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Reactions of highly excited atoms (A**) with molecules (BC)
A¥4+BC—>A+4+B+C—, (1)
are studied. It is theoretically shown that the cross section for (1) can be
approximately expressed in terms of that for dissociative attachment of
electrons to molecules BC, namely,
e+BC—->B+C—.
The rate constants and the angular distributions of the products for some
reactions including
K**+CCly— K+ +CCl3+Cl—, (2)
are predicted. The rate constant for reaction (2) is found to be of the order
of the magnitude 10-7cms?/sec. Together with the results of the previous
papers (M. Matsuzawa: J. chem. Phys. 55 (1971) 2685; J. Phys. Soc. Japan
32 (1972) 1088) it is pointed out that the measurements of reactions of highly
excited-atoms with molecules give useful information on the inelastic scatter-

ing of a slow electron by the molecules.

Introduction

S1.

Recently reactions of highly excited atoms with
molecules have been experimentally studied by
several workers.t=%

A high Rydberg electron (say, principal
quantum number n>10) in atoms and molecules
is loosely bound and is distant from an ion core.
Therefore, this electron can be regarded as an
almost free slow one. Taking into account this
feature of the Rydberg electron, Fermi® theore-
tically showed that the pressure shift of the
Rydberg state can be understood in terms of
knowledge of elastic scattering of a slow electron
by a perturbing atom. Later Sobel’man and other
Russian workers? made more detailed studies in-
cluding the width of the Rydberg state based on
the same idea.

In our previous paperst®.!t we have theore-
tically shown that knowledge of inelastic scatter-
ing of the slow electron by the molecule is very
useful for the understanding of the mechanism of
some kinds of reactions of the highly excited
atoms with the molecules. Namely, in our first
paper'® (to be referred to as I), we have treated
the ionization of the highly excited atoms (A*¥)
by collision with polar molecules (B)

A¥* 4+ B> AT+Bte.
At room temperature, the molecule B is usually

in a rotationally excited state. We assume that
the Rydberg electron is ionized as a result of its
energy gain from the molecule B by the rotational
de-excitation. Using knowledge of the rotational
de-excitation of the polar molecule by the slow
electron impact, we have obtained the calculated
cross sections for the above mentioned ionization
process in reasonable agreement with experi-
mental data.'®

In our second paper'? (to be referred to as II
hereafter), we have theoretically studied electron
transfer process from the highly excited atoms
A** to the molecules B

A¥* 1B At+B~.
We have shown that the rate constant for this
process is equal to that of the non-dissociative
thermal electron capture by the molecule B
namely
e+B—->B~.

This result is in reasonable agreement with the
data on the electron transfer from the highly
excited argon atom to the SFe¢ molecule. This
theory, however, fails to explain the observed
electron transfer to CH3CN® and CS,” molecules,
which do not capture thermal electrons.

Melton and Hamill'® experimentally gave the
evidence for the reaction,

Kr**4+ CCl; — Kr*+CCls+Cl~ .
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In the present paper, we theoretically treat this
type of reactions of the highly excited atoms
(A**) with the diatomic or polyatomic molecules
(BC),

A**4BC— AT+B+4C- (1.1)
based on the same idea as that used in our previ-
ous papers. Namely, we show that experimental
and theoretical knowledge of dissociative attach-

ment (DA) of the slow electrons to the molecules
BC

e+BC—->B+C—, (1.2)
is very useful for the understanding of the
mechanism of reaction (1.1). Using the experi
mental and theoretical data of DA, we evaluate
rate constants of reaction (1.1) for some halogen-
containing molecules, and predict angular distribu-
tions of final products formed in this reaction.

§2. Theoretical Treatment

In reaction (1.1), we must consider a collision
in which one highly excited Rydberg electron and
three heavy particles namely the ion core A* the
atoms B and C are involved.* At first sight, this
process seems to be a very complicated one (see
Fig. 1). However, we can show that this reaction
is considered as a combination of two simpler

Fig. 1. Gais the center of mass of the electron and
the ion core A+ and Gy, that of the electron and
the molecule BC. For simplicity the polyatomic
molecule is depicted as if it were a diatomic
molecule and G, is the center of mass of the
molecule BC.

processes if we take advantage of some features
of the highly excited atom.

Based on the idea similar to that used in I and
II, we can consider that mainly the interaction
between the Rydberg electron and the molecule
BC is responsible for the reaction (1.1). This

* In some cases, B may be a polyatomic radical.
For simplicity, we shall call B “an atom” in this
section.
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interaction is the same one in the reaction (1.2),
namely, DA of the slow electrons to the molecules
BC.

