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Ionization of Rydberg atoms in thermal collisions with polar molecules
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The title process with simultaneous rotational deexcitation of molecules was investigated
theoretically by using the semiquantal approximation. The dipole Born and dipole Glauber
differential cross sections were employed for the electron-molecule rotational deexcitation process.
Numerical applications were made to the following systems: Xe+ CO, HCl, HF, and LiF. A
comparative study of the two approximations was carried out concerning the dependences of the

cross sections on the following various quantities: n (principal quantum number), J (initial rota-
tional quantum number), b,J (rotational quantum number change), D (dipole moment), V (relative
collision velocity). As the molecular dipole moment becomes larger, there appears a prominent
difference in the n dependence of the cross section. The Glauber approximation brings about a de-

crease in the cross section and yields a sawlike n dependence in contrast to a steplike n depen-
dence in the case of the Born approximation. In the collisions involving lowly excited Rydberg
atoms, ionization with simultaneous dipole-forbidden transition of a molecule becomes dominant
compared to the ionization with simultaneous dipole-allowed transition. The cross section was
found to be inversely proportional to the relative collision velocity; thus the ionization rate be-
comes independent of temperature. A comparison was also made between the experiment for the
ionization rate at 300 K for Xe(27f )+ HF and Xe(31f)+HC1.

I. INTRODUCTION

e~(n, l)+M(J)~e+M(J') . (1.2)

As far as the authors know, the approximate quantum-
mechanical calculations carried out so far employed the
dipole Born approximation for the process (1.2). In or-

In the past ten years numerous experimental and
theoretical studies' have been made of collisional depo-
pulation of Rydberg, or highly excited, atoms in thermal
collisions with polar molecules. The experimental re-
sults show that the collisional depopulation occurs by
three distinct processes, namely, n-changing collisions,
l-changing collisions, and ionization collisions. In order
to elucidate the mechanisms of these processes theoreti-
cally, not only the approximate quantum-mechanical ap-
proaches within the impulse approximation but also the
purely classical treatment have been applied.

In this paper ionization collision between a Rydberg
atom R and a rotationally excited polar molecule M(J)
at room temperature (i.e., T= 300 K),
R+ —e„(n, l)+M(J)~R++e+M(J'), J&J'
is examined theoretically. Here R + denotes the ion core
of R and e (nt,tl) the Rydberg electron in the state with
specified principal (n) and azimuthal (l) quantum num-
bers. Ionization occurs mainly owing to the energy
transfer from molecular rotation to atomic excitation,
because the energy transfer from relative translational
motion to atomic excitation is much less effective.
Therefore the key mechanism for the ionization is the
rotational de-excitation process,

der to take into account the higher-order corrections,
however, the dipole Born approximation should be re-
placed by a more sophisticated one. Especially when the
molecule is strongly polar, the validity of the Born ap-
proximation becomes questionable. We employed here
the Glauber approximation. The dipole Glauber
diff'erential cross section (DCS) becomes the same as the
dipole Born DCS when the molecular dipole moment is
weak, and also reproduces well the results of the close-
coupling calculations even when the molecular dipole
moment becomes larger. Besides, it should be noted that
the dipole-forbidden transitions can also be dealt with by
the dipole Glauber approximation. In a recent paper,
Pesnelle et al. reported the importance of the rotational
deexcitation with AJ=J —J ) 1 in the ionization col-
lisions of low Rydberg He atoms with NH3. Using the
semiquantal approximation, we have carried out the
calculations of the ionization collisions between the Ryd-
berg Xe atoms and the polar molecules CO, HF, HC1,
and LiF. Both Glauber and Born DCS's for the rota-
tional deexcitation process (1.2) were employed for com-
parison.

In a previous paper (referred to as I hereafter) we
proposed a new semiquantal cross section formula to be
applicable to the general case where the DCS for
electron —neutral atom (molecule) scattering depends not
only on the momentum transfer but also on the relative
velocity. A brief summary of the theory is given in Sec.
II. In Sec. III the calculated results and discussions are
presented for the following systems: Xe(50) + HF(J),
Xe(50,l) + HF, and Xe(n ) + CO, HC1, HF, and LiF.
Experimental' ' " and theoretical ionization rates for
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Xe(27f) + HF and Xe(31f) +. HC1 at 300 K are com-
pared with the present results. In the present treatment,
the Rydberg atom is assumed to be hydrogenic and the
polar molecule is taken to be a rigid rotor.

