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The concept of reduced width is introduced into the theory of molecular collisions. A method

is given for calculation of the relative intensities of excitation of various vibrational and rota-
tional levels, corresponding to a definite state of the radical produced as a result of knock-on
of an atom or ion from the molecule by a fast particle. For illustration of the method, the case
of the HyO molecule is considered. The intensity of excitation of the vibrational levels of the
H, molecule which remain after knock-on of the O atom increases exponentially with increase
in the excitation energy, since it decreases for the radical OH (the H atom is knocked out).
As a conclusion, the conditions for the appearance of resonances described by the Breit-Wigner
formula are considered for the collision of atoms. Such a possibility is noted for the scatter-

ing of neon by neon.

INTRODUCTION

TWO essentially different types of nuclear reac-
tions are known. In the first place, there are reac-
tions at low energy (in the nuclear scale) of the
relative motion of the colliding particles, in which
resonance effects appear if the dependence of the
cross section on the energy of the relative motion
E; is measured. In this case, quasistationary ex-
cited states of an intermediate nucleus are formed
and later decay. An example of such a type of re-
action is the resonance capture of neutrons with
energies ~1 MeV and below by nuclei. A second
type of nuclear reaction is the ‘‘fast’’ (or direct)
nuclear reaction which takes place without the for-
mation of a long-lived intermediate nucleus. Reac-
tions of this type include, for example, (p, 2p)
reactions at high proton energies (much higher
than the binding energy of the nucleons in nuclei).
If E, is fixed and the intensities of the secondary
particles (2p) are measured as functions of their
total energy, then we obtain maxima for definite
energies; these correspond to ‘‘hole’’ excited
states of the final nucleus.

Both the values of the cross sections in reso-
nance for reactions at low energies and the intensi-
ties of the excitation of various hole states in direct
high-energy reactions of the type (p, 2p) are deter-
mined by the so-called reduced widths y? of the
levels.[1] The physical meaning of y* amounts to
the following. One can expand the wave function of
the given state of the nucleus as a system of A par-
ticles in derivatives of the wave functions of the
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subsystem of A —B and B particles and the wave
function of their relative motion. If one fixes the
quantum number characterizing each of the factors
and the corresponding coefficient in the expansion
is denoted by « (na-B, nB, nrel), then

72~ E Idf(nA—B’ ng, nrel) lz
nrel
(here n is the set of quantum numbers character-
izing the given state).

There are analogs both for resonance and direct
nuclear reactions in molecular collisions. The res-
onances of potential scattering of low energy elec-
trons by atoms (Ramsauer effect) are well known.
An analog of this effect in the nucleus is the reso-
nance of potential scattering of nucleons at low en-
ergies (of the order of 1 MeV) by nuclei, described
by the optical model of the nucleus. Lz]

The fact that, as has been frequently pointed out,
(3] the interatomic forces are much more powerful
in scale than nuclear forces has hindered the ap-
pearance of resonances in scattering, say, of an
atom by an atom. Whereas there is a single
bound state for the deuteron, there are many
for the molecule H,; therefore, for excitation en-
ergies of Hy greater than the dissociation energy
of H,, a large number of half wavelengths is con-
tained in the region of attraction of the atoms, and
the density of levels is very high; further, the lev-
els overlap. Therefore, one must seek resonances
in scattering of an atom by an atom in the noble
gases, where the potential well of the interatomic
interaction is shallow, so that the situation is sim-
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ilar to the nuclear one. As will be shown below,
resonance must be expected in this case, for ex-
ample, in the scattering of neon by neon.

Now we shall consider direct molecular reac-
tions. The collisions of fast particles with mole-
cules can lead both to knock-on of electrons (the
analog of hole excitation of the nucleus) and to
ejection of atoms or ions from the molecule. The
fast particle can be a neutron, atom, or hydrogen
ion, etc., with velocity much greater than the ve-
locity of motion of the nuclei in the molecules or,
in other words E{ > hwpye (wpue are the vibra-
tional energy frequencies), that is, E;, must be
50—100 eV as a minimum. Such large energies
allow us to make a number of important simplifi-
cations in the theoretical analysis (impulse ap-
proximation), in particular, to neglect multiple
inelastic collisions of the incident particle with
the component parts of the molecule, and to con-
sider the collision of the incident particle with
the particles knocked out from the molecule as
free, with instantaneous disruption of the molec-
ular bonds.

