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hot atoms in nuclear reactions, photochemical studies, etc.

The bibliography includes 96 references.

CONTENTS

I. Kinetic equations in the chemistry of hot atoms
The application of kinetic equations in the chemistry of recoil atoms

I. KINETIC EQUATIONS IN THE CHEMISTRY OF HOT
ATOMS

Chemical processes involving high-energy atoms or
ions under the conditions of a non-uniform distribution of
these species in time and space and a non-Maxwellian
energy distribution of “hot” atoms or ions are widely
investigated at the present time. The chemical reactions
of hot atoms are of interest in connection with the high
efficiency of the collisions, the dominant role of high-
energy processes, and the possibility of carrying out new
types of reactions. Hot atoms or ions are obtained as a
result of radiation-chemical, plasma-chemical, or nuclear
transformations in chemical accelerators, in photochem-
ical reactions, in shock waves, and in cold flames.
Extensive experimental data have accumulated on the yield

of products in processes involving hot atoms '™, During

a
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the last decade, there has been intense development of
theoretical ideas about the kinetics of reactions of hot
species, mainly in two directions, the first of which is
associated with the study of the dynamics of the collisions
of hot atoms leading to their cooling and chemical capture®.
The second led to the establishment of phenomenological
theories describing the yield of products as a function of
the cross-sections of various elastic and non-elastic
collisions and also the energy distribution functions of hot
atoms®’®,  Among these, the most productive have been
the “kinetic theory” of hot-atom reactions proposed by
Wolfgang and Estrup ”’® and the theory of the “integral
reaction probability” developed by Porter®, In the present
review, attention has been concentrated on the fundamental
postulates of the above phenomenological theories and on
the results of their application in the analysis of numerous
experimental data on the chemistry of recoil atoms.

~
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1. Transport Equations in the Kinetics of Hot-atom
Reactions

The nature of the chemical reaction of a species (atom
or ion) with the target material depends on the param-
eters for the species at the instant of reaction and on the
properties of the medium at the point of interaction, which
depend in their turn on the previous history of both the
given hot species and the entire set of species bombarding
the target as well as the previous history of the target
material. In systems where high-energy species are
introduced, relaxation processes and chemical reactions
are indissolubly linked. In a rigorous study of kinetic
relations, it is therefore necessary to take into account
the set of processes involving high-energy species:

(1) elastic and non-elastic scattering of the species and
the penetration, caused by these processes, of the species
into the bulk of the target with establishment of a definite
spatial distribution and retardation of the species accom-
panied by the establishment of a definite energy distribu-
tion (taking into account both the kinetic energy and the
energies of vibrational, rotational, electronic, etc.
excitation);

(2) the escape of species from the boundaries of the
target and their absorption by the material of the target
owing to chemical reactions or retention in various types
of traps;

(3) the recombination reactions of the bombarding
species.

The relaxation processes of hot species are accom-
panied by the transfer of their excess energy to the target
material with subsequent microscopic and macroscopic
transformations. Such transformations include the
change in the internal state of the target molecules and in
their chemical energy, ionisation, dissociation, and other
chemical reactions, as well as the atomisation of the
surface layers, heating, and other primary radiation
effects. The primary radiation processes also include
the displacement and dislodgement of atoms from the
crystal lattice; the dislodgement of secondary high-
energy species in a system where the target contains
atoms equivalent to those used in the bombardment may
be regarded as the development of a cascade process.
Together with the primary radiation-induced transforma-
tions, there is a possibility of secondary transformations,
in particular chemical reactions of the bombarding species
with the product of the radiation-induced decomposition
and reactions of unstable primary products with one
another or with the molecules of the target material.

The distribution of the bombarding species in space,
time, and with respect to energy and their absorption are
determined by the large number of random collisions
leading to the above processes. The macroscopic effects,
for example the release of the products of the capture of
hot species or their retention in the bombarded target, are
treated in hot-atom chemistry on the basis of the study of
single collisions and their properties. The main task in
theoretical hot-atom chemistry involves the determination
of the probabilities of reactions involving hot atoms and of
the reaction rates or rate constants with the aid of one of
the equivalent kinetic equations, for example:

P=\p(E)-n(E)dE,
k:j’c,(E)n(E)vdE/jn(E)dE, (L1)
R=SE,(E)~(P(E)d E,

where P, £, and R are the probability, rate constant, and
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the rate of the chemical reaction respectively, pr(E) the
probability of reaction on collision of an atom having the
energy E with the target, n(E)dE the number of collisions
of hot atoms in the range E—E + dE, Zy(E) the reaction
cross~section of the species for the energy E or velocity
v(E), or(E) the reaction microsection, and ¢ (E) the flux of
species with the energy E.