There are some theoretical treatments on DA,
which give the results consistent with existing
experimental data.18-!® The DA process (1.2) is
understood as an electronic transition from a con-
tinuum to a discrete electronic state, which then
dissociates.!3.1¥ That is to say, the DA process
is separated into two simpler processes,

e+BC—»BC-, (1.2a)

BC-—>B+4C-. (1.2b)
The final electronic discrete state in process (1.2a)
is degenerate with a continuum and is necessarily
a resonance. It is experimentally known that
there are two kinds of temporary negative ions,
namely, the long-lived (lifetime ~10-¢—10-2sec)
and the short-lived (lifetime ~10-15—10-13 sec)
ones.'® In our previous paper II on the electron
transfer process from the highly excited atom A**
to the molecule B, we have treated the long-lived
negative ions, which can be observed in a con-
ventional mass spectrometer. Contrary to the
process treated in II, the negative ion formed in
process (1.2a) is the short-lived one because it dis-
sociates during the time of the order of a vibra-
tional period. )

Analogously to DA, reaction (1.1) is understood
as the electron transfer process from the highly
excited atom (A**) to the molecule (BC) followed
by dissociation of the temporary negative ion BC~
formed, namely,

A*¥*LBC —» A*+BC—, (1.1a)

BC-—»B+4C-. (1.1b)

This separation is a good approximation because

the electronic transition (l.la) is a very rapid

process compared with the dissociation of the
negative ion.

We assume that the negative ion formed in
process (1.1a) is the same species as that formed
in process (1.2a). Then we can understand the
mechanism of reaction (1.1) in terms of the
knowledge of the DA process (1.2). Further it
should be noted that the electron transfer process
(1.1a) is almost the same process as that treated
in II. Therefore, we can treat reaction (l.la)
using the procedures employed in II with some
slight modifications, namely, we can use the ex-
pression (II-2.15) as the scattering amplitude g in
scattering direction £ for reaction (1.1a),**

**  Equations quoted from paper II are prefixd
with the symbol II.
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g@D=— ;’—; (20)2G(@|Q){¢r| Harl030% ,  (2.1)

where Hop=QHP and H is the Hamiltonian of the
system for the molecule BC plus electron, G(a|Q)
is the wave function in the momentum space for
the electron, in the Rydberg state a(=(n,l, m)),
and p; is the reduced mass of the outgoing
particles in (1.1a). Further, ¢; is the wave func-
tions of the negative ion BC~ and 0 is the wave
function which describes the scattering state for
the system of the molecule BC plus electron.**
Here Q and P are the projection operators which
project out the resonance state of the negative ion
BC- and the potential scattering state (BC--¢) re-
spectively, and Q is the momentum transfer, that
is to say
O=K'—K=q*** . (2.2)

The negative ion formed in (1.1a) is the short-
lived one and the resonance state is defined rela-
tive to the electronic motion only.*%.1® Therefore,
we define the Q operator

Q: l¢'res><¢res|**** (23)

instead of eq. (II-2.5). This Q operator projects
out only the electronic component ¢rs Of the
wave function ¢; for the negative ion BC-. Here
we have assumed that the colliding system
(BC+e) has only one open channel, namely, the
potential scattering and only one closed channel
relative to the electronic motion, namely the DA
process. This is quite a realistic situation for
some cases of the DA of the thermal electrons to
the molecules BC.20

So far we have considered that the relative
motion between the atom B and the negative ion
C- is clamped. In order to take into account
process (1.1b), we have only to relax this restric-
tion. If we denote the separation between B and
C- by s***k* (see Fig. 1), we can write the wave-

* In the following atomic units, in which e=#=
m=1, are used unless otherwise stated.

*% The same notations as those in II are used
except that the quantities on the molecule B are re-
placed by those on the molecule BC, for example,
M, instead of M, etc.

¥k The absolute value of the momentum
transfer @ should not be confused with the projection
operator Q. In the following, the projection oper-
ator Q appears only as the subscript, namely, in the
form Hgp, Hpq etc.

ek We assume an isolated resonance.

skkik  The situation in Fig. 1 is depicted for the
initial channel. Exactly speaking, s should be the
separation between B and C- after the capture of
the Rydberg electron by the molecule BC.
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function ¢r of the negative ion in the following
form

¢7=¢resgw(s) s (24)
where £ is the wavefunction for the relative
motion between B and C~ which is normalized
with respect to the energy e and the direction w
of the relative motion between B and C-. If we
substitute the wavefunction (2.4) into eq. (2.1),
we obtain the amplitude for reaction (1.1) per
unit energy ¢ and unit solid angle o of the relative
motion of the dissociation between B and C—

82, ¢, 0)=—LL 22)*G(a]Q)
2r

X< PresEcol Hor|PE> (2.1a)

where K’ in eq. (2.2) should be considered to be
the wave vector of relative motion between the
A+ ion and the center of mass G,, of the dissociat-
ing negative ions BC~ and 7 specifies ¢ and o be-
sides the internal states of Band C-. Here, the
directions £ and @ are defined relative to the K
and Q axes respectively. For the present time,
the theoretical evaluation of the matrix element
<¢re5§w]HQp[(D;'ﬁ> is a very difficult task for such a
polyatomic molecule¥as the carbon tetrachloride
molecule. However, we can show that this matrix
element is related to that for DA. This enables
us to evaluate this matrix element using the ex-
perimental data on DA.
The scattering amplitude gqa(w) for DA

Gaol@)=— ‘2‘—;@@5&,11{@1@9 . (29

where ¢ is the wave vector of the incident electron
in process (1.2) and is equal to the momentum
transfer Q in reaction (1.la), k£ the wave vector
for the relative motion between B and C~ and pq
is the reduced mass for the dissociation, namely,

. My(Mot1)
M+ M1

The wavefunction &, is normalized with respect
to wave vector k according to the usual boundary
condition for scattering, so that we have
vk
5;:,,(5'): (2—71.)8_/.2_§k(s) .
After some mathematical manipulations using
this relation, eq. (2.1a) and eq. (2.5), we obtain
. K/Q
, 7,0, ¢, )= 22 G 2
a(a, f— & ) m, K |G(a]Q)]