To require that the velocities of the bombard-
ing particles V, be much larger than the velocity
of the electrons in the molecule Vg would not be
correct if we were to consider the excitation spec-
trum of the residual radical for a single fixed elec-
tronic state. The condition V, > Ve would be nec-
essary if we were to consider in such fashion the
relative intensities of excitation of states which
differed in electronic wave functions. We note in
passing that the stronger the inequality Vi, > Vg
becomes, the smaller is the relative probability
of ejection from the molecule of a neutral or weakly
ionized atom —¢‘the electrons remain in place while
the nucleus flies off.”’

In addition to the molecular knock-on reaction,
one can also consider the molecular reaction of
stripping where, for example, a molecule of the
target ‘‘strips’’ an atom (ion) from the bombard-
ing diatomic molecule Y+Z, and a hypermolecule
X+7Z is formed in the ground state or some excited
state, while the atom (ion) Y flies past. Of course,
the reverse process (‘‘pick up’’) is also possible.
The theory of the stripping reactionst] also em-
ploys the concept of reduced width.

Thus the molecular stripping reaction makes it
possible to investigate the excitation spectra of the
hypermolecules X+Z. The molecular knock-on or
stripping reactions are of most interest in those
cases in which the final radical or hypermolecule
is a system which is difficult to investigate by
other means. In particular, in the molecular pick-
up reaction, ‘‘friable’’ diatomic molecules can be
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formed, one of the atoms of which is a noble gas.
Of course, very low temperatures are necessary
for this case.

In the present research, knock-on of an atom
or ion from the molecule by the fast particle is
considered. The object of the calculation is the
excitation spectrum of the radical (ionized radi-
cal) which remains after knock-on of the atom
(ion) from the molecule, that is, the relative in-
tensities of excitation of the different states of
this radical. In order to illustrate the method by
a concrete example, we shall consider the excita-
tion spectra of the neutral molecules OH and H,,
which are formed when the corresponding atoms
H and O are knocked out from the H,O ground
state. Here, we shall limit ourselves to the sys-
tem of vibrational and rotational levels corre-
sponding only to the lowest electron state of the
final radical. Limitation to a triatomic molecule

 is not essential; there is no great difficulty in

considering more complex molecules.

The reduced widths are computed in shell
theory, [1,5] which is used in nuclear problems,
and in the theory of molecular vibrationst®J in
completely different fashion, inasmuch as the
actual mathematical apparatus of these theories
is entirely different. In the work of the authors
and Smirnov, (6] the & model of the nucleus (the
0O!® nucleus as a four-atomic molecule) was con-
sidered, but actually the scheme of calculation of
¥* is applicable to molecular problems without
any change. The aim of the present paper is the
use of the methods developed in L6] for investiga-
tion of molecular collisions.

1. KNOCK-ON OF AN ATOM FROM A MOLE-
CULE BY FAST PARTICLES

1. Method of calculation. Let us consider a
forced break up of the molecule X in a state with
total momentum J and vibrational energy

fa
Evip = hz(’)u 2 (Uu[ -+ 1/2)
a i=1

(for notation, see below) into the radical Y and
knocked-on atom Z. The probability of finding
the radical Y in the state with momentum J° and
vibrational energy Eyjp (corresponding to the
quantum numbers wg’, -v'a{ and fq’) will be di-

rectly proportional to the ‘‘reduced width’’ of the
transition[1]

oo e Lol (e () (V) do|
o=t pp—Lpl{rYamd].

o
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Here p is the radius of the channel, o is the hyper-
surface of the channel, uc is the reduced mass of
the bombarding particles, ¥(X) is the wave func-
tion of the molecule X, ¥,L(Y) is the function of
the reaction channel X — Y + Z.

The concept of the channel radius can be intro-
duced for those cases in which the forces are suf-
ficiently short ranged in comparison with a 1/r law.
For example, the interaction forces of a neutron
with a nucleus and the Van der Waals forces cor-
respond to such a class. Proceeding to the con-
struction of wave functions, we assume the vibra-
tions to be small, and suppose a complete distribu-
tion of rotations and vibrations.!”? The electron
function is ignored (J° = K); it will be considered
below.