II. THEORY

During the collision between a Rydberg atom and a
neutral particle (atom or molecule), the neutral particle
does not interact simultaneously with both the Rydberg
electron and its parent ion core. Owing to the charge
neutrality, the interaction between the Rydberg atom
and the neutral particle becomes effective only in a small
region compared to the dimension of the Rydberg atom.
The Rydberg electron and the parent ion are thus as-
sumed to be independent scattering centers. The im-
pulse approximation is appropriate to describe such a
characteristic collision. The binary-encounter approxi-
mation for the form factor of the Rydberg atom is em-
ployed as an additional approximation. ' This approxi-
mation is considered to be quite good, because the
momentum transferred to the Rydberg electron is large
compared to its own momentum. In the present treat-
ment the parent ion does not play any important role in
the collision other than the role of determining the
momentum distribution of the Rydberg electron. Thus,
the semiquantal approximation used in the present cal-
culations is a kind of combination of the impulse and the
binary-encounter approximations.

The semiquantal cross section formula proposed by

Flannery was rewritten in I in the form more useful in
practice. A mass-disparity approximation (i.e., neglect
of the ratio of mass of electron to that of R and M) is
used without introducing any serious error. The follow-
ing is a summary of the notations used in this paper: m
is the mass of the electron; p, the reduced mass of the
R-M system; p;f, the initial and final momentum of the
relative motion in the R-M system; p, the momentum
transfer;

Pmax, min I Pi Pf-.+

=
I p;+[p,' —2(e. +~)]'"

I

E„, the ionization potential of R (n, l); 6, the difference
of the initial and final rotational energies (b, & 0 for exci-
tation and 5 & 0 for deexcitation); o zJ (p, v), the DCS for
the collision (1.2); V, the initial velocity of the relative
motion of the R-M system; c., the internal energy
transferred to R;

c,„=—p /2p+ Vp —6;
—p /2p —Vp —6 for 0(p (p

n

n O pmin —p —pmax

9'„&(u), the velocity (u) distribution function of e~(n, l);
and u„, the average orbital velocity of eR (n, l)

The cross-section formula, Eq. (2.37) of I, for the ion-
ization collision (1.1) is expressed within the mass-
disparity approximation as follows:

2p max 'max d Fni(pru~s)
ani J J(V)=

2 f pdp f, oJ J(pu)dv f 2
dC

(mV) m min
(2.1)

where the last integrand is newly introduced and defined
by

d F„i(p,u, E)

d cdv

u Vni(u)du

277p u g p2 g2 g2

(2.2)

dFnl(P E) d Fnl(P»E)

where

„I
2p u (p, c. )

(2.3)

The other quantities are the same as in I: v =p/2m
+6/p, ug ——u +C+2[B(u —v )]', C= V —2u(p,
e)v, B=V —v(p, e), and v(p, e)=p/2iu+(E+6). If
the DCS's cr J J.(p, u) are independent of v, the order of
the integrals with respect to v and c. can be changed, and
the integral over v can be carried out analytically. In-
tegrating Eq. (2.2) over u, we can obtain the following
expression for the density of the binary-encounter form
factor:

u(P, E)=
I
E/p —p/2m

I

Taking an average of Eq. (2.3) with respect to I [see Eq.
(2.42) of I], we have

dF„(p, E) dF„i(p, E)
, g(21+1)

d~ n' dE

(2.5)

where

4

[B(P,E) /Q„+ I] . (2.4)
37T 2pQ n

Thus the quantity defined in Eq. (2.2) can be regarded as
a velocity-dependent density of the binary-encounter
form factor.

In the dipole Glauber approximation, not only the di-
pole transition AJ=J —J'=1 but also other nondipole
transitions 6J ~ 1 can occur and induce the ionization of
the Rydberg atom. Therefore, a summation with respect
to AJ and an average over the rotational distribution at
a given temperature T are necessary to be taken to ob-
tain the thermally averaged ionization cross section,

~n((V)= & X fj~nl, J,J AJ(V»—
~J=] J=max(aJ, J*)
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fI ——(2J+1)exp[ B—J(J+ 1)/kT] g (2J+ l)exp[ B—J(J+1)/kT],
J=0

(2.6)

with B the rotational constant of the polar molecule and
k the Boltzmann's constant. Here J* is the smallest ro-
tational quantum number which satisfies the condition