X 6dalg, ©)7 (2.6)

T In the following, the quantum numbers a, §, 1
are not written explicitly, if not necessary.
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where m; is the reduced mass between the electron
and the molecule BC. Here it should be noted
from eq. (2.2) that the wave number of the
electron ¢ is equal to the momentum transfer Q
in reaction (1.la), namely Q=K'—K. These
wave vectors K, K’ should satisfy

K 1

2[,[1;

72
+5ﬁ='I'(—+5r, (2.7)
2up

2n?
which is the conservation law of energy. Here
&3 is the internal energy of the molecule BC and &7
is that of the negative ion BC~ including the rela-
tive motion between B and C~ namely
er=e+-ep+ec—,

where ¢p and ec— are the internal energies of the
atom B and the negative ion C~ and ¢(=k?/2pq) is
the energy of the motion for the dissociation.
The expression (2.6) is the main result in the
present paper. We can easily see that eq. (2.6)
can give us all knowledge of reaction (1.1),
namely, rate constant and angular distribution of
the final products, if there is sufficient data on the
DA process (1.2).

§3. Evaluation of the Rate Constant for Re-
action (1.1)

In this section we evaluate the rate constant
for reaction (1.1). The angular distribution of
the final products in this reaction will be discussed
in the next section. For some halogen-containing
molecules, such as, CCly, I; etc., the DA processes
occur with large cross sections at thermal ener-
gies.?0.21.22  For these molecules, reaction (1.1)
can take place. This arises from the fact that a
bound electron in a high Rydberg state can be re-
garded as a free electron with the momentum dis-
tribution given by |G(a|q)|%.

In order to evaluate the total cross section, we
must integrate the differential cross section over
2, ¢, w. Integration of eq. (2.6) over w yields the
differential cross section for reaction (1.1) per unit
solid angle 2 for the scattering direction and per
unit energy ¢ for the motion for dissociation,
namely

(2, &) = Sa(g, & w)do

_K'Q

K
where ¢4.(Q) is the total cross section for DA.
We assume that ¢4.(Q) has been averaged over
the molecular orientations. Here we have neg-
lected the electron mass 1 compared with those of
the heavy particles. Namely we have used m;~1

IG(@|Q)0aa(@) , (3.1
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and
MM,
Mo+My,
Further we integrate the expression (3.1) over 2
using the relation

M= p = ps

27
KK’

where O is the scattering angle in reaction (1.1a).
Then we find as the differential cross section per
unit energy ¢ for the motion of the dissociation,

2 (K+K’
2 S 0IG(IQ) 01201010 -
(3.2)
Now we need the explicit dependence of g4, 0On
the wave number of the incident electron. There
are some experimental studies on this dependence
over the energy range from the thermal energy to
about 0.8eV.21-2"  We cannot safely extrapolate
these experimental data to lower energy region.
For this purpose the quantum-mechanical thres-
hold law can be used.28-3% It is theoretically shown
that o4, is a product of the cross section for

resonance formation ¢, and a survival factor
S18-18)

dQ=27sin OdO =

Qdo,

a(e)=
|K—K’

Cda=00S .

For DA of the thermal electrons to the molecule
BC, the negative ion state is purely repulsive in
Franck Condon region and the potential curve
for the negative ion crosses that for the molecule
BC near the minimum of the latter as illustrated
in Fig. 2. In this case the magnitude of g4, is
mainly determined by the capture cross section
0..20 In other words, for DA of the thermal
electrons to these molecules, autoionization is
relatively unimportant. Thus, the survival factor
S is expected to be almost equal to unity. There-
fore, the DA cross section can be approximately
written in the form?!3-16

I

€

€ | & BC™
/ ‘LB+C’
e?+ec-
Internuclear distance between B and C
Fig. 2. The potential energy curves appropriate to
the dissociative attachment of the thermal

electrons to the molecules.

Potential Energy
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(3.3)

Gda™>0:,0C —

where I is the width for autoionization given by!®
I'=2n|<{¢res| Hap| D )|* . (3.4)

The quantum-mechanical threshold law yields?®s.2%
[oogelit | (3.5)

where L is the lowest angular momentum of the
incident electron.* Substitution of eq. (3.5) into
eq. (3.3) leads to the expressions

(3.6)
where c is a constant.28.29  When this expression
is substituted into eq. (3.2) we find as the expres-
sion for the differential cross section per unit
energy ¢ for the dissociation,

2L+1 _

o(e) =25 ¢ S
|K—K'| n?
X lZ |G(n, I, m|Q)|%dQ .
Here, for simplicity, we have averaged over the

quantum numbers /, m of the Rydberg electron of
the initial states, namely

Gia=cq?tt

K+K’ 1

(3.7)

1 8 1
o IO g Ty
n2

(3.8)

The integral over Q converges so rapidly that the
integration can be extended to infinity without
any great error. Therefore, we have been using
the expression (3.8)

8uic

Wf("2|K—K’lz) ,

(3.9)

a(e)=

where
oo tL

f=|; (1)

In order to obtain the cross section for reaction
(1.1) of the n-th excited atom with the molecule
we must calculate the integral

aa(v)= SJ(E)ds ,

dr .