The wave function of the axially symmetric
molecule X, which is composed of different nuclei
and which does not have an internal vibrational
momentum, is written in the form

Yy (I, My, Koy e oy V- - )

= TX(J,MJ»KJ)XX(---UW---,---Qai---)

fa
(@) exp(— 5 35 3 @2, )

i=1

fa ~—
A, (Y5 0,

a =1

~ s
=DMJ,KJ

@)

(in both cases ¥x will be the sum of such ex-
pressions). Here a generally accepted notation
is used.[™) If there are several vibrations of the
same symmetry of type a (for example, in H,O:
2A + B), then 5 and g mean summation over

all these vibrations, since there will be dif-

ferent frequencies among them. v 872/(2J+1)

Dg/IJ,KJ(Q) = D‘l{/‘[J, KJ(a, B, v) are the well

known matrix elements of finite rotations. (8]
The channel function has the form

Yoo OV lym K, K, )= %) (KMx, IM; | jm)

Mg+My=m
XWY(K’ MK,KK...U;( e ey Qu'," )

K
XYiu,(8 @ )= >  (KMuIM|jm)D sy, kg (Q)

Mg+M;=m

v Qo) Yimy (ﬁlab'(Plab)'

z

3)

X¥y( -« os va;. e

DThe construction of wave functions in the presence of
vibrational internal momentum, and also the account of the
properties of commutative symmetry of nuclei in molecules
with identical nuclei, have been treated in detail in [¢].
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Here YiM;(dlabs ¢lab) is the spherical harmonic
which describes the angular part of the relative
motion of the radical Y and the atom Z; j is the
total angular momentum of the channel. The angles
dlap and @labh refer to the laboratory system of
coordinates (l.s.). The transition to the internal
set of coordinates of the radical Y is brought
about by the transformation

YIMI (ﬂlab’ (Plab)= I;Dxfl , Ky (QY) YIK[ (ﬁv (P)' (4)
L

The integral in Eq. (1) runs over the hypersur-
face of the channel, i.e., the integration is carried
out over all internal variables of the radical Y
(Qo! and Qy) and over the angles of relative mo-
tion of the radical Y and atom Z. The distance be-
tween the centers of mass of Y and Z, that is, the
radius of the channel p, is assumed fixed. Further-
more, by regarding the molecules X and Y for the
rotations as rigid systems, we can, in the case in
which the internal coordinate axes of the two mole-
cules are parallel, set Qx = Qy.? After this, the
overlap integral (1) is written in the form

Sqf X) ¥ &, (V) do

— VKL S (KKK, 1TK) 84, o
Ky

2J +1
X % Ly (v v Vg o oy Qal...)
s=aconst
Xxy(...va;...,Qai...)

X Yk, (8,9) ... dQ, .. .sin9dd dy. )
In order to carry out the computation to its con-
clusion, it is necessary to change over in the func-
tions XX, which depend on Qgj, to the channel
variables, that is, to Q&i, p, ¥, @. Of course, it

is not possible to do this in the general case, and
one must consider concrete examples. We note
only that, as is found from the relation

Qa[:Qa[("'Q;;"'vpvﬁ’q)) (6)

it is necessary to ‘‘renormalize’’ the function xx:
(XX("'QaE"')
—C%y L. .. Qa‘_(Q;»_ co.p 09 ..,

since it was normalized in the volume ... ani cees
and not in .. .dQ'a{ ...p%dp sin $dddg. As calcu-
lations show, it is not necessary to carry out the

2In the case in which both systems are turned toward one
another, it is necessary to use the relation D(Qx) = D(Q)D(Qy).
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renormalization by a direct path in the presence
of small vibrations, but it suffices to consider the
Jacobian of the transition (6). Expanding D in
factors D = D’p? sin 4, we have 1/C? ~ D}, where
the index 0 denotes that all the remaining vari-
ables must be evaluated at the equilibrium posi-
tion of the molecule X. For the case of small
vibrations, we can substitute the linearized rela-
tions (6) [ see, for example, (11)].

2. Knock-on of an atom from a triatomic mole-
cule. The angular part of the wave function of a
diatomic molecule is determined by the position
of the axis of the molecule (by the two angles ¢’,
4’). These two angles correspond to a choice of
Eulerian angles Qv = (¢’, 4/, 0), which uniquely
determines the position relative to the laboratory
system of a certain set of coordinates (X", Y”,
Z”™) with the Z” axis along the axis of the dia-
tomic molecule. We call this set of coordinates
(X™, Y™, Z™) the internal system of coordinates
of the diatomic molecule. We determine the angle
¢ relative to it from (4). The difference from the
case of a nonlinear radical Y lies in the fact that
the angle ¢ now does not enter into the relation
(6), but participates in the transformation of the
rotation function DJM JKJ(QX) of the X molecule,

with the internal system of coordinates (X, Yg, Z),
to the internal system of coordinates (X”,Y”,Z™)
(see Fig. 1) of the diatomic radical Y:

Dk, (Qx) = ZDK k; (0, %, 0) Diy & (Q, 9).

