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Close coupling calculations have been carried out for rotational excitations in He-Hga collisions with symmetric
isotopic substitution (He-Ha, D2, T2) and asymmetric isotopic substitution (He-HD, HT, DT). Cross sections have been
obtained at the incidence energy of 0.3eV. Based on the calculations, the effect of isotopic substitution on atom—diatom

collisions is discussed.
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1. Introduction

Rotationally inelastic scattering of an atom by a
diatomic molecule is of both theoretical and practi-
cal importance. It plays a very important role in
practical processes, such as the cooling of interstel-
lar matter, predicting the laser action,?! resonance
fluorescencel® and gas phase relaxation(* etc. More-
over, it can serve as a prototype for general molecular
collisions.

The collisions between a helium atom and a hy-
drogen molecule is one of the simplest molecular scat-
tering systems and it has received much attention.!!
Since hydrogen has three isotopes, the effect of iso-
topic substitution must be considered in practical
problems. To obtain the magnitude of the isotope
effect in practical systems and to determine the accu-
racy necessary in the measurement which is influenced
by this effect, we need to study the isotope substitu-
tion effect in atom-molecule collisions.®”! However,
little has been reported in this field and few data are
available. In this paper, theoretical calculations and
systematical studies of the cross sections for rotational
excitation in He-Hy, Do, Ty, HD, HT, DT collisions
are presented.

2.Theoretical calculations

2.1. Close coupling calculations

The Hamiltonian of the scattering system be-
tween an atom and a diatomic molecule can be ex-
pressed as

H=— -
R 2upe

V2 + V(R,#,cosh), (1)

2p4,BC

where pa o and ppc are the total reduced mass of
the scattering system and the reduced mass of the di-
atom respectively, and cosf = R - 7. The total wave-
function of the system has the following form

1
Vo (R,T) = ZZZZQ}{,J,ZWMJ&MQ (R)
Ko ny Jy J

ly

X Gn, 1, (Y307 (R,7), (2)

where g(R) is the radial wavefunction of the relative
motion between the atom and the diatom, ¢(r) is the
radial part of the ro-vibrational wavefunction for the
diatomic molecule, « is the incidence channel and 7 is
other possible channel, n is the vibrational quantum
number, J is the total angular momentum of the sys-
tem, and [ and J, are the orbital quantum number of
the incident atom and the rotational quantum number
of the molecule in v channel, respectively. The total
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wavefunction ¥, (R,r) is given by the solution of the
Schrédinger equation

(H — E)¥,(R,r) =0. (3)

Substituting the corresponding parts of Eq.(3) by
Egs.(1) and (2), we have

d? _ Is(lg + 1)
dR? R?
2pa,BC
= 72 Z VnJﬁJﬁlWHJﬂ7 (R)9g7J7177nQJQMQ (R).
nyJy 1l

(4)

J
+ kg) gnBJBIBJLQJQMQ (R)

Equation (4) is the close coupling equation in atom—
diatom collisions.

2.2. Interaction potential between He—H,, D>,
T> and He-HD, HT, DT

For the He-H, scattering system, we employ the
Tang-Toennies model potential,® which can be writ-
ten as

V(R,r,0) = VA(R,r)Px(cosH), (5)
A

where R denotes the distance between He and the cen-
tre of mass (CM) of Ha, r represents the separation of
H-H, and 6 is the angle between R and r. Every coef-
ficient in each term of the Legendre expansion (5) can
be represented by a long-range dispersion attractive
potential and a short-term self-consistent field (SCF)
repulsive potential

Va(R,7) =A(r)exp[—b(r)R)

> " [b(r)R]*
-y {1_2%

2n=0 k=0

x exp[—b(r)

