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Excitation cross sections for the collisions H(1s) +Ne, Ar, Kr-H(2s, 2PO, 2P+) +Ne, Ar, Kr
are calculated over the velocity range of 0.3-5.0 a.u. in the distorted Born, two-state (for
argon only), and four-state impact-parameter approximations that do not allow for electron ex-
changes between the colliding atoms. The results are compared with earlier first Born and

scaled first Born calculations and with experimental data. The four-state cross sections,
while greatly reduced from the first Born results, are still between three and ten times greater
than experiment, Polarization fractions are also calculated from the four-state cross sections
and compared with experimental data and with previous calculations.

I. INTRODUCTION

In a recent paper, to be ref erred to as I, Levy'
presented a general method for evaluating the time-
dependent matrix elements occurring in multistate
impact-parameter calculations of atom-atom in-
elastic collisions. The method does not allow for
electron exchanges between projectile and target
atoms, but it does permit the inclusion of all the
direct couplings.

First Born wave calculations of excitation and
ionization cross sections for H(1s) in collisionwith
rare gases in their ground states gave values for
the heavier target atoms that are many times larger
than the experimental values, even at high incident
velocities. However, the substitution of a velocity-
deyendent scaling factor q&(vt) [determined by
fitting theoretical ionization cross-section calcula-
tions to exyerimental results] for Zg, the nuclear
charge of the target atom B in the cross-section
equations resulted in good agreement between the-
oretical and experimental excitation cross sections
for neon, argon, and krypton targets.

W'hile the use of velocity-dependent scaling fac-
tors was successful in this instance, it was notpos-
sible to isolate the physical effects most respon-
sible for the large deviation of the first Born wave
calculations from experiment.

In this paper, the effects of distortion, coupling
to the initial state, and couplings among the final
excited states (2pO 2p+, 2p, and 2s) are considered
in order to determine their importance as correc-
tions to the first Born wave treatment.

II. THEORY

where E~~ =E E is the transition ene—rgy,

and [R(t)] = fdr&f dr

x year~, r, R(t)]g. 5

The general formulation of multistate impact-
parameter calculations and, in particular, the
means of evaluating the required time-dependent
matrix elements have been presented in I and will
not be discussed here in great detail.

We wish to solve the truncated set of coupled dif-

ferentiall

equations:
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is the electrostatic interaction between the projectile
atom A and the target atom 8 integrated over the
nth and mth electronic scattering states, which are
themselves products of the atomic wave functions

y & and y ~.
The probability of a transition from the initial state
to a final state n,
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is then integrated over the impact parameter for a
particular incident velocity v~ to give the N- state
cross section
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Q (n)=2m J' pdpP (p) .
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In the calculations, five states, (ls)(N'S), (2p0)
(N'S), (2p )(N'S), (2p )(N'S), and (2s)(N'S), where
(N'S) represents the ground state of a particular
rare gas and (nl ) is an atomic state of hydrogen,
are included in Eq. (1). An appropriate choice of
phase factors' reduces the five coupled equations to
four.

The necessary time-dependent matrix elements
Vzm[R(f)] are found by substituting Z&(B = Ne, Ar,
Kr) or if one desires velocity-dependent scaled
potentials q&(v;) for ZHe in Eq. (10) of I.

The scalar quantities V„m (8) and &„m (A) oc-
curring in Eq. (10) of I were calculated by use of
the rare-gas elastic x-ray form factors of Cromer
and Mann, ~ the generalized Born matrix elements
for hydrogen discussed in I, and a single numerical
Simpson's rule integration. They are available,
upon request, from the author.

The multistate calculations apply to collisions in
which the target atom is not excited. For compar-
ison with experimental total excitation cross sec-
tions, we use

o4(nl) = Q'(nl)+o (nl),
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where oi(nl), calculated by use of the closure ap-
proximation, 2 is the first Born wave cross section
for excitation of the projectile to state nl and the
target to any state other than its ground state. As
in I, all subscript references to the target atom
are dropped and atomic units are used throughout.

III. RESULTS AND DISCUSSION

Excitation cross sections for the collisions H(ls)
+ Ne -H(2s, 2p„2p+) + Ne have been calculated to a
computational uncertainty of 1.0% in the distorted
Born approximation (oDB) and in the four-state im-
pact-parameter (Q~) approximations and are listed
together with first Born wave calculations' in Table
I. As was found for a helium target in I, distortion
effects provide the major correction to the first

M

PR

I I
cD cgO cD

I I
O

cD

I
O
Cg

CA

vs% 'H
I I

R
QO CD

I

QO

QO

I
Cg

I I I I

QO

CA Cb QO

0

Q

0
~A Q

ca

8 ca
s

cL) bD

cd

Q g
Q Q

~~ g O O O Q O QO CD

CQ N + + O O O O O Cd



752 HIRAM LEVY II

Born. Couplings both to the initial state and among
the final excited states are more important at low
velocities for a neon target than they are for helium.

An unusual result is the peaking of Q4(2s) at vi
=0.8a. u. , which is a considerably higher velocity
than that observed for the other targets studied.
This is apparently due to the nonlinear dependence
of the cross sections on the size of the interaction
matrix elements. Thus, for neon, the effects of
coupling between the 2p and 2s final states are
quite small relative to distortion, and the maxi-
mum of Q4(2s) is determined solely by the effects
of distortion.