AJ(2J*+1—b.J)B & E„, (2.7)

f ( V) = ( p /2rrk T ) 4m V exp( —p, V'/2k T ) . (2.9)

It is useful to later discussion to briefly summarize the
findings in I concerning the ionization with simultaneous
deexcitation in the low-energy collisions (see Sec. III B of
I). By taking into account the fact that the electron-
velocity distribution function V„l(u) with high n reaches
a maximum at u =u„and rapidly decreases when
u ~u„, we estimated an effective integral domain of p.
Since the integral over u in Eq. (2,2) becomes significant
only when u can be zero, the effective domain of p is
determined from a condition that the minimum value of
u ( =

~

v —V
~

) is equal to zero. Finally, we obtain the
following efFective domain of p [see Eq. (3.11) of I]:

where

&p&p (2.10)

p
—=m[(V' —26/m)' +V] . (2. 1 1)

Since the thermal velocity V,h [equal to (8kT/rrp)'
and T= 300 K] satisfies the condition, m V,h/2 « b. , p-
ean be approximated by

+
p -po+m Vth (2.12)

with po ——( —2mb, )' . Since the range (2m V,h) of the
integration over p is narrow and v (p =po) =0, we can
roughly estimate the integral over U by putting U =0 in

Eq. (2.1). The analysis made above indicates that po can
be used as a useful measure to comprehend the behavior
of the cross sections against n, l, and V.

where the left-hand side represents the deexcitation ener-
gy in the transition from J* to J —AJ.

The ionization rate constant is given as

K„i(T)=f Vo„)(V)f(V)dV,
0

where f ( V) is the Boltzmann distribution function given

by

A. Dependence on J and hJ

In order to see the J and EJ( =J —J') dependences of
the cross sections in Eq. (2.1), we have averaged the
cross sections with respect to l as follows:

o.„(J,bJ; V)= g(21+1)o„(J q.(V) .
1

n
(3.1)

Figure 3 shows the results for the Xe(50) + HF(J) sys-

CD

10
0
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(b)
J, J—3,0
4, 1

5, 2

(c)

Bohr radius. The values of Rq J (g) for the rotational
deexcitations with 6J= 1, 2, and 3 are shown in Figs.
1(a)—1(c). For g & 0. 3, the dipole-allowed transition
(b,J=1) occurs most predominantly. In this region,
cTJ J i (p, v ) is, therefore, well approximated by
rrJ J,(p). For 0.3&/&6, RJ J t(g) decreases rapidly
and becomes as small as RJ J (g) with b J & l. In this re-
gion the use of the Born approximation is questionable,
because the dipole-forbidden transitions can be expected
to contribute to the same extent as the dipole-allowed
transition. For g) 6, there appears an oscillatory struc-
ture in the curve RJ J (g) versus g, which might not be
true and might disappear in a more sophisticated treat-
ment including short-range potentials. However, this
structure gives no serious influence on the final results of
the present application.

Molecular data are listed in Table I for four polar
molecules studied here. These molecules have been
selected for the case studies to examine the applicability
of the dipole Born DCS. The Boltzmann average of the
initial J at 300 K is also given in Table II. It is dis-
cerned that the J distribution becomes broader for mole-
cules with smaller rotational constant (see Fig. 2).

We have calculated the ionization cross sections for
collisions between the Rydberg Xe atom and these polar
molecules. The dependence of the cross sections on J,
AJ, l, n, D, and collision velocity V are obtained, and are
analyzed in Secs. III A —III E.

III. RESULTS AND NUMERICAL APPLICATIONS
AND DISCUSSION

Analytic expressions for the dipole Born [crJ J t(p)]
and dipole Glauber [crJ j(p, u)] DCS's are available in
Refs. 5 and 6, respectively. For the convenience of later
discussion, it is instructive to compare them by the ratio

-3
10

10

1O'
10 10 10 10 10 10 10 10 10

RJ J(g)[=o J J(p, u)/o J J i(p)],
which is expressed in terms of the reduced momentum
transfer g[=(2D/eao)p/mu]. Here D is the molecular
dipole moment; e, the electronic charge; and ao, the

FIG. 1. Ratio of a J J (p, U) (Glauber approximation) to
O.J J 1(p) (Born approximation) against the reduced momen-
tum transfer g[=(2D ea /)p omv/] for (a) b J=1, (b) AJ=2, and
(c) AJ=3. The other cases with higher J cannot be drawn in a
distinguishable way.