Within the Born—-Oppenheimer approximation,
isotopic substitution does not change the intermolec-
ular potential. However, it may cause the CM of the
diatom to shift a distance §. For systems of symmetric
isotopic substitution on He-Hs, that is, for He—Ds and
T, systems, the CM of the hydrogen molecule remains
unshifted, and so the symmetric isotopic substitution
does not change the intermolecular potential. For He—
HD, HT and DT systems, the potential surface is still
the same as that of He-Hy. However, the CM of the
hydrogen molecule shifts a distance of § and, since it is
more convenient to treat this kind of scattering prob-
lem in a CM coordinate system, the potential must

be reconstructed in the new coordinates. Substitut-
ing r by £ = (r — rg)/ro, here ro(= 1.449ay) is the
equilibrium separation of H-H, the original position
O’ in the old coordinates (R', ¢, 6') lies on the centre
of BC, and the original position in the new coordi-
nates (R,¢,0) shifts to O. The relation between the
old and the new coordinates is shown in Fig.1. From
Fig.1 we have

R = R(1 + > — 2tcos )2, (7)
cosf' = (cosf —t)/(1 + > — 2tcosf)/2,  (8)
where t = §/R.

Fig.1.
molecule. C is the lighter nuclei of the diatom BC
and A is the atom. O and O’ indicate the positions of
the CM of the isotopically substituted and unsubsti-
tuted diatoms respectively.

Collisions between an atom and a diatomic

In the old coordinate system, the potential func-
tion is expanded as

V(R,£,0) =Y Vi(R,&)P;(cost')
=0
12072747"' (9)

In the new coordinate system it is written as

U(R,&,0) = > Uk(R,&Pg(cosh),  (10)

k=0

r—7To

with & =

r To
change the potential surface of the atom—diatom sys-

. Since isotopic substitution does not

tem, we have

m

U(R',£,60') =U(R,£,60) =Y Ui(R,&)Py(cosb).

k=0
(11)
From Eq.(11) and by using of the normal property of
the Legendre polynomial, the components Uy of the
expansion given in Eq.(10) are obtained as

Up(R, &) = <k + %) /07r V(R',£,6')P(cos 0)d(cos 0)

=(k+5) > [TV pifcose)
=00

x P (cosf)d(cosb). (12)
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Treating ¢ as an expansion parameter and employing U+(R, &) =t° 2240‘/,4 _ 1015RV4( )

a Taylor series expansion of V;(R', ) about t=0, Liu 42 429

et al® obtained analytical expressions for the Ur(R) n 411773]%2‘/—4(2) 1287R3V(3) + O

functions of Eq.(7) in terms of functions Vi(R, £) and
their derivatives. The first eight terms are as follows
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It should be noted here that § is relevant to the masses
of atoms B and C in the molecule, and r is the sepa-
ration between B and C,
1 mp — m¢ (13)
=——7
2mp + m¢ ’
_6r lmB—mcr (14)
rR_ 2m B+ m¢c R

r

and —
IOR 6R 4R
respectively, and because r < R is considered valid in

For DT, HD and HT molecules, t is ——

our calculations only, ¢ < 1 is always valid.

In our calculation, only the first five terms of
Eq.(10) are taken, and for each of these terms the
expression is expanded as a power series and only in-
cludes terms up to O(t*). The convergence of the
expansion in powers of ¢ has been discussed in Ref.[9].
It was shown that such a treatment of the potential
function in an asymmetric isotopic substitution sys-
tem is not very accurate,l® but it is accurate enough
in general calculations and evaluations of cross sec-
tions.

3. Results and conclusion

By solving the close coupling differential equation,
we have obtained the cross sections for the rotational
excitation at £=0.3eV. The results are given in Ta-
bles 1 and 2. The partial cross sections for the sys-
tems of symmetric isotopic substitutions are shown in
Figs.2-5, and their angular distributions are given in
Figs.6-9.

Table 1. State-to-state cross sections of He—Hz, D2 and T at E=0.3eV.

J — j He-Ho» He-D» He-T»

0 0 0.1263(+3) 0.1235(+3) 0.1217(+3)

0 2 0.1165(+2) 0.1746(+2) 0.1928(+2)

0 4 0.2231 0.1835(+1) 0.3154(+1)

0 6 0.1696(—6) 0.2758(-1) 0.1470

0 8 0.6834(-5) 0.1105(-2)

0 10 0.1457(-6)
Total cross section o/arb.units 0.1383(+3) 0.1429(+3) 0.1443(+3)
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Table 2. State-to-state cross sections of He—HD, HT and DT at E=0.3eV.

