculation
is taken into consideration in the present work by retaining the couplings between the initial and the final states in
the infinite summation. The present results are compared with the existing theoretical and experimental cross
sections. Our calculations give results in reasonably good agreement with the many-state close-coupling calculations
of Bell and Kingston, but like the existing calculation, the present results are not in good agreement with the
observed results.

INTRODUCTION

The collision between helium ions (He'} and
hydrogen atoms (H) is one of the simplest and
most basic collision problems involving two com-
posite atomic systems. The wave functions for
these systems are known exactly. Consequently
the theoretical predictions of cross sections in-
volving these systems are more reliable and the
experimental measurements of such cross sec-
tions thus become stringent tests of the theory.

Shah and Gilbody' have recently measured in the
energy region 22.5-346 keV the cross sections
0,*, for the direct excitation process

He'(ls) + H(ls) —He'(2s) + H(Z),

where(Z} denotes all discrete and continuum final
states of the target atom. The only theoretical
study for the process (1) has been made by Bell
and Kingston. ' The measurements' and the theo-
retical calculations' of the excitation cross sec-
tions for the projectile in the above collision pro-
cess were made simultaneously. Because of the
remarkable difference bebveen the total cross-
section measurements' and the existing theoret-
ical caleulations2 we became interested in per-
forming a fresh theoretical investigation on this
problem. Bell and Kingstonm applied the first
Born approximation to compute the cross sections
for the formation of He' (2s or 2p) ion up to an in-
cident He'-ion energy of 4000 keV. They also em-
ployed a coupled-state calculation in the impact
parameter treatment to calculate these cross sec-
tions. In the present work we propose to employ
the distortion approximation and the correspond-
ing second Born approximation in the impact-
parameter treatment to calculate the excitation
cross sections. .

The two-state distortion approximation was
first introduced by Bates' in the impact-parame-

ter formulation for the calculation of the inelastic
cross sections in ion-atom collision processes
and, in the intermediate energy region, he ob-
tained much better results in comparison with the
first Born approximation. Several other investi-
gations on the heavy-particle collision have there-
after been carried out using this approximation.
The application of distortion approximation by
Bell' and Davison' for 'P and 'D excitation of hel-
ium atom by protons and alpha-particle impact
have shown good agreement with experiments at
intermediate energies. Skinner' has studied the
excitation process of a hydrogen atom by the impact
of alpha particle or proton using a modified dis-
tortion approximation so as to include the coupling
between 2p, and 2p„states. Bell and Skinner'
have reconsidered the same problem to study the
effect of back coupling to the 1s state. The effect
of distortion in the asymmetric charge transfer
He2'+ H- He'+ H' has been found to be quite sig-
nificant. " The distortion approximation has also
been applied to calculate, the 2 '8, 3 '8, and 4 'S
excitation cross sections of helium atoms by pro-
ton and alpha-particle. impact. '~" It is confirmed
by all the above-mentioned investigations that the
inclusion of the distortion greatly influences the
results of the, cross sections, and it is further
observed that the effect of distortion is more im-
portant for the case of s-s transition than for s-p
transition. For proton impact 3 '8 excitation of
a helium atom, the distortion calculation of Roy
and Mukherjee' gives nearly the same results as
observed experimentally at lower energies. In
the second Born approximation the distortion ef-
fect can be taken into consideration by retaining
couplings only to the initia1 and the final states in
the infinite summation. Assuming that the major
contribution to the scattering amplitude is pro-
vided by the 1s, 2s, 2p, ,&

intermediate states,
Kingston et a/. ' have carried out calculations for
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the 1s-2s excitation of atomic hydrogen by elec-
tron, positron, and proton impact. The same ap-
proach has been used by Kingston and Skinner"
on the problem of elastic scattering of electrons
and positrons by hydrogen atoms and by Moisei-
witsch and Perrin'4 on the problem of 1s- 2P ex-
citation of atomic hydrogen by electron, positron,
and proton impact. Chaudhuri and Bhattacharya"
have calculated the 1s- 2s and 1s —3s excitation
cross sections of the hydrogen atom by alpha-par-
ticle impact in the second Born approximation
using the impact-parameter formulation and, tak-
ing only the couplings corresponding to the initial
and the final states in the infinite summation, ob-
tained good agreement with their calculated re-
sults of the distortion approximation. The above
methods are employed here to calculate the 2s
excitation cross sections of the projectile He'(1s)
for the single-transition process (target atom in
ground state)

He'(1s) + H(1s) —He'(2s) +H(ls). (2)

The distortion effect in second Born calculation is
taken into co~sideration in the present work by
retaining the couplings between the initial and the
final states in the infinite summation. The first
Born-approximation results for the double-tran-
sition process as calculated by Bell and Kingston'
are then added with the present results to obtain
the He (2s) cross sections for the reaction (1).