36 IONIZATION OF RYDBERG ATOMS IN THERMAL. . . 4293

CO HCl HF

TABLE I. Dipole moment D and rotational constant B used
in the calculation. All values are given in atomic units. Values
in square brackets are the power of ten by which the entry is to
be multiplied.

.3 t I I t
i

t I0.

0.2

HF
---- HCI
——— CO--- LiF

D
B

4.41[—2]
8.76[—6]

4.36[—1]
4.76[—5]

7.19[—1]
9.37[—5]

2.49
6.08[—6]

0. 1

tern with EJ=1, 2, and 3 at the thermal velocity V,h.
Calculations have been carried out with use of o J J &(p)
and crJ J (p, v) for the electron-molecule scattering. As
far as the magnitude of the cross section is concerned, it
can be easily understood from Fig. 1 that the use of the
Born DCS leads to a considerable overestimate com-
pared to the case of the Glauber DCS and that the
Glauber result decreases sharply with increasing hJ. In
order to intepet the J dependence of the Born cross sec-
tion qualitatively, we use po in Eq. (2.12). In the case of
HF, po(a. u.)=(4mBJ)'i =0.03J' . This indicates that
the effective integral domain of p gradually shifts to the
larger p side with increasing J, and collisions with small
p become less important. Thus, the decrease of the cross
section with increasing J is caused by the decline (pro-
portional to p ) of oz J, as a function of p. The J
dependence of the Glauber cross sections can be inter-
preted as follows in terms of the reduced momentum
transfer go [= (2D /ea o )p o /v ], because the dipole
Cxlauber DCS is expressed as a function of g. Setting
v =u„(= 1/50 a.u. ), we obtain go-1.5J'i . For
2&J & 10, 2. 1 &go&4.7. In this range RJ J &(g) has a
deep dip, while the other Rz J (g)'s have maxima. This
difference appears in the J dependence of the cross sec-
tions. We can thus conclude that the decrease in
o'zz( J,b J= 1; V,h) results from the deep dip near / =7.

In Fig. 4, the cross sections averaged over thermal ro-
tational distribution,

0 10 20 30

FIG. 2. Rotational distributions at 300 K for the CO, HF,
HCl, and LiF molecules as a function of rotational quantum
number (J).

B. Dependence on I

-]0
10 : Xe (50) + HF

In Fig. 5, the cross section a.„i(V,h) for the collisions
of Xe(50l) with HF are plotted as a function of l. The
dipole Galuber DCS is used. The increase of the cross
section is seen to be gradual at small I and to be rapid at
large l. As l increases, the most probable velocity U„I of
eR(n, l) become gradually larger. Therefore, the value of
g contributing to the cross section becomes small be-
cause g is inversely proportional to v. Thus the l depen-
dence of the cross section is connected to the rapid de-
crease of RJ J i(g) in the range 2.7&/&4. 7. The oscil-
latory structure of the Rydberg electron-velocity distri-
bution yields a small variation of the cross section as a
function of l.

o„(bJ; V)= fJO „(J,b J; V),
J=max(AJ, J j

(3.2)
CU Born

10 = o o o o o

TABLE II. The Boltzmann average J„of the initial rota-
tional quantum number J at 300 K.

CO HC1 HF LiF

8.7 3.4 2.3 10.6

are plotted as a function of 6J. As 6J increases by 1,
the cross section becomes smaller by one order of magni-
tude. This tendency is, however, not observed in the
case where the J* value satisfying the inequality of Eq.
(2.7) is very large compared to J,„. This latter condition
is realized for the cases of small B and/or low n. An ex-
ample is given in Table III for the Xe(n)+HC1 system.
It is seen that the ionization with simultaneous dipole-
forbidden rotational transitions (b J )0) rather than
dipole-allowed transitions (b,J= I) occur dominantly for
n &24. In the present calculations, therefore, we have
taken into account all the contributions from AJ=1 to
AJ =5.