In contrast to traditional kinetics, in hot-atom chem-
istry the above problems have to be solved for species
having a non-equilibrium non-Maxwellian distribution,
determined by their initial energy, their mass, the
retarding capacity of the medium, its reactivity, etc. One
of the fundamental problems in the theory of chemical
reactions initiated by hot atoms is therefore associated
with the search for the distribution functions of the react-
ing species with respect to energies or velocities and
internal states, or their distribution functions within the
bulk of the target. In theoretical models describing the
chemical effects of hot atoms, particular attention has
been concentrated at the present time on the energy distri-
bution of the retarding species in spatially homogeneous
cases5™® and in addition on the spatial distribution of
species under spatially inhomogeneous conditions.

Models used to describe the chemical effects of recoil
atoms are described in the first place in the present
review, since this field has now been developed fairly
extensively. A characteristic feature of the models is
their spatial restriction by independent factors with a
homogeneous distribution of the sources of hot species in
an infinite medium, account being taken only of the energy
distribution of the recoil atoms or, more precisely, of
their distribution with respect to kinetic energy.

The kinetics of non-equilibrium chemical hot-atom
processes may be based on the Boltzmann, Pauli, or
Liouville equations *'***, It has been pointed out that'' the
difficulty of the solution of the Liouville equations, the
inapplicability of the Boltzmann equations to three-particle
processes, and the obscure nature of the problem of the
uniqueness of the solutions of these equations in the
general case necessitate the hypothesis that the Pauli
equation is the most promising for the description of the
kinetics of non-equilibrium processes; this equation is
particularly convenient in numerical methods of calcula-
tion.

However, mainly the Boltzmann integrodifferential
equations have been used hitherto in hot-atom chemistry.
A rigorous treatment taking into account the various
effects accompanying the bombardment of targets by high-
energy species requires the solution of integrodifferential
transport equations with many independent variables
(three spatial coordinates, two variables defining the
direction of motion, and the energy and time variables).
The problem is complicated by the fact that, if it is
necessary to take into account secondary effects, the
equations become non-linear.

The neglect of secondary processes is quite valid for
low flux intensities of the bombarding species and small
integral fluxes. If, in addition, one disregards the
internal degrees of freedom, i.e. the colliding species are
assumed to be material points, or the collision cross-
sections and other quantities are averaged with respect to
internal states (taking into account the statistical weights),
then the behaviour of the entire set of species in a scat-
tering and absorbing medium can be described on the
basis of the laws of conservation of matter and energy by
linear equations with independent variables: the radius-
vector r, the time £, the solid angle @, the energy F, or
the velocity v,
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The set of bombarding species may be characterised by
the differential density or the differential vector flux;
these quantities are linked by the equation p(v, Q, Ev =
@, Q, E). The change in differential density or flux
must depend on the ratio of the supply and loss of species
in the region of phase space characterised by the quantities
v, @, E. The supply is determined by independent
sources, atom migration chain processes, and the scat-
tering of species from neighbouring regions. The loss
may occur as a result of slipping of the species from the
external boundaries of the target, scattering, and capture
by chemical or physical traps.

In many instances, one can disregard atom migration
chain processes, whereupon the change in the differential
density of species or the differential vector flux in the
volume element dV with the energy of the species in the
range dF and the direction of motion in the solid angle dQ
is defined by the following factors:

(1) the density of the sources Sir, @, E);

(2) the loss of species from the given volume element
Q.grado (v, Q, E)dVIQAE,

(3) the losses on scattering and absorption Zt.¢ (7,

Q, )dVAQdE (Zt = S5 + Zr, where Sy is the absorption
cross-section and ¥ g the scattering cross-section);