The formula for the channel function (3) is easily
generalized to the case in which the total electron
spin of the Y radical differs from 0:

Foen (o m, IO K L AT
= D IMIM | jm)Y i, (aPra)
M'+M;=m
K|J'M' (Jo, K, A),
[T M (Jo, K, A)>
=NU (K, 8" (J') 8" S) (KMg SMs|J'M")
X (S'Mg 8"Mgr|SMy) Xirg %5 Diry s ()
‘U;; ceey wes Q;: )

X Yx (oo (7)

Here A is the projection of the orbital electron
angular momentum, XISVESI’ XI%E,S” are the spin

functions of the Z atom and the diatomic radical
Y, respectively; S is the spin angular momentum
of the channel; J’ is some intermediate angular
momentum over which it is necessary to sum (1);
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FIG. 1. (X,, Y, Z,) is the internal system of coordinates
of the H,0 molecule with the set of Eulerian angles Qx rela-
tive to the laboratory system; (X", Y™, Z") is the internal set
of coordinates of the H, radical with the set of Eulerian angles
Qy = (¢!, ¥, 0) relative to the laboratory system; (X",Y", Z")
-+ (X",Y", Z") (rotation about the Z" axis by an angle ¢; then
(X"Y"Z") » (X'Y'Z") (rotation around the Y" axis by an angle
x), finally, the parallel translation (X'Y'Z") » (X°Y°Z°).

JY is the total angular momentum of the radical Y;
U (KS”(J’)S’:J%) are the Racah coefficients;ts]
we assume that the coupling of the angular mo-
menta in the diatomic molecule corresponds to
the case b.L7]

Substituting (7) in (1), we get, after integration
over the angles and spin variables of the channel
(in the case in which the total spin of the molecule
X is equal to 0) J’ =K and

{0 ¥ 0 do
-3
x U (KS"(K)S':J°0)
xxxy (Q) Yix (9, 0) sin 9494 Q"

K F1
T+ 1

(IK'KA | JK') Dk 5 (0, %, 0)

X 87,1081y,m (8)

p=const

Here k is the angle between the Z’ axis of the in-
ternal system of coordinates of the X molecule and
the Z” axis of the diatomic radical (see Fig. 1).
3. Knock-on of an atom of oxygen from the water
molecule. We transform from the normal coordi-
nates of the molecule H,O — Q(“ Q(Z) QB1 (in

the following we use the notation Q, Q,, Q3) to the
channel variables [the relation (6)]. For this pur-
pose, it is convenient to transform first from Q;
to the internal variables qy, qy, q; (see Fig. 2):

QL= bg, + a (g, + gs), Q: =dg, + ¢ (q: + g3), (

9)
Qs = e (92 — g3)-
In the variables gj, the potential energy of the

molecules H,O has the form (¢ is the angle be-
tween q, and qj; see Fig. 2)
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FIG. 2

oV =k, (g5 + q3) + ko602 = &y (g5 + ¢3)
+ ky R} —RY4H 1 q,

where R; is the equilibrium distance between the
atoms H and O, R, is the equilibrium distance
between the atoms of hydrogen. In the normal
coordinates Qj, the kinetic energy T and the
potential energy V have the form

of = Qi+ QG+ & 2V =0lQ+ 0iQ} + 0jQ;
Using the experimental values[®] R, = 9.58
x 107% cm, Ry =1.522 x 1078 ¢m, k= 7.76 x 10°
dynes/cm, kg = 6.34 x 10~ erg, wy =3.01 x 101

sec™, w,=6.88x 10" sec™!, and w;=7.07 x 1014
sec™!, we find the values of the coefficients in 9):

a=124.10728"%, b = 1.15-10728"%, ¢ = — 7,27-107138"%,
d = 3.78.107138", e = 8.8-107138%,

The transition from g; to the channel variables
p, & ¢, and r (see Fig. 3) is easily completed:

gy=r1r—Rs G =V (/2?4 p* —rpcos¥® —R,,
gs = V (/2> + p* & rpcos & — R,. (10)
We note that the real channel variables are p,
4, ¢, and q = r —Rj, where Rj is the equilibrium
distance between nuclei in the H, molecule; how-
ever, it will be more convenient for us to work
with the variable r.