(3.10)

where p is the velocity of the relative motion
between A** and BC. We can see that the transi-
tion for |K—K’|<<1/n give the main contribution
to the integral (3.10) based on the same argument
on the integration (II-2.25). These transitions
can take place for the molecules to which DA of
the thermal electrons is possible. We find, using
the conservation law of the energy (2.17),

* As to the relation between L and the states of
BC and BC-, see next sections (eq. (4.7) (4.8) etc.).
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K—K’"—'—‘u—<—1 —€ﬁ+5r>
T K\ 2n?
~L( 1 3.11
~F 2—’12—5ﬂ+e+63+50- . (3.11)

There is one different point from the usual situa-
tion of the DA process, namely, the energy of the
electron is negative because the Rydberg electron
is bound. However, this binding energy is at most
of the comparable order of the magnitude of the
vibrational energy spacing of the molecule BC.
For example, this binding energy is less than
3x10-2¢V for n=20. There can occur transitions
which satisfy the condition |K—K’|<1/n. These
transitions give the main contribution to the
integral (3.10). Using the relation (3.11) we have

— for s wave (3.12a)
v

oa)={ —— forpwave (3.12b)
n%y
¢ for d wave (3.12¢)
n*y

If we denote the rate constant for reaction (1.1) of
the n-th excited atom with molecule by k»., we
have

c for s wave (3.13a)
c
— 3.13b
kneCoon(0)>=] for p wave ( )
S for d wave (3.13c)
n4

where bracket (---)> means the average over
Boltzman distribution. Namely, the rate constant
for (1.1) is independent of the velocity of the rela-
tive motion within our approximation. If we use
the low energy limiting form (3.6) for oqa, the
rate constant kg4, for DA is given for s wave
capture.

kaa=<q0aa(q)>=cC - (3.14)
In this case, we obtain the simple result
kn=kdq - (3.15)

This is the same result as that derived in II, be-
cause the capture of the electron is a dominant
factor for the DA process of the thermal electrons
to the molecules. From the experimental results
of DA on the molecules CCl, the DA cross section
is increased with the decrease of the electron
energy. Then it is reasonable to assume that s
wave capture take place for the CCls molecule.
Thus using the experimental data we can easily
obtain the value of rate constant for reaction
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(1.1), which is given in Table I. For other mole-
cules to which DA occurs at thermal velocities
the rate constants based on the assumption of s
wave capture are also given in Table I. So far

Table I. Rate constants for A**+BC—» A+t+B+
C- at room temperature (300 K).

m%laecc;lle (ig_l) rate constant (cm3/sec)
CCl, Cl- 1.9%x10-7q.b.d
HI I- 2.7x10-7%
DI I- 1.6x10-7?%
CCIsF F- 1.1x10-7?
n-CyoHzBr Br- 3.9x10-9¢
I, I- 7.5x10-10¢ (j) wave)
2.0x10-9¢ (d wave)

a The cross sections at 300K are calculated using
data and eq. (1) in ref. 21.

b The maximum cross sections listed in Table I of
ref. 20 are adopted as the values of g4, at 300 K.

¢ These values correspond to principal quantum
number 30 and see text.

d There are two values listed for CCl, in Table I of
ref. 20. The smaller one is not adopted because it
does not agree with the recent experimental data in
ref. 21.

we have adopted the hydrogen-like model and
have ignored the individuality of the highly ex-
cited atom. Further in expressions (3.13), the
parameters do not appear, which characterise
the individual atom, for example, reduced mass
etc. Thus these values take the same ones for
all the highly excited atoms within our approxi-
mation.

For I, molecule, there are some experimental
data?-2? on the energy dependence for the process

(3.16)

Truby?? showed that the rate constant for (3.16)
decreases with the decrease of the electron energy,
which gives the possibility that the s wave is not
the lowest allowed one. Person®® has thought
that the negative ion states responsible for DA of

efIs— I+1-.

the thermal electron to the I molecule is either

2Ty Or 2Il4s. If this assignment is correct,
the lowest allowed partial wave of the incident
electron is the d wave due to conservation of
nuclear symmetry. Shipsey®.3% has considered
that attachment to form a /7, state is more likely
at low electron energies to explain the experi-
mental data on the energy dependence of gas by

Reactions of Highly Excited Atoms with Molecules A**+ BC—A++4B+C-
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Truby.* In this case, p wave should be adopted
as the lowest allowed partial wave. From the
existing experimental data, we cannot definitely
determine which of p or d wave should be
adopted.** Therefore, we evaluate the rate con-
stants for both p and d wave capture. There is,
however, the discrepancy between two experi-
mental data?.26.27 for the absolute value of the
cross section averaged with a Maxwellian distribu-
tion at 300 K. We can easily obtain the maximum
cross section, using the new data by Truby?” com-
bined with the procedure employed by Biondi and
Fox.24.2% Namely, we have ¢7**=1.4x 10"
cm?.  We fit this value to the formula (3.6) as-
suming that ¢4, takes the maximum at thermal
€nergy emax~0.03eV. The calculated results for
p and d wave capture are shown in Table I. These
values are less reliable than in the case of s wave
capture because c¢ in eq. (3.6) sensitively depends
on the choice of the value eqax.

