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An impact-parameter treatment is carried out for the processes H(1s) + H(ls) H(ls)
+ H(2s or 2P) with incident hydrogen-atom energies E in the range 360 eV ~ E ~ 100 keV. Full

account is taken of distortion, back coupling, rotational coupling, and the virtual transition

sequence ls =2p =2s. Comparison with previous two-state calculations, which included only

the effects of distortion and back coupling, shows that the pIesence of the optically allowed

ls-2P transition increases the ls-2s cross section at all energies, augmenting it by as much

as 73% at 360 eV, and contributes relatively less with energy increase. For excitation of

the 2P-magnetic components, rotational coupling and the inclusion of the optically forbidden

channel influence the cross sections only slightly and in opposite senses for energies above

6 keV, while for lower energies their combined effect is to decrease severely the excitation

probabilities. The percentage polarization of the emitted radiation is also evaluated.

I. INTRODUCTION

Recently, Flannery' calculated the n =2 and 3
single-excitation cross sections describing col-
lisions between two hydrogen atoms initially in
their ground states. A two-state version of the
impact-parameter treatment was used. The 1s-
2P excitation probability is larger than that of the
1s-28 transition, and hence it is to be expected
that the inclusion of the optically allowed chan-
nel will influence the forbidden-transition prob-
ability, although the reverse situation is pre-
sumably less important. Also during the colli-
sion there is a natural tendency, especially for
intermediate encounters with impact parameter
p in the range p, & p & p„ for the quantization axis
of the atoms, which is fixed in the two-state treat-
ment, to follow the rotation of the internuclear line.
This tendency becomes less for distant collisio~s,
p & p„because the perturbation is then not suf-

ficiently strong to separate the degenerate mag-
netic substates, and also for close collisions,
p & p„because the quantization axis of the atomic
eigenfunctions is reluctant to follow the rapidro-
tation of the internuclear line. These effects ean
be introduced into the theoretical description by
including couplings between the magnetic m sub-
states. This procedure effectively bridges the

gap between the two extreme cases of the two-
state approximation, with its constantly fixed
quantization axis, and the perturbed stationary
state' or perturbed rotating-atom' methods, in
wlHch the axis of the quantlzatlon ls taken to fol-
low always the rotating internuclear line.

In this paper, the influence of this "rotation"
coupling together with the virtual transition se-
quence, represented by 1s =2po= 2p+, = 2P,= 28, is examined for the case of the 28 and 2P
single excitations in an H-H collision. Distor-
tion and back-coupling effects are included, but
exchange effects are neglected.

II. THEORY

In descxibing a collision between two hydrogen atoms, we can assume that the incident atom travels with

constant velocity v in the positive direction along a line distant p, the impact parameter, from the Z axis
of a fixed cylindrical coordinate system; the target atom being at rest at the origin. The impact-parame-
ter method4 results in the following set of coupled equations:

80 S

tI,— =- Q a (z)exp[t(m -~ )e]v (%)expt
' z;

subject to the condition la&(- ~) I=5is, with the zero of time chosen so that Z =crt. The potential matrix
elements V~s(%) are given by

V (0) = J tj +(r, r )ug (r l, r ) dr ldr2,

where go, (rl, r2) represents a set of atomic eigenfunctions of energy es, describing two isolated hydrogen
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atoms, one of which remains in the ground state and the other (n =1,2, ... , 5) in one of the ls, 2pm(m =0,
+1, —1), and 2s states. The inclusion of the phase factor exp[i(mz —ms)C] in Etl. (1), mz being the mag-
netic quantum number of state r quantized with respect to the Z axis, effectively removes any C depen-
dence from the coefficients ar. The instantaneous electrostatic interaction between the two hydrogen
atoms is