The present theoretical approach though very
simple and based on only two-state calculations
give results in reasonably close agreement with
the many-state close-coupling calculations of
Bell and Kingston. ' In the high-energy region,
the present two-state distortion calculation al-
most coincides with the close-coupling calcula-
tions. It may, however, be noted that like the
close-coupling calculations of Bell and Kingston
the present theoretical results also are not in sa-
tisfactory agreement with the observed results.
Atomic units have been used throughout.

THEORY

The incident ion & having a nuclear charge Z,
is assumed to follow a classical straight-line tra-
jectory with velocity v relative to the target nuc-
leus 8. The Hamiltonian H describing the system
may be written as

H=-g(V, + V, )—~Z Z$

1 1 1
+

rg f F2 r12

where r~l, r~2& rBly and ra2 are the radius vec-
tors of electrons 1and 2 for the nuclei& and B,

respectively, and r» is the distance between the
two electrons. The internuclear interaction term
has been neglected since it has no effect in the to-
tal cross sections.

The electronic wave function 0'(r„„rs„ t) may
be expanded in terms of the bound eigenfunctions
as

@(r„„r„,t)=+A„(t)C„(r„„r„,t),

where"

neglecting electron exchange and noting that the
nuclei are distinguishable. Here 4„"' represents
the ground and excited states of the helium ion
and 4" represents the ground state of the hydro-
gen atom. The collision is then described by the
time-dependent Schrodinger equation

H%'(r~~ rs2 t) =l 4(r~~ rs t).
Bt

The total Hamiltonian H can be split up into two
parts,

dA„(s) jg () () (6)

where s = vt,

E„„=—(4„~V,
~
4„)=V exp(ie „s/v),

~ms= ~m-- ~ay

and z„being the eigenenergies correspondirig
to 4„and C„. The set of equations (6) is solved
for A (s) with the initial conditions A (-~)=5„„
when the probability of excitation from the ground
state 1 to a state m is given by

2

~„= ~A. ( )~ .
Formal integration of (6) yields

A„(s)=5, +'—Q A (s')F „(s')ds' (8)

The first Born approximation corresponds to the
substitution A„(s)=A„(-~) =5, on the right-hand
side of Eq. (8), yielding the first Born amplitude

B, being the unperturbed Hamiltonain and ~,. the
interaction potenital given by

2 1 1
V = ————+

r+2 rB1 12

Following a procedure similar to Bates, ' we ob-
tain the following set of coupled differential equa-
tions:
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oo

AB(~) = fi, +— E„,(s)ds.
v

This expression is substituted on the right-hand
side of (9) aud all couplings, except those involv-
ing the initial and the final state (s = 1 and m) in
the infinite summation, are neglected. The re-
sulting second Born amplitude is given by

AB2(~) =— E„,(s)ds

tion energy). One also obtains the distortion
probability as

pD QD)2

where

2 " 1(A„=— V„,(s)cos —
i (E» E„-)ds'+ z„,s i

ds.
0 0

(15)

The double integrals are evaluated numerically:
hence the total cross section for excitation from
the ground state to the mth state is given by

S

+E„„(s) E„,ds' ~ds. (10)

Alternatively, retaining coupling only to initial
and final states in the original set of coupled
equations (6); one obtains

(11a)

and

= —(A,F,+4J"„ (11b)

¹glecting the back-coupling term involving E,
on the right-hand side of (lla) and solving, we
obtain the two-state distortion amplitude

oo

AD( ) =exp~ —' E„„(s)ds ~

oo

F icos(K is/v)dsi
0

and the second Born probability is

pB2 pB ~BA I 92A

where
oo

V„,(s)sin(z„,s/v)
0

X ll mm

0

(14)

(neglecting terms of the fourth order in interac-

(s) exp —-i E ds'
i
ds.

V v -«a

(12)

For s-state excitations, all the V (s) involved are
even in s, and on simplification one obtains the
first Born probability as

~B QB)2

where

v =27t
' P pdp,
0

p being the impact parameter.
Analytical expressions for the required matrix

elements can be obtained from Eq. (7). The eval-
uation of matrix elements is tedious and requires
much attention due to the occurrence of the term
1/2» in Eq. (6). This term is present in the inter-
action potential due to structure of the projectile.

The integrals occurring in the expressions for
the amplitudes have been evaluated numerically.
In these computations sufficient care has been
taken to ensure the desired accuracy. The Gauss-
Legendre quadrature method has been used for the
integration over p in the calculation of the cross
sections. The value of P has been increased
stepwise until the desired accuracy of 1% in the
total cross sections is obtained. For the ampli-
tude expression the outer integral has been eval-
uated in the same manner by increasing stepwise
the value of "s" and the inner integral has been
performed by repeated application of Simpson's
rule.

RESULTS AND DISCUSSIONS

In Table I we present our calculated values for
the total cross sections of the single-transition
process (2) for the incident energy ranging from
30 to 4000 keV obtained by applying the distortion
approximation (o ) and the corresponding second
Born approximation (o ).

It is evident from the table that at high energies
(from 1000 to 4000 keV) the two sets of cross sec-
tions calculated by the two different approxima-
tions almost converge. It may, however, be noted
that in the lower-energy side, although the values
obtained by the second Born approximation are
somewhat lower than those obtained by the distor-
tion approximation, with the increase of incident
energy these two cross sections gradually become
almost identical.

