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A time-dependent perturbation theory is used to obtain the cross sections and rates for the quenching of metastable
helium ions in collision with molecules (H,, N,, O,, and CO,). The results are compared with the recent

experimental data of Prior and Wang.

I. INTRODUCTION

The study of the deexcitation of the long-lived
2s metastable state of atomic hydrogen in colli-
sion with noble gases!™ and molecules®™5 has re-
ceived considerable attention during the recent
past, both experimentally and theoretically. At
low energies, the main contribution to the quench-
ing of metastable hydrogen comes from the adja-
cent 2p states which are nearly degenerate with the
2s state. During the reaction, the transfer from
2s to 2p state occurs, followed by a radiative
transition to the ground 1s state to complete the
quenching process. The interaction potential re-
sponsible for the quenching depends on the nature
of collision partners. For molecular targets, the
interaction potential, which arises primarily due
to the multipolar interactions between permanent
moments, is of longer range compared to the
spherical targets where the induced moments are
responsible for the interaction.

Prior and Wang!® have recently studied the
quenching of He*(2s) metastable ions in collision
with noble target gases and several molecules.
The quenching mechanism of He*(2s) ions is simi-
lar to that of H(2s) atoms except for one major
difference, i.e., the positive charge of the incident
ion. For the quenching of these metastable He*(2s)
ions, one has therefore to consider an additional
interaction induced by the Coulomb field of the
ion. The total interaction potential is therefore of
longer range compared to the neutral projectiles.
In some recent work,'” we have studied the quench-
ing of He*(2s) metastable ion in collision with
spherically symmetric targets (He, Ne, Ar, Kr,
and Xe), where we took explicit account of the

contribution due to the Coulomb field of the ion

(It leads to an additional contribution to the poten-
tial varying as »™ and is proportional to the target
polarizability.)

In the present work, we extend our earlier work!’
to study the collisional quenching of He*(2s) me-
tastable ions in collision with molecular targets
using a time-dependent perturbation theory. A
proper account of the Coulomb effects is also taken
in the calculation. The molecules studied are H,,
N,, O,, and CO, (which all have permanent quad-
rupole moments). The results for the quenching
cross sections and rates are compared with the
recent experimental data of Prior and Wang.!®

II. THEORY

For a collision between a metastable He* (2s)
ion and a molecule, the first-order collision oper-
ator is given by'*

S(b)= -+ f "t expliH )V (1) expl-iHyt), (1)

where b is the impact parameter of the collision,
H, is the unperturbed Hamiltonian, and V(¢) rep-
resents the total interaction potential between the
metastable He*(2s) ion and the target molecule.
The 2s state of the He* ion is almost degenerate
with the nearby 2p states. Like hydrogen,'® the
He* ion in this initial mixed state [expressed by
linear combinations (2s+ 2p)/v 2] will have a per-
manent dipole moment (of magnitude 1.5 q,). Be-
ing a charged particle, it also possesses a mono-
pole moment (e). These moments on the incident
ion can interact with the permanent multipole mo-
ments of the target molecule. The multipole-
multipole interaction can be expressed as'®

-1)" 1201,Q:

h lp m m

where C is the Clebsch-Gordan coefficient, ¥’s
are spherical harmonics, and I=1,+1,. @, and
Q,2 represent the multipole moments of order [,
and I, of the incident ion and the molecular target,
respectively. For the cases studied in the present
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I
paper, 7,=0,1 and [,=2. The magnitude of multi-
pole moment is given by

Q= fp(?’, 0)r'P;(cos6)dr , (3)
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where p is the total charge density of the molecule
and P; are the Legendre polynomials.