2 e2 e2 e2
~~&R r r ~=1) 2z

1R+r, —r2I )R —r2) )R+r, l

(3)

with R =-(p, Z, O) as the nuclear separation, so that R' = p'+v't', and with r; as the distance of each orbital
electron from its parent nucleus of charge e. The probability of excitation of the target from state 1 to n
is 6'1 o(p) = )a2r (~) I', which is independent' of the phase angle 4, and hence the cross section describing
excitation is

e, (~)=»t, 6, ,(p)pdp

If we neglect exchange effects, we can write the basis set as

0 (rl, r2) =0
&

(rl)%1,(r2), (5)

where 2t2ntm(r) denotes wave functions for the hydrogen atom. Then the matrix elements coupling each of
the excited channels with the initial channel 1 and with each other have been calculated'I ' (as analytical
functions of R) by an integral technique previously described. The off-diagonal potential matrix elements
cause the transition, while the diagonal ones distort the wavelength of the rectilinear motion. The virtual-
transition and rotational elements can be similarly evaluated to yield, on omitting the phase dependance
exp[t(ms —m~)C j,

V ' = V =(3/W2) 8 (R) sin8cos8= —V 3, V '
2

= V = 6 (R)cos8,1s, 1s 2 1s, 1s 1

0& -1 23 ' 2p, , 2s 25 2s 2p

V2
'

2
=

V34
= —(—,')s2

2
(R)sin 8, V ' = V4 =(1/W2) s (R)sin8= —V

1S, 1S 3 2 ~ 2 1s, 1s 1

2p, , 2s 45 2s, 2p

886 686

where cos8 (t) =R(t = —~) R(t) and where the radial potentials, in atomic units, are given by

(6)

1 -R 83 83 7 R 7R' e 83 166
2s, 22 8111' 81R 6 2 22 81 R' R ) (7)

and
2 -R 38 38 7 5 11R 7R' 2e 57 114 82
22, 22 81R' 81R' 248R 2'I 108 216 268 R' R' R ) ' (8)

The superscripts of the 5 's refer to the total orbital angular momentum L, and the subscripts and
superscripts of V denote composite initial and final quantum numbers of electron 1 of the target H and
electron 2 of the incident H, respectively. The equality of the magnitudes of all couplings to the 2p, and
2p, states, which provide equal distortion terms, results in equal probabilities for the 2p, and 2p, ex-
citations, as expected also from the spatial symmetry of the collision. Hence, the five-state approxima-
tion reduces to, in effect, a four-state approximation described by the modified equations; in matrix
representation

a1 V11

tent

2 S6t sent,2e V 4e is
-iet

Z 1 1-i&t
a, 2' V,4e 2' V24

2'
V24

(V44 —VR4)

V„

2 V45 a4

-fat
V,5e V55

2a, 2 V45 a,

subject to unit normalization, and e = —, a.u. The effect of the 2p, -2p, coupling V,4 is to modify the equal
amounts of distortion, V33 V44 created by the 2p~1 states. Also, the s-p coupling for single excitations
in hydrogen is short range, in contradiction to that assumed by Dose, who invoked a long-range effect to
justify its neglect. It is only when both the target and projectile neutral atoms suffer excitations to p
states that a long-range A ' interaction potential is in evidence. '
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TABLE I, Cross sections for the process H(1s)+H(1s) -H(ls)+H(2s, 2pp, or 2P ~ 1). Here v is the incident atom ve-
locity in atomic units (1 a.u. = 2.19 && 10 cm/sec) . Incident atom energy E= 25 v keV, Also Q(nl~) are the four-state
cross sections in units of ap (= 0.28 x 10 cm ) for excitations of individual magnetic components of the H(nl) level.
And o (nl~) arethe two-state cross sections in units of ap (=0.28 && 10" cm ) for excitation of individual magnetic com-
ponents of the H(nl) level. The exponents give the power of 10 by which the entry must be multiplied.

v(a.u. )

2

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.5
0.4
0.3
0.2
0.18
0.16
0.14
0.12

Q(2s)

2.26

2.78
3 51
4.57
6.16
8.71
1.30
1.98
2.32 '
2.25

1.14"
4 93
1.90
7.81
1.94
3.78-'

o'(2s)

2.20
2.71 '
3.40"
4.40
5.90
8.26

1.21-'
1.80
2.06
1.94
9 63
4.03
1.35
5.03
1.31-4

2.19-'

q(2P0)