§4. Angular Distribution of the Final Products

In this section, we predict the angular distribu-
tion of the products formed in reaction (1.1) based
on eq. (2.6). Using the momentum distribution
(3.8) of the Rydberg electron averaged over I, m
the differential cross section for reaction (1.1) is
given by

2K/ 1
(2, e, “)z%g?% \G(n, 1, M Q) oaalq, w) -

(4.1)
Here, we assume that o4, has been averaged over
the molecular orientations. Integration of ¢ over
¢ gives the angular distribution of the final pro-
ducts for reaction (1.1) namely

(R, w)= S(T(.Q, ¢, w)de , (4.2)
where ¢ is determined by the conservation law of
energy (2.7). Further, if we are concerned with
the angular distribution of A* jon, we must in-
tegrate o(22, ) over @

a(92)= So(!?, w)dw

* Inref. 33, it is stated that 2/7,/s.3/2 States are
responsible for DA to the I; molecule, which requires
d wave capture. However, recently he has written
to us that he was really considering forming a I7,
state and made a mistake in writing his paper (ref.
33).80

**  Another useful information comes from the
angular distribution of the products, which will be
discussed in the next section.
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=%§ KQ 712— 1601, 1, Q) 2ou(g)de

4.3)
where g44(q) is the total cross section for DA of
the electrons with momentum ¢ to the molecules
BC. Now, eq. (3.6) can be used as the explicit
expression for gqe. At room temperature, we ap-
proximately obtain

K~14au,

for Kr+CCly system at thermal energies. Thus
we have |K—K’|<1/n< K. This means that a
transfer energy between relative motion and the
internal energy is small. In this case, from the
conservation law of energy

AE=¢+-e5teg——ep+ L
2n?

= EZ___K,_Z_ ~ £ (K—K?) ,
2p jZ
and the relation
Q?=K?2+K"?—2KK’ cos O
~(K—K')*+(KO)* ,
we find

2
o~ (% 4E ) +(KOP, (4.4)
where O is the scattering angle between A* and
the center of mass G, of Band C-. (see Fig. 3)
Substitution of expressions (3.6) and (4.4) into
eq. (4.3) leads to the following expressions

Fig. 3. Relations between wave vectors K, K’, q
and k and scattering angles 0, 6, and 0.
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*® 2.1 K2602)L
o1(0) = 8;;015& (4K @)1 _at
°n —co <f2+K2@2_]_ _)
n2
Spce 1
2zn3K® (G2+6g2)3 or L=0, (4.5a)
1
3uc O+ 00

TPkt (20233 for L=1, (4.5b)

1 1
. L 9202 L L o4
 due 644 5 0?0* 4+ — 6Oy
- Tl'nus (@2+@02)3_5
for L=2,

J (4.5¢c)

0] I 2 3 4
normalized scattering angle ®/@,

Fig. 4. Normalized angular distribution of the ion
A+: as to the notation, see text.

where t=(y/K){e+ep-+ec——ep+(1/2n%)} and Gp=
1/Kn. These angular distributions are shown in
Fig. 4. Integration of expressions (4.5) over 6,
namely

a=2n'So((~)) sin 6dO~2x ga(@)@de ,

leads to the total cross sections given by (3.12).
We can easily see from these results that scattering
between A+ and BC~ occurs at very small angles
namely ©<6,. In the case of the krypton atom
colliding with the carbon tetrachloride molecule
we have ©y~3x 10-?rad for n=20.

To obtain the angular distribution of B or C-,
we have only to know the angular dependence of
DA of the electrons with momentum g to the
molecules BC. This problem has already been
treated by O’Malley and Taylor.!® They have
used the approximation of the local complex
potential for the dissociating motion between B
and C-, which is not applicable to our case,
namely DA of the thermal electrons to the mole-
cules. This arises from the fact that the energy
of the incident electron is not large compared with
the vibrational spacing of the molecule.14.17.18
However, other approximations, namely the slow
rotation of the molecule, the lowest angular mo-
mentum (or one-center) approximation for the
slow incident electron, and others stated in ref. 18
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are applicable to our case. If we assume the con-
servation of the angular momentum for the rela-
tive motion between B and C-, we can use the
approximate angular distribution by O’Malley and
Taylor, namely ref. 18 eq. (14) with a slight modi-
fication, namely

daa(g> @) =0aa(q)| Yr2(00)1* (4.6)
where Y, is the spherical harmonics and 6, is the
angle between vectors g and k. (see Fig. 3)
Further, L, 2 are determined by the following re-
lations

Z'—:l/lres'—/lml ’ (47)

L>2, (4.8)
where L is the lowest allowed angular momentum
of the incident electron. Here /.5 and A, are the
axial orbital angular momentum of the negative
ion BC~ and the molecule BC. In homonuclear
diatomic molecules, due to nuclear symmetry, L
is further restricted to even or odd according as
the states of the molecule and the negative ion
have the same or opposite parity.