Besides the permanent moments in the target
molecule, the charge and the dipole of the incident
ion can induce moments in the target molecule
which will give rise to the polarization potential.
The dominant contribution to the polarization po-
tential will, however, come from the charge-in-
duced effects. For a positive ion in a zero angu-
lar momentum state interacting with a diatomic

molecule, the anisotropic polarization potential?®
1

is given by*

Voalt)= 2R4Z(21 1) ,2,,,2(92)1",2,"2(9) , (4)

where «’ is the anisotropic polarizability of the
target molecule. Combining Eq. (2) and (4), the
total interaction potential V(¢) may be written as

V(E) =V )+ V (). : (5)

The S matrix, which is related to the matrix ele-
ments of the total interaction, is then given by

1 7 +0
(2p, I M, IS IJlMl’ﬁ(zsi 2p)) = _';ii %{i ZZ{%<J2M2 |.Y2,,,2(Qz) |J1M1> _[ dt e’?rrs ('—Q— +o=3 e ) 2m(9)] '

2R*

+ sz:[ (J,M, | Y, e (22) (JM)f dte'“th( AQ )]}

(6)

where Zw, , is the change in the rotational energy of the molecule, eand D represent the monopole and
dipole moment of the incident ion, and @ is the quadrupole moment of the molecular target.
We next square S and average over M,, and sum over M, and J,, to get the probability as follows:

P(b) = (25 Z(ZJ +1)C(J,2J,; 000)? | eQI 2

where

400 ) Y* Q
A= [ aretsnt T
Y ~c0

DZQZ ;(2J2+ 1)C(J,2J,; 000)? | I7(4) IZ) , (D

(8)

Assuming straight-line trajectories and choosing the scattering plane to be 6 = /2, one obtains4??

T |pl(u/2'1)

Y, (7/2,0)
I’;(n)=2<n/2-1) X ob"L 5 :

= T[L(n+2)] Wx/z,(x-n)/z(zil’l); ©)

where p=w ,zb/v, and v is the relative speed. The change in the rotational energy (w, "2) of the target
molecule will be very small. Slocomb ef ql.'5 have therefore neglected it in their calculation on the
quenching of the metastable hydrogen with molecules. If we do also, we get for the probability

P<b>=f;§L%(ezQ22 lJ's(3>I2+‘32;"2 > 1Ip@) 2+ Qe 3 lJ;(s)J;"<4)l)+%(Dzsz 1J;n<4>12)] ,  (10)

where
rgo= [ ar sl

Carrying out the integration one obtains®

Ty = [(BEA DI 1) Y o (K )

mb™ T(K+m+1)

Combining Eqs. (11) and (12) one obtains
P(B)=C;p™+CbhS5+Cb8,

where

e (%), o llem, c.moey,

15 \7tv 80 7n%® 90

(11)
) ”F(")P(z o ;> ‘ ]
EENECE e

(12)

(13)
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The total cross section is given by

o(v)=27 fw db bP(b). (14)

As mentioned by Gersten,'* the cross section
diverges for small values of the impact parameter.
To evaluate Eq. (14), one therefore uses a cutoff
impact parameter. Following Seaton,>*b,, the
value of b at which the integration should be cut
off, is that for which P becomes equal to -;- For
all impact parameters b less than b,, one takes
P(b)=%. Using this procedure, we get

b2 C, 2C C
= 1,274
a(v) w[iz +b§ + 353 +2b§] .

In the above equation C,, C,, and C vary as v ™.

b, is also a function of velocity. The higher terms
omitted in the long-range interaction potential [Eq.
-(5)] will also lead to a similar »™ dependence, as
is evident from Egs. (11) and (12). Their contri-
bution will, however, be small in comparison

to the terms already included in the potential. The
deexcitation rate is given by the relation'®

R=0(v), (16)

- where (v) is the average velocity.

(15)

1. RESULTS AND DISCUSSION

We have calculated the quenching cross sections
and rates using Eq. (15) and (16), respectively,
for the target molecules, i.e., H,, N,, O,, and
CO,.