i — 7’ He-HD He-HT He-DT
0 0 0.1090(+3) 0.9941(+2) 0.1155(+3)
0 1 0.1710(+2) 0.2115(+2) 0.1108(+2)
0 2 0.5958(+1) 0.7498(+1) 0.7336(+1)
0 3 0.6352(+1) 0.7154(+1) 0.6692(+1)
0 4 0.2112(+1) 0.5052(+1) 0.1806(+1)
0 5 0.4231 0.2034(+1) 0.1049(+1)
0 6 0.1675(-1) 0.2749 0.1707
0 7 0.2068(—6) 0.3413(-2) 0.2403(1)
Total cross sections o/arb.units 0.1410(+3) 0.1426(+3) 0.1437(+3)
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Fig.2. Partial cross sections as functions of total an- Fig.6. Differential cross sections for 0-0 rotational
gular momentum J. excitation at £=0.3eV.
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Fig.3. Partial cross sections as functions of total an- Fig.7. Differential cross sections for 0-2 rotational
gular momentum .J. excitation at E=0.3eV.
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Fig.4. Partial cross sections as functions of total an- Fig.8. Differential cross sections for 0-4 rotational
gular momentum J. excitation at £=0.3eV.
¥ 1.00x1072
: 8.00x1073f JEEEN - HeD: 100 He-H;
s N 00  ___ HeD
£ eoox1078 o He-T2 w0 T Hos o oemmmmmmmee-
8 3 v B=03eV 8 1.00x1073k T et
“ 400x1073} . 00-08 7 .
n . \\ —6_-—
8 2.00x107%L 5 ] 1.00x10
3] A Y S R 9
i) 0.00 b - . 1.00x10 L L 1 L 1
-3 0 10 20 30 40 50 4] 30 60 20 120 150 180
H
S J Scattering angle 6/(°)

Fig.5. Partial cross sections as functions of total an-
gular momentum J.

Fig.9. Differential cross sections for 0-6 rotational
excitation at £=0.3eV.
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According to the theoretical calculation, the fol-
lowing conclusions can be drawn:

(i) For both the systems with symmetric and
asymmetric isotopic substitutions, the total cross sec-
tions in the He—Hy collisions are not changed signifi-
cantly. The physical significance of this fact is clear:
the total cross sections of the collisions are dominated
by the potentials of the systems, while they are not
significantly changed by isotopic substitution.

(ii) For the scattering systems He—H,, He-D5 and
He—T,, their inelastic partial cross sections show the
following regular changes:

While the changes of the elastic partial cross sec-
tions show the opposite trend, that is go_o(Hs2) >
0o—0(D2) > 00—0(T2). The physical significance of
such a fact is not difficult to understand when we no-
tice that the rotationally excited energy levels become
closer in the order Hs, Do and T5. This means that
the possibilities of being excited to higher levels in a
collision become larger in the above order, and when
the probabilities of inelastic transitions become larger,
the probabilities of elastic transitions will correspond-
ingly be smaller. So the elastic cross section, which is

in fact another expression of the probability of elastic
transitions, will become smaller.

(iii) From Fig.2 we can see that for He—H,, Do
and T, systems, as the incident energy is determined,
the elastic partial cross sections oj_,, continue to os-
cillate with the increase of J, and the oscillation en-
larges until the final maximum is reached, and then it
tends toward zero rapidly. For the three systems con-
cerned, with the increase of reduced mass, the value
of the maximum decreases, and the converging speed
slows down. For He—Hs, Dy and T, systems the cross
sections converge at J=38, 44 and 48, respectively.
From Figs.3-5 we can also see that for a definite scat-
tering system, the cross sections for higher excitation
converge more rapidly.

(iv) From Figs.6-9 we can see that for each scat-
tering system the elastic differential cross section has a
maximum at # = 0°, and with the increase of scatter-
ing angle, the elastic differential cross section tends to-
ward zero rapidly. While the differential cross section
for rotational excitation is smaller at a small angle,
and becomes larger with the increase of the scattering
angle.

Finally, it must be noted that the method used in
this paper to treat the potential function is not very
accurate, but from our calculations, it is proved to
be reasonable. A more accurate method, which has
been developed by Liu et all®! will be applied in our
calculations and the results will be reported later.
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