6.42"
9.50"
1.46
2.35
3.97
7.07
1.31 '
2.31 '
2.70"
2.36
8.86
3.99
2.03
7.44
1.40
1.97

2P0

6.27

9.23

1.42
2.28
3.87
6.95

1.29
2.29
2.70-'

39-i
9 05

3.70
2.31 '
1.01
1.98-4

3.31 '

e(2p, )

2.50
3.01-'
3.68
4.56
5.74
7.26"
8.94
9,58
8.39
5.36
1 49
3.36-4

1.14
3.50"
6.97
6.82

o (2P~)

2.51
3.02
3 69
4.58
5.77
7.32 '
9.07
9.90
8.85
5.95
1.90
6.54-'
2.19-4

7.43 '
1.90-'
2.49

III. RESULTS AND DISCUSSION

By solving Eq. (9) to give the probabilities and

by using Eq. (4) for the cross sections, we have
carried out four-state calculations (with an error
of & 0.5%) in the energy interval 360 eV & E & 100
keV for the collision processes

H(ls)+H(ls) H(ls)+H(2s, 2P0, or 2P l).
The results are displayed in Table I, together

with the comparison results of the two-state
treatment. The 2s-excitation cross sections are
increased over the entire energy range, while
the total 2P cross sections are decreased only at
the lower energies. From knowledge of the con-
tributions to the cross sections from various im-
pact-parameter ranges, we observed that close
collisions (p & 2 a.u. ) contribute relatively more
to the 2s than to the 2P„and relatively more to
the 2p, than to the 2p+1 cross sections. For the
1s-2s transition, the virtual-state coupling in-
creases the contribution from all encounters at
all energies. The combined effect of the optical-
ly forbidden transition and rotational coupling on
the 1s-2P excitations is a decrease in the contri-
butions from close encounters and an increase in
those from distant ones. This results in an over-
all increase of the 2po cross sections (at energies
above 6 keV) and a decrease in the 2p~l cross
sections at all energies. The net effect is a.
slight increase of the total 2P cross section at
high energies and a reduction at energies below
25 keV. As Table II shows, the percentage

polarization of the emitted radiation is less
strongly affected.

The impact parameters p, , less than which the
quantization axis of the atoms is unable to follow
the rapid rotation of the internuclear line, and p„

v(a.u. )

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.5
0.4
0.3
0.2
0.18
0.16
0.14
0.12

—17.6
—15.9
—13.5
—10.4
-6.3
—0.9

6.0
14.5
19.0
23.2
25.4
28.7
33.8
35.6
33.7
35.5

—17.4
—15,6

13 ~ 1
—10.0
-5.8
-0.4

6.6
15.2
20.1
24.4
28.2
34.5
37.0
38.0i
38.03

39.2

TABLE II. Percentage polarization of radiation emit-
ted from H(2P) formed by the process H(1s) + H(ls)-H(1s) + H(2P). Here v is the incident atom velocity in
atomic units (1 a.u, = 2.19 & 10 cm/sec) . Incident atom
energy E= 25 v keV. And Pz is the polarization per-
centages derived from excitation cross sections eval-
uated by use of the ith-state approximation.
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beyond which the perturbation is insufficient to
cause separation of the magnetic substates, de-
crease and increase, respectively, as the energy
is lowered. This observation is a direct mani-
festation of the tendency for the collision complex
to assume molecular characteristics. Thus, the
interesting influence of rotational coupling be-
comes most marked precisely in the energy re-
gion where calculations become prohibitively time
consuming owing to the rapid oscillations asso-
ciated with a low incident velocity. In this con-
text, it would prove useful to reformulate the
impact-parameter method in an effort to obviate
this computational hazard.

In conclusion, the presence of the optically
allowed channel increases the 2s cross section
from about 5% at 25 keV to 73% at 360 eV, while
rotational coupling decreases the 2P cross sec-

tions from 1% to 45% for the same energy inter-
val. These effects assume increasing importance
as the energy falls below 360 eV, where also
nuclear- and electronic-exchange effects and
directional changes' of the projectile that result
from the distortion terms would need to be con-
sidered. All these refinements in the existing
impact-parameter treatment would necessitate
heavy numerical work.
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