Table I gives the results of our calculations for
the quenching cross section and rate constant at
a velocity of 3.3 x10° cm/sec for the molecules
H,, N,, O,, and CO,. Here we have compared
our results with the experimental results of Prior
and Wang.!® From the table, it is observed that
our results are higher compared to the experimen-

tal data for H,, N,, and CO, molecules. For H,
and N, our results are, however, within a factor
of 2 of the data, whereas for CO, our results are
higher by a factor of about 2.7. In all these cases,
we notice that the dominant contribution to the
cross section comes from the quadrupole inter-
action. For all the molecules the cross section
increases almost linearly with the quadruple mo-
ment of the molecule. For the O, molecule, our
results are much lower than the experimental data.
The lower cross section in O, compared to the
other molecules is primarily due to its low quad-
rupole moment. Also, the interference between
the quadrupole and the polarization interaction
leads to a substantial reduction in the total cross
section for O,. This interference effect also tends
to reduce the cross sections in N, and CO, mole-
cules, but for them the quadrupole contribution
alone is significantly higher than for the O, mole-
cule.

In the above context, it may be mentioned that a
Born calculation for the rotational excitation of
the O, molecule by electron impact by Takayana-
gi,? in which only the long-range interaction was
retained, also yielded a very low value of the
cross section compared to the corresponding cal-
culation for H, and N, molecules. Geltman and
Takayanagi®® have pointed out that the effect of
short-range interaction may play an important
role in O, for a certain range of energies. By
adopting a simple short-range potential (which is
the sum of the electrostatic potentials of the isola-
ted atoms), they have shown that the O, cross
sections, with the inclusion of a short-range po-
tential, change drastically and become much larger
in a certain range of energies. Further, the cor-
responding change in H, and N, is insignificant.
On the basis of the above study of Geltman and
Takayanagi,?® we also expect that the inclusion of
the short-range force in He* (2s)+ O, quenching

TABLE I. Quenching cross section and rate at velocity 3.3x10° cm/sec for He* (2s) in

collision with Hy, Ny, Oy, and CO,.

o (10714 cm?)

R0 cm®sec’)

a’ Experiment Experiment

Q¢ Present (Prior and Present (Prior and
Target (A% (10% esu/em?  calculation Wang) calculation Wang)
H, 0.2072 0.651 1.55 1.16 5.14 3.69
N, 0.497° -1.52 3.25 1.74 10.73 5.52
Oy 0.,733¢ -0.39 0.41 1.91 1.36 6.08
CO, 1.1934 -4.30 9.39 3.60 30.98 11.32

2 E. S. Chang, Phys. Rev. A 10, 1911 (1974).

b M. A. Morrison and P. J. Hay, Phys. Rev. A 20, 740 (1979).
¢ D. H. Sampson and R. C. Mjolsness, Phys. Rev. 144, 116 (1966).
4 C. A. Kocher, J. E. Clendenin, and R. Novick, Phys. Rev. Lett. 29, 615 (1972).
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FIG. 1. Velocity dependence of the quenching cross
sections for Hy, and O, molecules.

calculation may lead to the enhancement of the
cross section. We hope to investigate this in future
work. .

In our earlier study of quenching with target in-
ert gases,!” we had found that our results of
quenching cross section were within a factor of
about 2 compared to the data for all target inert
gases. Similar conclusions are obtained here for
the study of the quenching with molecular targets
(with the exception of O, molecule).

The disagreement of the present results with the
experimental data, to some extent, may be ac-
counted for if one realizes that there is a 50% in-
accuracy in the measurement of velocity as men-
tioned by Prior and Wang.'® We have therefore
calculated the velocity dependence of the cross
section also, which is shown in Figs. 1 and 2.
From the figures, it is seen that for small values
of the velocity (v), the cross section varies rapid-
ly, and after that a slow variation is noted.

The study on the variation of the cross section
with velocity shows that for the case of molecular

30 T T T T T T T T

Het (2 5)+N;

Het(25)+C0;
25—

20—

v (10° cm sec”!)

FIG. 2. Velocity dependence of the quenching cross
sections for N, and CO, molecules.

targets H, and N, and for the He atom (our earlier
paper!”), the discrepancies between theory and
experiment can be largely accounted for by the un-
certainties in the experimental measurement of the
velocity. For CO, and O, molecules, however, the
variation with velocity is not sufficient to explain
the difference between theory and experiment.

It is concluded that the present calculations pro-
vide a reasonable estimate of the cross sections
and rates when compared with the experimental
data of Prior and Wang.®
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