CO —12
IO

Glauber

QJ=1
~ ~ ~ ~ ~ ~ ~bJ=2

CO
CL

~ ~ ~ ~ ~ ~

)0
']4

I

10

FIG. 3. Rotational quantum number (J) dependence of
cross sections for Xe(50) + HF( J)~Xe+ +e +HF( J') at
thermal velocity (6.0)& 10 cm/s). The cross-section values
marked "Born" and "Glauber" are obtained with use of the di-
pole Born and dipole Glauber approximations to the
e + HF(J) ~e + HF(J') scattering amplitude, respectively.
Cross sections for the ionization with simultaneous dipole-
forbidden transitions with hJ( =J—J') ) 1 are also shown.
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0

TABLE III. Cross sections (A ) for ionization with simultaneous dipole-allowed and dipole-forbidden rotational deexcitation
transitions for Xe(n) + HC1~Xe++e + HCl at thermal velocity (4.7X 10 cm/s). J;„=max(AJ, J*). Values in square brackets
are the power of ten by which the entry is to be multiplied.

20
21
22
23
24
25
26
27
28
29
30

Jmin

14
12
11
10
10
9
8

8
7
7
6

Born
EJ=1
1.7
2.3[1]
8.4[1]
2.3[2]
2.6[2]
7.1[2]
1.7[3]
1.8[3]
3.9[3]
3.9[3]
7.9[3]

1.1
1.5[1]
5.4[1]
1.5[2]
1.6[2]
4.4[2]
1.1[3]
1.1[3]
2.4[3]
2.4[3]
4.9[3]

Jmin EJ=2
4.3[1]
9.4[1]
1.8[2]
1.9[2]
2.0[2]
3.6[2]
3.7[2]
3.8[2]
6.1[2]
6.2[2]
6.4[2]

GlauberJ;„AJ=3

1.0[1]
1.6[1]
1.9[1]
2. 1[1]
2.2[1]
3.3[1]
3.6[1]
3.8[1]
4.1[1]
4.3[1]
5.5[1]

Jmin AJ=4

2.7
2.8
3.0
40
4.4
4.7
49
5. 1

5.3
5.6
5.8

Total

5.7[1]
1.3[2]
2.6[2]
3.7[2]
3.9[2]
8.4[2]
1.5[3]
1.5[3]
3.1[3]
3.1[3]
5.7[3]

C. Dependence on n and D (dipole moment)

The n dependence has been investigated for the cross
sections averaged over I, i.e.,

cr„( V) = g (21+1)o.„~( V) .1

n I
(3.3)

Xe (50)
0
Born

+ HF

Calculations have been carried out for the Xe(n) + CO,
HC1, HF, and LiF systems with n ( 100 at V,h. It is
noted that the dipole moment D of the molecules studied
here satisfies the relation, Dco &DHC, &DHF &DL;F (see
Table I).

The results cr „(V,h ) and o „(V,h ) obtained with use of
the dipole Born and dipole Glauber DCS's are shown as
a function of n in Figs. 6—9. It is seen that the dipole

Glauber DCS brings about a decrease in the cross sec-
tion and yields a sawlike n dependence in contrast to a
clear steplike n dependence' in the case of the dipole
Born DCS. This sudden increase of the cross section ap-
pears at each n at which the binding energy of the Ryd-
berg electron (1/2n a.u. ) becomes equal to the molecu-
lar rotational energy (2BJ) released in the dipole-allowed
deexcitation transition. In other words, as n increases,
the molecules with lower J can take part in the ioniza-
tion, and thus the cross section takes a rapid increase.
The values of cr „(V,h) and o „(V,h) become larger with
increasing D, and the difterence between them becomes
more prominent. These features come from the sharp
decrease of RJ J &(g) in the range 1 & g & 6. Since the
reduced momentum transfer g is inversely proportional
to U and is proportional to D, go[=(2D/eao)po/v and
v =U„], being a measure to estimate the eff'ective domain
of the twofold integral with respect to p and U, becomes
larger with n and/or D. This explains the prominent
diff'erence in o „(V,h) and o „(V,h).

D. Dependence on V(relative collision velocity)

10
C0

Glauber
The calculated results of o „&( V) defined by Eq. (2.5)

are shown in Figs. 10 and 11 for the Xe(27f) + HF and

o 4—E Xe ( 50' ) + HF

cn 10

CO

-14

C)

3—
CO

2—
LL1
CA

CA
CA

1

CL

~ 0

~ ~ ~
~ ~ ~ ~ ~

~ y+ @A D ~ ~

~ Oq~e ~ +~ ~ ~ + ~ ~

~ ~
~ Q ~

0
0 10 20

I

30
I

40

FIG. 4. 6J dependence of cross sections averaged over
thermal rotational distribution for Xe(50) + HF( J)~Xe+
+e+HF(J') at thermal velocity (6.0&( 10 cm/s).