In eq. (4.6), an expression c4.(q) without the
local complex approximation should be adopted.
We can use the quantum mechanical threshold
law for the thermal energy electron, for the pre-
sent purpose. Substitution of eq. (3.6) and eq.
(4.6) into eq. (4.2) gives

8uc
05.:(2, w)= K
2L
X SdeK’—Q—l——4-1 YLa(0i)l® .
(o)
(4.9)

If we denote the directions of vectors K/, g(=Q)
and & by (0, ®)(0,, ¢,) and (4, ¢) with respect to
K axis, we find relations
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€0s f= cos @ cos O4-sin  sin 0, cos (¢—¢,) ,
(4.10)
and
KI2__K2_Q2
2KQ ’
Until now, we have fixed the direction of the
wave vector g, which can take all directions
around K axis. Therefore, we must average the
cross section ori(2, w) over the azimuthal angle
¢, of the vector g, namely

cos 0, = G=0 . (4.11)

610, 0)= %Sdgsqm(g, 0, (412

which one can measure experimentally. Using
expressions (2.7) and (4.4), we obtain

pdE
K

LAEN? KO)?
V(#EY +xo)
Here we have neglected Q° compared with
K’2— K2 because 0?5 1/n2< K2—K2. Substitution
of egs. (4.9) (4.10) and (4.11a) into eq. (4.12) yields

the expressions shown in Table II. Integration of
o12(B, 6) over all angles 4, namely

COS (g~ — (4.11a)

2 S"m(@, 6) sin 6d0 ,
1]

leads to the expressions of ¢.(0) given by egs.
(4.5a, b, c¢). Further if we are concerned only
with the angular distribution of B atom or C-
negative ion, we must integrate ¢.,(0, §) over all
angles @, namely

o12(6) =2ﬂ§’m(@, 9) sin 646

0

0

ZZzgwaLz(@, 0)6de .

As shown in appendix, this integration gives the

Table II.  Explicit formulas for ¢,,(0 0).
- 4 a1,,(6 0)
1
0 0 =0
3
! 0 4'__"[01(P1)2—K2@20'0P2]
3
! o= [o1(Pi)+ K26%00 3]
15171
2 1 8_" ['9_(72(P21)2_K2@201(P2— 2P3P1) — K4@40-0P4):]
1511
2 EN [302(&2)2-}— 2K 20%5,(Py— PsP1)+ K 4045 p4):,

oL =01(0) are defined by egs. (4.5 a, b, ¢) and P;m=P;m(cos §) are the Legendre polynomials.
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isotropic distribution, that is to say,

ara(f)= Ltml'(v) , (4.13)
4r

where g,%(p) is the total cross section for reaction

(1.1) of the n-th highly excited atom A** with the

molecule BC given by eq. (3.12). This isotropy

comes from the fact that the dissociation starts

after the formation of the negative ion BC~.

In this section we have, so far, implicitly as-
sumed that BC is a diatomic molecule. However,
Christodoulides and Christophorou?” have ana-
lyzed the experimental data on DA to the
n-CyH,y,—Br molecules based on the assumption
that these molecules can be considered as diatomic-
like molecule R(=CH,y.,)-Br and obtained the
results consistent with the theory of O’Mally!® as
far as the production of Br~ is concerned. There-
fore, there may be the possibility that the derived
expression is useful for some polyatomic molecule
for which the diatomic picture is valid.

In the rest of this section, we apply our results
to the reaction of the highly excited atoms A**
with the molecules CCly and I.

For the CCl; molecule based on the same as-
sumption of s wave capture as in the preceding
section, the angular distribution of A*ionis given
by eq. (4.5a). (see Fig. 4) We have 0y=10" or
1.5°, for n=20 and at thermal velocities according
as an atom A is a krypton atom or a hydrogen
atom. Further if the diatomic-like picture as
CCl3-Cl is valid, the angular distribution of Cl~
formed is isotropic as given by eq. (4.13). In this
case even if the scattering angle @ is fixed, the
angular distribution of B or C~ is also isotropic
because we have L=0, 1=0. (see Table II)

For I, molecule, if Person’s assignment

RPN
for the negative ion state is correct, we have L=2
and 2=1 for the attachment X,—II,, namely d
wave capture occurs in DA of the thermal elec-
trons to the I, molecules.?® If we adopt the cap-
ture to give a 2/, state by Shipsey,?®.34 we obtain
L=1 and 1=1, namely, p wave capture. Dunn3?
derived the selection rules for the cases of the
direction of incident electrons parallel and per-
pendicular to the molecular axis for a class of
reactions including DA. Under the approxima-
tion of the slow rotation which O’Malley and
Taylor'® employed, only those molecules contrib-
ute to DA at angle #; which are initially oriented
along the direction w. Then Dunn’s selection rules
apply only to the cases for #,=0° and 90°. Ac-
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cording to the Dunn’s selection rule 3,—II,
capture is forbidden. However, this does not mean
that this capture is forbidden at angles 6, except
for 0° and 90°. It seems that there is no experi-
mental data to directly determine which partial
wave p or d should be adopted as mentioned in
the preceding section.