%e present our results for the excitation cross
sections of the single-transition process (2) in
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Energy of
incident

He' ion (keV) 0'+(2s excitation) 0'~2 (2s excitation)

30
50
64
90

100
144
196
256
324
400
600
800

1000
2000
3000
4000

5.23(-2)
4.ss(-1)
6.48(-1)
8.48(-1)
s.so(-1)
S.95(-1)
8.1s(-1)
7.17(-1)
6.2O(-1)
5.35(-1)
3.90(-1)

.3.06 (-1)
2.51(-1)
1.33(-1)
e.o2(-2)
6.83(-2)

s.o4(-1)
7.66(-1)
'8.41(-1)
9.19(-1)
s.5o(-1)
7.43(-1)
6.se(-1)
5.49(-1)
s.e7(-1)
s.1o(-1)
2.54(-1)
1.33(-1)
9.06 (-2)
6.85(-2)

)0+7

He (&s) + H (ts) ~ He (ps) +H(1s)

TABLE I. Distortion and second Born-approximation
cross sections (10 ' cm /atom) for He'(2s) excitation in
the reaction He'(1s) + H(1s) . He'(2s) + H(1s). The num-
bers in parentheses denote the powers of ten by which
the numbers are to be multiplied.

Fig. 1 and compare them with the theoretical re-
sults of Bell and Kingston, ' calculated by the cou-
pled-state method as well as by the first Born
approximation.

The cross sections of Bell and Kingston calcu-
lated by close-coupling method shown in Fig.
1 agree reasonably well with the present distor-
tion approximation calculation both in shape and

magnitude. The calculated values obtained by the
first Born-approximation method, however, differ
considerably from other theoretical results.
From the figure it appears that over a limited
low-energy region (80 to 80 keV), the present
two-state distortion results are in much better
agreement with the results obtained by the many-
state close-coupling calculation of Bell and King-
ston, 2 as compared to the results obtained by using
the first Born approximation. The Born-approxi-
mation results, however, grossly overestimate
other predicted calculated results on the low-en-
ergy side. At high-impact energies of the projec-
tile, the cross sections obtained by the present
two-state calculations and the coulped-state cal-
culations of Bell and Kingston agree well with
each other. The cross sections obtained by the
present two-state distortion calculation and the
corresponding second Born-approximation exhibit
the maximum nearly on the same incident energy
as obtained by the many-state close-coupling cal-
culation, whereas the first Born approximation
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FIG. 1. Total cross section 0.
~~ for 1g-2g excitation

of He' in the reaction He'(lg)+ H(lg) He'(2s)+ H(1s).
Theory: -"-Bell and Kingston (Ref. 2), first Born
approximation. —.—Bell and Kingston (Ref. 2), close-
coupling cross section for single-transition processes.

Present calculation, distortion approximation.——Present calculation, second Born approximation.
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FIG. 2. Total cross section 0~g for 1g-2s excitation
of He' in the reaction He'(1s)+ H(1s)-He'(2s)+ H(g). -

Theory: -"-Bell and Kingston (Ref. 2), first Born
approximation. ——Bell and Kingston (Ref. 2), close-
coupling cross section for single-transition process
plus first Born approximation for double-transition
process. Present calculation, distortion approxi-
mation. ——Present calculation, second Born approxi-
mation. Experiment: Shah and Gilbody (Ref. 1).



CROSS SECTIONS FOR THE EXCITATION OF THE. . . 1779

indicates the maximum at somewhat lower energy.
Figure 2 represents our results for the distor-

tion calculation, as well as those obtained by the
corresponding second Born calculation for the to-
tal cross sections of He'(2s) excitation compared
with the corresponding theoretical results of Born
and close-coupling calculations, as well as the
experimental findings of Shah and Gilbody. ' The
theoretical values of the total cross sections are
calculated by combining the values of the cross
sections obtained by the present method keeping
the target at ground state (single-transition pro-
cess) together with the results' of the cross sec-
tions obtained in the Born method by considering
the target in excited states as well as in the con-
tinuum state (double-transition process). The re-
sults of the cross sections are found to have very
little dependence on the inclusion of the excited
states of the target in the low-energy domain.
However, its inclusion above 300 keV shows some
change in the theoretical results of the cross sec-
tions where the calculated results exhibit some-
what better agreement with the experimental fin-

dings. The present two-state distortion results
show a trend similar to the close-coupling calcu-
lations of Bell and Kingston throughout the energy
region considered; beyond about 500 keV these
two methods give almost identical results for the
cross sectioris. Although the present two-state
distortion results for the total cross sections are
in qualitative agreement with the many-state
close-coupling calculations of Bell and Kingston,
both these theoretical curves show a quantitative
disagreement with the experimentally observed
curve. The large difference between the theoret-
ical results and the experimental findings defi-
nitely suggest further study in this line.
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