FIG. 5. Azimuthal quantum number (l) dependence of cross
sections for Xe(50l) + HF~Xe++e+HF at thermal velocity
(6.0 & 10 cm/s).
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IO

0.0S—

LLj
CA

Xe(n) + C

——-Born
G lauber

300

CO

ioo—

Xe(n) + LIF

——Born—Glauber

I I I I I

I
I
I

/'
t
I
I

I
I
IJ

I
I

r
I

(
I

r

I
I
I

I

I

I

I
I

0
~0 10 10 10

FIG. 6. Principal quantum number (n) dependence of cross
sections for Xe( n ) + CO ~Xe+ +e + CO at thermal velocity
(5.2&& 10 cm/s).

I I I I I

2
I I I I I I II[ 1 I I IIII[ ! I I I Ill)i I I I I

Xe(27f) + HF

FIG. 9. The same as in Fig. 6 for Xe( n )

+ LiF~Xe++ e + LiF at thermal velocity (5.4& 10 cm/s).

E
O

O

Xe (n) + HCI

---- Born

G lauber

o ~0
E

IO

O

LLJ
C/)

I

I
I
I

I
I
I
I
I
I

I
I

CO LO
0

10

0
to 0

10
)0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

&0 i0 ~0 i0

V (VTh )

FIG. 7. The same as in Fig. 6 for Xe( n )

+ HC1 Xe++ e + HCl at thermal velocity (4 7 X 10 cm/s)

I I 1 I I I

FIG. 10. Relative velocity ( V) dependence of cross sections
for Xe(27f) + HF~Xe++e+ HF. V is given in units of
thermal velocity V,h(=6.0)& 10 cm/s).

2
I I I I I IIIJ I I I I I II I[ I I I I I I II[ I I I I I ICt

10—
Xe(n) + HF

--—Born
G lauber

I
I
I
I
I

I
I

I
I
I

)0
1

OJ

IO

Xe ( 31f ) + HCI

CO

LU
CA

I
I
I
I

I
I
I

I
I

I

CO

LLJ

100

10

0
10

I I I I I

fo
)0

j0 2
10 10o

V ( VTh)

t0i 0

I I I I I II II I I I I I II Il I I I I I I Ill I I I I I I II!

FIG. 8. The same as in Fig. 6 for Xe(n )

+ HF~Xe++e + HF at thermal velocity (6.0X 10' cm/s).
FIG. 11. The same as in Fig. 10 for

+ HC1~Xe++e+ HCl and V,~(=4.7&(10 cm/s).
Xe(31f)
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Xe(31f) + HC1 systems, respectively. Both results indi-
cate that cr „((V) can be expressed as o „~ ( V) =C„I/V with

C„I a proportionality constant. The value of C, &
de-

pends on the approximation employed for the scattering
amplitude of the process (1.2).

It is shown in a previous paper' that the V depen-
dence of the cross sections is generally given as 1/V in
the low-velocity limit when the electron —neutral atom
(molecule) DCS depends, as in the case of the Born
DCS, only on the momentum transfer. In the case of
the Glauber DCS, we can provide the following qualita-
tive interpretation in terms of p

—(-po+m V) given by
Eq. (2.12). For V/V, z & 10, the relative velocity
U(=

~

V —u
~

) between eR and M(J) is nearly equal to
the velocity u of eR. This means that the energy transfer
from relative translational motion to atomic excitation is
much less effective. Therefore, ionization occurs mainly
due to the energy transfer from molecular rotation to
atomic excitation in the thermal-energy collisions. Be-
cause of this, po is determined only by the rotational
deexcitation energy. Since the integration range
[p,p+] is narrow in proportion to V, we can use po as
a representative point to estimate the integral over v in
Eq. (2.1). Since U is zero at p =pc, we can roughly esti-
mate the integral over v by setting v =0. Then the ve-
locity dependence of the cross section can again be
shown to be 1/ V. Substituting an expression
Vcr„~( V) =C„~ into Eq. (2.8), we can easily see that the
rate constant is independent of the temperature T, i.e. ,

z„,(r) =c„,.