Consequently, the angular distribution of A
ion is given by (4.5b) for p wave capture or by
(4.5c) for d wave capture. (see Fig. 4) Here we
have ©,=10" and 1.5° for n=20 and at thermal
velocities between A** and BC according as the
highly excited atom is a krypton or a hydrogen
atom. The angular distribution of I-or I is iso-
tropic as given by eq. (4.13). However, if the
scattering angle @ is fixed, the angular distribution
of I~ or I becomes somewhat complicated as shown
in Table II because we have L=1, 1=1 or L=2,
2=1according as p or d wave capture takes place.
For example, if @ is fixed at zero angle, the
angular distribution of I or I~ is given by

a11(0, §)cc sin? 4

or 021(0,0)ocsin? 20 for d wave capture .

for p wave capture

§5. Discussions

The rate constants for reaction (1.1) are of order
of the magnitude 107 cm?/sec for some halogen-
containing molecules based on s wave capture.
(see also Table I) The angular distributions of the
products in reaction (1.1) are predicted in terms
of egs. (4.5) (4.12) (4.13) and Table II. Some
results have been derived from the assumed
assignment of the negative ion states. Further in
our procedures we assume the plane-wave ap-
proximation for the relative motion between A*
and BC~ ion after electron transfer has taken
place. The deviation from the plane wave may
not be negligible because of Coulomb attractive
force in close collisions. This effect may modify
the angular distributions predicted by our theory.
However, it is very difficult to estimate this effect
due to loss of simplicity of our theory without
plane-wave approximation for relative motion.
Therefore, our results obtained should be experi-
mentally tested. Unfortunately there is no quanti-
tative experimental data, which can be compared
with our results. However, from eq. (2.6), it is
shown that the knowledge of DA is very useful
for the understanding of reaction (1.1). Generally
speaking, together with the theoretical results ob-
tained here and in the two previous paperst?.1t
we can safely say that if there is one inelastic
scattering of the slow electron by the molecule,
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there must exist the reaction of the highly excited
atom with the molecules corresponding to this in-
elastic scattering of the slow electron by this
molecule.

So far we have emphasized that we can under-
stand the mechanism of the reactions of the highly
excited atoms with the molecules in terms of the
knowledge of the thermal electron scattering by
the molecules. However, we have often very
few and less reliable data on this thermal electron
scattering. Inversely we can use the experimental
results on the reaction of the highly excited atoms
with the molecules to obtain the knowledge of the
electron-molecule scattering. The measurement
of the dependence of k, on the principal quantum
number n is effectively equivalent to the more
direct measurement of cross sections for the
thermal electron DA. Using eqgs. (3.13a, b, ¢) we
can obtain the information on what partial wave
plays an important role in the DA process at the
very low electron energy. From this we get in-
formation on the temporary negative ion state.

In the previous paper II, we have implicitly as-
sumed s wave capture for other molecules than
the SFs molecule for which there is the experi-
mental evidence.®®.3” However, these assumptions
should be experimentally tested. The above-
mentioned discussions on DA can be also applied
to the electron transfer process treated in II. This
is because the theoretical results obtained in the
preceding sections are derived under the condition
that DA of the thermal electrons to the molecules
results since the negative ion thus formed has a
small probability for autodetachment.

Further if our approximations are sufficiently
good, it should be noted that the measurements of
the angular distributions for reactions (1.1) in-
versely yield informations on DA. We can easily
see from the expressions (2.6) that the measure-
ments of the angular distribution on reactions
(1.1) yields the information on the cross sections
for DA (1.2) if the initial Rydberg state of the
electron is specified experimentally. In other
words, if all the parameters 2, ¢, @ are simultane-
ously determined with a good accuracy, the
angular distribution of reaction (1.1) yields the
same information as that obtained in the experi-
ment where. the electron beam with a very low
energy exactly equal to Q%2 impinges on the
molecule BC. This arises from the relation (2.2).
However, to determine Q experimentally, we
must measure & and e. If we take into account
the condition Q<S1/n, we find from eq. (4.4)

Reactions of Highly Excited Atoms with Molecules A**+ BC—A++ B+C—
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14E|< K ~3%10%eV or 3x10-2eV,
un

(5.1)
for Kr¥**41I, system or H**{I, system, respec-
tively. For the present time, it is experimentally
a very difficult task to measure the energy distri-
bution of the products formed in (1.1) with a
good accuracy in such a narrow energy range as

(5.1). On the other hand, the condition Q<1/n
gives the relation
1
O0<Oy=——. 5.2
<00= "~ (5:2)

For the lighter atom, for example, a hydrogen
atom, we obtain @,~1.5° for n~20 and at
thermal velocities. In this case, we can measure
the angular distribution experimentally. We must,
therefore, integrate the cross sections (2.6) over ¢
and obtain the expressions (4.5) and (4.12). (see
also Table II) The measurements of the angular
distributions of the final products in reaction (1.1)
give the possibility to obtain the more direct in-
formation on the low energy electron scattering
by the molecules and the information on the tem-
porary negative ion formed in reaction (1.1).
Namely the measurement of the angular distribu-
tion of the A* ion yields the information on the
total cross section g4, for DA. On the other hand,
the measurement of the angular distribution of
the C~ ion at a fixed scattering angle @ gives the
information on the angular distribution of DA.
For these measurements, the lighter atom is suita-
ble which is scattered at larger angles because it is
easy to determine the angular distribution of A+
ion.

The same discussions on the angular distribution
of the A* ion egs. (4.5) are applicable to the
electron transfer process treated in II as shown in
the case of rate constants.