_ Substituting (10) and (9), we get the relation (6)
with the renormalization C~% = Dj, where

D’ = 2 (ad — be) [r/V [(r/2)* + p?12— rPp?cos ¢'].

After linearization, we have:

Qi = %7+ X0+ X3, Q= X4r + X5p + X,

Qs = x, cos O, 11)

where
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X1 = 0Ry/2R, + b, X, = CcRy/2R, + d,
Xy = 2apy/Ry, x5 = 2cpo/R;,
x3 =— [a (RY2R,+2p,%/R,) + bR,],

xe=—lc (R§/2R1+2902/R1) + dR,],
X; = eRypy/R;.

The normal coordinate of the H, molecule has the
form Q = (r —Rj)/V2 u, with the corresponding
frequency w = 8.07 x 10" sec™! (u is the recipro-
cal of the mass of the hydrogen atom; Rj; = 7.4
x 1073 cm).

Let us consider the break up of HyO from its
ground state, i.e., J =0, vA1(1) =vA(2) = VB,
= 0 to the excited state of H, with the vibration
number n and rotational angular momentum K
(A =0). Equation (8) in this case takes on the
form

(¥ (1,0) ¥, (Hy) do

o

= (— 1)K S drg sin ®doyi0 (0, 0, 0, Q, Qs, Qs)
—c0 0

x ¥u, (1, Q") Yk, (9, 0).

As is seen from (11) and (2), the integrand of
(12) does not have any cross terms between r
and ¢ in the exponents; therefore, the integrals
over d4 and dr are separate. One can then
write (12) in the form

| w010 Yo () do={n, K) do = cSiSk: (13)

-] (]

C = NAONMONBN VD exp (— Y, [Cq + Cop + Cop?l),

Sh= % OSO exp (—-— = [Clr2 + Cyrp +C;r])

X H, []/% (r— R;)]dr, (14)

8% = (— 1)’<S exp (— L Cycos? )Y, (8, 0) sin 9ad; (15)
0
where
RC, = 0’1"% + "-‘2’52 + oxg,
WCy = wyx3 + w,x2, hCs = 2 (0yx1Xs + @yx,xs),
ﬁC4 = (x)sxg, ﬁC5 =2 ((1)1 X1Xg + Wy Xy4Xg + ﬁ)x,;xg),

2 2
ﬁCc = 2 ((l)lxgxs + mzxaxo)) ﬁC7 = 0)1x3 + (sze + (ng.

As is seen from (15), S‘% differs from 0 only
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for even K.* This corresponds to the fact that the
total spin of the nuclei of the Hy molecule must
be equal to 0 (J = 0 corresponds to the para-
state of the water molecule). S'f{, Gﬁ are reduced
from K =n =0 to the error integral, while for
values of K and n different from 0, they corre-
spond to differentiation over the parameter.
Finally, we get from (13) and (1)

0% (p) = +p*|C (p) STSK I*

The value of the channel radius is chosen at the
maximum of the ‘‘reduced width.’’ In the given
case, the value pmax = 6.77 X 10~° cm was ob-
tained; Sﬁ was computed for n=0, 1, 7,3, 4; S‘f{
for K=0,2,4,6,8. The dependence of | Sﬁ |2
and IS‘f{I2 is shown in relative scale in Figs. 4
and 5.

(s3)*

FIG. 4. Distribution of the rela-
tive intensities of the rotational
states of the final H, radical.

FIG. 5. Distribution of the rela-
tive intensities of the vibrational
states of the final H, radical.

01 2 7 4

It should be noted that the cross section of the
knock-on reaction is directly proportional not to
@2, but to |f®(p)dp |2, if the conditions of the
experiment are such that g = 0 (q is the momen-
tum transferred to the radical Y). However, be-
cause of the presence of the sharp maximum in
the dependence ®(p), the width of which changes
slightly from level to level (see Fig. 6), @?
(pmax) for sufficiently small q (for the choice
of the angle 6; and 6,, see A.4) excellently de-
scribes the dependence of the cross section on
the excitation energy of the remainder. The de-
pendence ®(p) is determined explicitly in the
given case by C(p) and SQ(p) and the integra-
tion over dp presents no great difficulties.