The same excitation cross sections are calculated
with a computational uncertainty of l. OVo for an
argon target atom in the distorted Born, two-state
impact-parameter (Q') and four-state impact-

parameter approximations, and, together with first
Born wave calculations, ' are listed in Table II.

Again the major correction is distortion, though
the other couplings are now important for vz & 2. 0
a. u. As was observed in I for helium, coupling to
the initial state reduces all the cross sections at
all incident velocities considered. The 2s and 2p,
cross sections are increased at all energies con-
sidered by couplings between the final excited states,
while the 2p+ cross section is increased only at
low energies and decreased otherwise.

The same excitation cross-section calculations
for a krypton target atom are listed together with
first Born wave results2 in Table III.

Of those considered, the major correction to the
first Born wave approximation for all three target
atoms results from distortion effects. The size of
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FIG. 1. Excitation cross sections
for H(1s) + Ar —H(2s, 2po, 2p+) + Ar.
(a) see Refs. 6 and 7, (b) see Ref. 5.
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Sz

(a.u. )

5.0
3.0
2.0
] 4

1.0
0.8
0.6
0.5
0.4
0.3

&4Ne (2p)

—23.7
—17.5
—9.3
-0.1
+ 8.3

+ 12.5
+ 17.3
+ 20.9
+ 25.0
+ 29.4

S'4 (2P)

—17.8
-7.6
+ 1.7
+7,8

+ 13.5
+ 18.2
+ 23.4
+ 26.3
+ 29.0
+ 30.4

TABLE IV. Polarization fractions.

~,K'
(2p)

—12e7
-1.8
+4.9

+ 10,8
+ 17.5
+ 19.9
+ 26.6
+ 28.6
+ 29.3
+ 26.9

tions to the first Born calculations, serious dis-
agreement still exists between theory and experi-
ment for collisions of hydrogen atoms with heavy
target atoms. Until specific further corrections
can be determined, in particular the inclusion of
electron exchanges between the atoms, it appears
that a scaled Born calculation is the simplest and
most accurate procedure for predicting cross sec-
tions.

The polarization fractions for the 2p~ excitations,
&+2p), calculated from the four-state cross sec-
tions by use of the formula of Percival and Seaton, '

(9 (2po)-9 (2p)
P (2p)=300

(7e (2p,)»q (2p,))
all the corrections and maximum incident velocity
at which they become important increase with in-
creasing target nuclear charge as do the matrix
elements themselves.

In Fig. 1, the first Born, the scaled first Born,
and the four-state impact-parameter results are
compared with the experimental data of Dose, Gunz,
and Meyer' and of Ankudinov, Andreev, Orbeli,
and Dukelskii' for an argon target atom where the
values of 0, were taken from previous calculations. '

At low energies, the four-state cross sections,
while greatly reduced from the first Born values,
are still 5-7 times greater than experiment. At
50. 0 keV, they are approaching the first Born val-
ues, which remain five times larger than experi-
ment. Neglect of electron exchanges between the
two atoms may cause the discrepancy at low veloci-
ty, but it seems to be a less plausible explanation
of the discrepancy at high velocities. The results
for neon and krypton target atoms show similar
behavior over the energy range studied.

Thus, while distortion and couplings to the initial
state and among final states make important correc-

are presented in Table IV.
The values calculated from the exact-state cross

sections agree well at low energies with the theo-
retical results of Dose, ' which do not include cou-
pling to the initial state or coupling between the
2s and 2P final states. However, his results drop
off much more rapidly with increasing velocity than
do the complete four-state calculations.

The four-state results do not agree well with the
experimental results of Dose et a/. ' in magnitude
for neon though the slopes are similar, but there
is good agreement between theory and experiment
for argon at vz & 0. 6 a. u.

ACKNOWLEDGMENTS

The author wishes to thank Professor A. Dalgarno
.for his advice and comments regarding this paper.
The author also wishes to thank Dr. R.H. G. Reid
for providing many of the computer programs used
in these calculations.

Work supported in part by the National Aeronautics and

Space Administration, under Contract No. NSR 09-015-
033.

H. Levy II, Phys. Rev. (to be published).
H. Levy II, Phys. Rev. 185, 7 (1969).
M. R. Flannery, Phys. Rev. 183, 241 (1969).

4D. T. Cromer and J. B. Mann, Los Alamos Scientific
Laboratory Report No. LA-3816, New Mexico, I968
(unpublished) .

5V. Dose, R. Gunz, and V. Meyer, Helv. Phys. Acta

41, 269 (1968).
V. A. Ankudinov, E. P. Andreev, A. L. Orbeli, and

B. M. Dukelskii, Zh. Eksperim. i Teor. Fiz. 57, 108
(1969) [English transl. : Soviet Phys. —JETP (to be
translated) ].

I. C. Percival and M. J. Seaton, Phil. Trans. Roy
Soc. London 251A, 113 (1958).

V. Dose, J. Phys. B I, 19 (1969).
8V. Dose, R. Gunz, and V. Meyer, Helv. Phys. Acta

41, 264 (1968).