So far we have discussed reactions (1.1) and
(II-1.1) in which the Rydberg electron temporarily
attaches to the molecule to form a compound
state, namely a short-lived or long-lived negative
ion. We call this type of reaction case a hereafter.
However, there is another type of reactions of
the highly excited atoms with the molecules B in
which the Rydberg electron does not form the
compound state with the molecule B, namely,

A(a)+B(8) — A(a)+B(#) , (5:3)
where a, o’ and 8, @ specify the states of the
highly excited atoms and of the molecules. In the

following, we call this type of reaction case b. In
this case the scattering amplitude f(a, 8, K—
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o, B, K’) as given by eq. (11) of I is written in
terms of the scattering amplitude fu(8g — f¢’) on
the inelastic scattering of the slow electron by the
molecule B

e-|—B(ﬁ) —>e—|~B(ﬁ’) .
That is to say, we have
f(aBK — a’f'K)
= #SG(a’lq')*G(alq)fez(ﬂq LBy, (5.5)

where

(5.4)

9 —q=K—K'=0. (5.6)
In paper I, we have treated the case where a —a’
and B— @ transitions are the ionization of the
highly excited atom and the rotational de-excita-
tion of the molecule respectively.

Anyway, we can obtain the angular distribution
and other necessary information on the inelastic
scattering of the slow electron by the molecule B
(5.4) from the measurement on reaction (5.3) if
the initial state of the Rydberg electron is selec-
tively produced. In case b, the situation is less
clear-cut than that in case a, as shown in eq.
(5.5), because there exists the relation (5.6) instead
of (2.2). However, if fu(8q— q’) depends
strongly on the momentum transfer Q and the de-
pendence of f.; on g and ¢’ individually is weak or
if the Born approximation is valid for the inelastic
scattering of the slow electron, we find

f(apK— o’ §K)=p<ale?|a’ >fa(f > Q) .

5.7
This is the usual expression for scattering am-
plitude by the impulse approximation.®® The
measurement of the angular distribution of the
reaction (5.3) yields information on the angular
distribution of the inelastic scattering of the low
energy electron by the molecule (5.4). Thus, there
is the possibility that one can use the relation
(5.7), for example, for the experimental studies
of the forward scattering of the rotational transi-
tion of the polyatomic molecule, for which Born
approximation is considered to be a good approxi-
mation.

Finally we summarize our main theoretical
results as follows: Reaction (1.1) is understood as
the electron transfer process from the highly ex-
cited atom A** to the molecule BC followed by
the dissociation of the temporary negative ion
BC- into B and C-. Then the differential cross
section for reaction (1.1) can be written in terms
of that for the dissociative attachment of the
thermal electrons to the molecules (1.2). (see (2.6))
The rate constants for reactions (1.1) are evaluated
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to be of the order of magnitude 10-7cmé3/sec at
room temperature for some halogen-containing
molecules. (see Table I) The angular distributions
of the final products formed in reaction (1.1) are
given by egs. (4.5) (4.12) and (4.13) and the ex-
plicit expressions shown in Table II, which are
determined by the state of the molecule BC and of
the negative ion BC~. The angular distribution
of A* ion after integration of the scattering angles
0 of B or C—shows that scattering of A+ ion takes
place at very small angles. On the other hand,
the distribution of B or C- is isotropic if the in-
tegration is carried out over the scattering angles
O between A** and BC. This isotropy arises from
the mechanism in which the motion of the dis-
sociation between B and C- starts after the forma-
tion of the negative ion BC-. It is shown that the
measurements of the reaction of the highly excited
atoms with the molecules can give the reliable
information on the inelastic scattering of the
thermal electrons by the molecules
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Appendix: Isotropy of o ,(6)

In this appendix, we show that the angular dis-
tribution
a“(o)zznrm(@o)@d@ . (A
0

is isotropic. Using egs. (4.9) and (4.12) we have

2, o 2L
au(a)=%g @d@Sde S
0 2 -
(Q + n2>
(A-2)
where
1u=i§|mwk)|2d¢q. (A-3)
2

Here the functions | Y7;(0x)|* are the polynomials
of cosf;. Then these functions can be expanded
in terms of Legendre polynomials Py(cos fy),
namely

2L
[Y02(00)1?= X Cul?Py(cosOi) . (A-4)
=0
Substituting the addition theorem for the Legendre
polynomial
P,(cos 1) =Py (cos 6) P,(cos 6,)

&L (n—m)! . m
—{—2m2=l m)—'—Pn (cos ) P,™(cos 6,)
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X cos m($p—q)
into the integral (A-3), we find
2L
I =3 C,L2P,(cos O)Pu(cos ) . (A-5)
n=0
Substitution of eq. (A-5) into (A-2) gives
16p2c L
o) =—+— X Cy A LP,(cos ) , (A-6)
whn n
where

o o 2L
Jo b= ES ©de S dr Y — Pu(cos 6,) ,
©

(A7)
and

1
t= %(e—l—es-l—ec——ep + ﬁ) .

If we transform the variables 6 and ¢ to Q and 6,
using the relations (4.4), (4.11a) and

K&=Qsing, ,
we find
1 oo x . QZL
Jan—S 0d0 S a6, Qsin 0y —2——
K[,l 0 0 <Q2+ _)
n2
X Py(cos 6,)
:%S“_QT;_TdQ S”P,,(cos 0,)
o (Q2+ 7{> 0

xsin 0,d0,=0 for n>0.

Then ¢1:(6) is independent of angle ¢ and this an-
gular distribution is isotropic.
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