The reduced widths for n=1,2,3,4 and K=0,
2,4,6,8 are shown in Table I in relative scale.
As is seen from these results, the probability of
excitation increases with increase in n, and the
maximum probability takes place in the continu-
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FIG. 6. Dependence of ®*(p) in rela- 6

tive units for n =0. For n=1,2, 3,4, 5r

the dependence of ®%p) has the same 4

character. ppax lies between 6.77 and J

6.50 x 10 cm, while the width of the 2

hump varies from 2.2 to 2.0 x 107 cm. ! p.10%cm
g 5 67 ¢ 9

Table I. Distribution of the relative intensities of the
vibrational and rotational excitations of
the final H, radical

n

K

. 0 1 2 ‘ 3 , 4
8 3.45-10°¢ 1.19-107¢ 2.06-1073 1.76.1072 0,25
6 6.63-10°¢ 2.29.-10™ 3.96.10-8 3.38.1072 0.48
4 1.06-1075 3.67.-10* 6,34-1073 5.42-1072 0,77
2 1.52-10-5 5.25-10¢ 9.07.10-3 7.75-1072 1.1
0 1.38-107% 4.77-10* 8.24-1073 7.04-1072 1.0

ous spectrum. This is explained by the fact that
R is approximately two times smaller than R,.

4. Knock-on of an atom of hydrogen from the
water molecule. It follows from (8) that in this
case one should have A = 0; therefore, the radi-
cal OH is not found in the ground electron state
(II state) but is found in the first excited electron
state (£ state). This prohibition is connected with
the adiabatic character of the motion.

As was the case in Sec. 3, one must transform
from the normal coordinates Q; of HyO to the
channel variables p, 4, ¢ and r, the determina-
tion of which in the case of break-up to O and OH
is seen from Fig. 7. Transforming as above, first
from Qj to qj, and then by means of Fig. 7 from
the gi to the channel variables, we obtain rela-
tions similar to those of (11) with different x;, and
formulas for the overlap integral (8) similar to
(13)—(15), in which the quantities C; are connected
with the corresponding x; by bilinear relations of
the type (15).

In the expression obtained for the overlap inte-
gral, division into factors similar to what was done
in Eq. (13) no longer takes place. Therefore, the
calculation is somewhat more involved, although it
contains nothing new in principle. The results are
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shown in Table II and Fig. 8. In the numerical cal-
culation, use was made of the following experimen-
tal values of the frequency of the radical OH (w)
and the equilibrium distance between the nuclei in
this radical (R}): w =5.98 x 10" sec™, R}
=1.0121 x 1078 cm.[®] The value 9.83 x 10~ cm
was obtained for p,, .. in this case.

Table II. Distribution of the relative intensities
of the vibrational and rotational excitations
of the final OH radical

K Jo n=20 n=1 n=2 n=3 n==b
0 /e 7.90 0,317 3.09 0.225 1.014
1 1/ 0.438 0,0511 | 0.270 0.0502
3/9 0.876 0.1022 | 0,540 0.1004
2 3/ 1.310 0.324 0,504 0.332
5/a 1.970 0.486 0,756 0,498
3 5/2 0,720 0.0448 | 0.453 0.0431
7 0.960 0.0598 | 0.604 0.0571
4 /s 0.0875 | 0.291 0.0078
9/ 0.1094 | 0.363 0.0098
s | o | 0.1980 | 0,527
n/, 0.238 0.633
6 u/, | 0,1223
13/, 0.1427

FIG. 8. Distribution of the
relative intensities of the vibra-
tional and rotational excitations
of the final OH radical. The left
column of each doublet corres-
ponds to J° = K -1, the right to
J°=K + %.

~ S N RS NN N o &
L

As we see, the excitation curves correspond-
ing to knock-on of O. and knock-on of H are com-
pletely different, because of the fact that there is
a bond between O and H in the H,O molecule but
not between H and H. Thus a study of the excita-
tion curve of the residual radical can give infor-
mation as to the character of the interatomic
forces in the original molecule.