E. Comparison with experiment

In Table IV, the calculated ionization rate constants
at 300 K for Xe(27f) + HF and Xe(31f) + HC1 are
compared with the experimental values' '" and theoreti-
cal values obtained by the classical Monte Carlo ap-
proach. The classical results are obtained simply by
Vo „&(V), though the classical cross section o „I(V) is not
in good proportion to 1/V [e.g. , Fig. 7(b) in Ref. 4 shows
a more moderate V dependence than 1/V]. It is seen
that the Born result agrees quite well with the experi-
mental value for Xe(27f) + HF, but not well for
Xe(31f) + HC1. The contrary applies to the classical re-
sults. The results of the Glauber approximation, on the
other hand, are smaller in both cases, although the ratio
between the two cases agrees very well with that of the
experiment (see the last row of Table IV).

IV. SUMMARY AND CONCLUSION

Ionization collision between Rydberg atoms and polar
molecules was investigated within the semiquantal ap-
proximation. A comparative study was made by em-
ploying the dipole Born and dipole Glauber approxima-
tions for the electron-polar molecule scattering.
Analysis was made for the dependences of the cross sec-
tions on the following various quantities: relative col-
lision velocity, initial rotational state J, rotational quan-
tum number change, principal quantum number, azimu-
thal quantum number, and dipole moment.

For the Xe(n ) + CO system, there is almost no
discrepancy between the two results of the Born and
Glauber approximations. As the molecular dipole mo-
ment becomes larger and/or the principal quantum
number increases, however, there appears a larger
discrepancy between the two results and the Born ap-
proximation seems to lead to a considerable overesti-
mate. This discrepancy stems from the fact that the di-
pole Glauber DCS for the dipole-allowed transitions de-
creases rapidly as a function of reduced momentum
transfer compared to the dipole Born DCS. A clear
steplike n dependence obtained in the Born approxima-
tion is replaced by a sawlike n dependence when the
Glauber approximation is employed. The interaction
range between Rydberg electron and polar molecule is
short compared to that between free electron and polar
molecule because of the charge neutrality. Therefore,
the forward scattering with small momentum transfer
does not contribute appreciably to the collision process
(1.1) between a Rydberg atom and a molecule. This situ-
ation makes the use of the Born DCS questionable ex-
cept in the case of extremely weak polar molecules.
Thus it is probably allright to say that the Glauber re-
sults are more reliable than the Born results.

In order for the lowly excited Rydberg atoms to be
ionized in collisions with molecules by a simultaneous
dipole-allowed transition (b,J=1), the molecules should
be in high-J states because the energy transfer 2BJ ought
to be larger than the ionization potential c„. The popu-
lation of such a molecule is, however, exponentially
small. Thus the ionization with simultaneous dipole-
forbidden transitions (b J & 1) becomes rather dominant
in thermal collisions involving lowly excited Rydberg
atoms because the necessary energy transfer c.„
[=bJ(2J+1—b J)8] can be attained by relatively small
J's. This tendency was actually observed in the recent

TABLE IV. Experimental and theoretical ionization rates (in 10 ' cm'/s) at 300 K for the Xe($7f) + HF and Xe(3lf) + HC]
systems. The values in parentheses are the experimental and theoretical (statistical) uncertainties. The values marked (Born) and
(Glauber) are obtained with use of the dipole Born and dipole Glauber approximations to e+ HF (or HCl) scattering amplitude, re-

spectivelyy.

Xe(27f) + HF
Xe(31fl + HC1

Ratio

Experiment

1.5(+0.8)'
0.9(+0.4)'

1.7

1.36 (Born)
0.480 (Born)

2.8

Theory

0.480 (Glauber)
0.265 (Glauber)

1.8

0.22(+0.02)b

0.76(+0.08)
0.29

'Reference 10.
Reference 4.

'Reference 11.
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experiment by Pesnelle et al. Theoretical studies on
this problem will be published in a forthcoming paper.

It was shown that the cross section is almost inversely
proportional to the relative velocity in the semiquantal
approximation and thus the ionization rate constant is
almost independent of temperature. Experimental inves-
tigation on this dependence would be very intriguing. In
spite of our expectation that the Glauber approximation
should be more accurate than the Born approximation,
the experimentally observed ionization rates for the
Xe(27f) + HF and Xe(31f) + HCl systems agree better
with the Born results than with the Glauber results, al-

though the ratio between the two systems agrees well
with that of the Glauber approximation. The reason for
this discrepancy is not clear.
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