The experiment which makes it possible to ob-
tain information on the reduced widths is the fol-
lowing.[m] Two counters (Cy, Cy) are arranged
for coincidence as is shown in Fig. 9, while the
angles 0; and 6, are determined by the require-
ment that the momentum transferred to the re-
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FIG. 9

sidual radical be equal to 0. The counting rate
is measured as a function of the total energy re-
corded by the counters. The energy resolution
must be sufficiently high to separate the peaks
corresponding to the neighboring vibrational states
of the residual radical. It is impossible to resolve
the separate rotational levels, in particular, be-
cause of the thermal motions of the molecules of
the ‘‘target’’ (the target must be gaseous and
sufficiently thin), so that the entire rotational
band corresponding to the given vibrational state
is recorded integrally. The temperature achieved
by the gas is determined by the distance between
the neighboring vibrational levels AE, so that one
has kT «< AE (usually the AE for the molecules
of the target and the residual radical are compa-
rable).

In the calculation given above, the initial state
of the molecule was its ground state. In fact, if
T = 0 (but kT < AE), it is necessary to average
over the rotational excitations of the initial mole-
cules. However, inasmuch as the rotational and
vibrational variables are separated in the inte-
grals, all the conclusions on the relative intensity
of excitation of the different vibrational states
remain unaltered.

II. MOLECULAR RESONANCE REACTIONS

As was pointed out in the introduction, the prob-
lem of Breit-Wigner resonances in the collisions
of atoms is important for collisions of atoms of
noble gases that are both identical (for example,
Ne-Ne), and also nonidentical (for example
He—-Ar). It is not excluded that such a problem
can exist also for systems of the type He-O, etc.
We limit ourselves to analysis of collisions of
identical atoms only, inasmuch as there is no in-
formation on the interaction in systems of differ-
ent atoms (precisely this would be given by a
study of scattering resonances).

For molecules of Hey, the potential well is
so shallow that there is no single bound state;[11]
s is the phase for scattering of He by He and
will pass through 7/2 for E ~ 3—5 x 1074 eV
(in the center of mass system ), but there is no
clearly expressed resonance cross section in this
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case, inasmuch as the condition |ky| > |k| is not
satisfied in this case, where k; is the wave vector
inside the region of attraction and k is that out-
side this region. (12]

For the molecule Ne,, as data on the inter-
atomic potential show, [13] (data obtained from
analysis of experimental data on crystalline Ne,
on gaseous Ne at high temperatures, etc) there
exists a single bound vibrational state with cou-
pling energy ~1 x 1073 eV. The rotational levels
corresponding to the state, beginning with L ~ 6,
pass into the region of positive energies of the sys-
tem and, thanks to the presence of a centrifugal
barrier, will be realized in the form of sharp res-
onance peaks in the curve of the energy depend-
ence of the scattering cross section. In the quasi-
stationary states with L ~ 10, the energy E,; of
the relative motions of the atoms at infinity will
be equal to ~1 x 1073 eV, i.e., approximately one
half of the height of the centrifugal barrier. All
these resonances have reduced widths equal to the
Wigner limit. (1]

For the molecule Ar, there are four or five
bound vibrational states,[13:14] and the density of
levels for excitations close in energy to the dis-
sociation energy will be markedly greater than
for Ne,. But for energies ~ 1 x 1073 eV above
the dissociation threshold, it is evidently still
possible to speak of isolated resonances. The
difference mentioned in the potentials of interac-
tion of He—He, Ne—Ne, Ar—Ar, etc., also lead to
the result that He in general does not have a
crystalline phase, and that the temperature of
crystallization increases with increase in A for
the other noble gases.

It is of course very difficult to study the scat-
tering of an atom by an atom at an energy of
~1 x 1073 directly by experiment; however, the
resonances discussed above will play an impor-
tant role in the process of adhesion of atoms of
noble gases onto a molecule in atomic beams at
low temperatures(®] (1 x 1073 eV ~ 10°K): in
the presence of quasistationary states in the cor-
responding region (Ey ~ kT) the probability of
adhesion is increased sharply. A similar situa-
tion is well known in astrophysics. [16] For T
~ 10%°K (KT ~ 10%eV) an important role in the
energy balance in stars is played by thermonuclear
reactions of the adhesion of a particles in nuclei

of the type C!? or O'%, where this process is
]
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strongly accelerated because of the presence in
the system « + o of a quasistationary S state for
E,) ~ +90 keV (the ground state of Be?), and also
by the presence of a quasistationary s state with
large reduced width in the system

Bet + a(C2*) for E, = -+ 280 keV.
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