(4) the increment in the number of species as a result
of displacement or scattering from neighbouring regions
of phase space with the coordinates (v, Q’, E):

o

( ~ S(Q, X ELE)-qlr, ¥ E)IQAE dvdQ dr,

47T 0
where ZgQ', ©; E’, E)AQdE is the scattering cross-
section of the species with the energy E’ and the direction
of motion ', the direction of motion becoming Q (in the
range Q— + dQ) and the energy becoming E (in the range
E—E + dE) after the collision. Hence the change in the
differential density or the differential flux of the species
must obey the equation

do(r, @ B 1 d9¢lr, @ E) S(r, @ F)—
9t v at T

(1.2)

—Q . gradq(r, @ E)+| | 5(Q.Q, [, E) x
4T 0
x@(r, @, EVdQ dE —2(E)-¢(r, Q, E).
The rate of formation of recoil atoms may be assumed

to be constant, except over long periods, where the loss
of parent nuclei as a result of the reactions involving the
formation of recoil atoms becomes significant. The con-
stancy of the strength of the source of hot species makes
it possible to treat the problem of the determination of
plr, @, E)or ¢(r, Q, E) as stationary, if one excludes
from consideration also the region of very short times
during which nearly stationary energy or spatial distribu-
tions of the species are established. This makes it pos-
sible to formulate the transport equation for hot species
in the following way:

Q. gradgir, Q E)-- % (E) ¢(r, Q Ey=S(r, Q E)+

S, @ E Eqir, Q, EVdQAE. (L.3)
ano

If the target is isotropic and is so large compared with
the paths traversed by the hot species before retardation
in the region of chemical interaction and compared with
the diffusion paths that it can be regarded as infinite and
the boundary effects may be neglected, in particular the
loss of species as a result of recoil or diffusion, one may
eliminate from Eqn.(I.3) all spatial variables and average
with respect to directions of motions quantities such as,
for example, the scattering cross-sections. Under these
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conditions, the transport equation (1.3) may be reduced to
the form:
oo
Z(E) - @ (E)=S(E)+ [ Z:(E', B) - 9 (ENAE, (1.4)
o
where ¢ (E) is the flux of species with the energy E and
Zs(E’, E) the scattering cross-section with a change of
energy from E’ to a value in the range E—F + dE. Eqn.
(1.4) is the initial equation for many specific forms of
kinetic expressions in the chemistry of recoil atoms
uniformly distributed within the space of infinite isotropic
targets. In the case of recoil atoms, one usually oper-
ates with the density of the collisions of hot atoms with the
atoms or molecules of the target and not with the fluxes of
hot species. The collision density y/(E), i.e. the number
of species colliding per unit volume per unit time, is
related to the flux by the expression Y (E) = ¢ (E).Zt(E).
Evidently Eqn. (1.4) for the density of collisions can be
written in the form:

o0

wm=ma+s

0

_EED  spdp.

Z(E)+ 2 (E)

The applicability of Eqn.(I.£) is based not only on the
stationary nature of the sources and /(E), but also on the
absence of non-uniformity in the spatial distribution of hot
species due to the homogeneity of the distribution of the
sources, the isotropic nature of the medium, and the large
size of the target.

In order to obtain analytical solutions of equations of
type (1.5), additional conditions are introduced in the
chemistry of recoil atoms which vary as a function of the
characteristics of the models proposed by a particular
investigator. It is usually assumed that elastic collisions
with the free atoms of the target at rest are of fundamental
importance. For fairly high energies of hot atoms (recoil
atoms usually have identical initial energies greatly
exceeding the upper limit of the energy range of the chem-
ical reactions), neglect of the thermal motions of the
target atoms and the effects due to their chemical bonds
cannot give rise to significant errors, but neglect of
inelastic scattering can entail appreciable errors. How-
ever, in the range of energies not exceeding E =(1n./8n. g)I*
(where 7* is the ionisation potential and #: e and /. are the
masses of the electron and the hot atom), the energy losses
in inelastic collisions, particularly in electronic excitation
and ionisation, are small. The above hypotheses make it
possible to simplify the expression relating £g(E’) and
Zg(E", E).

Suppose that g(E’, E)dE is the probability that the
species with the energy E’ acquires after collision an
energy in the range £E—FE + dE. Evidently Zg(E’, E) =
Us(E’).g(E’, E). Substitution of Zg(E’, E) in Eqn.(1.5)
leads to the expression

(1.5)

Eja

' ¢ I (E)
Y (E)y=S(E)+ —_ L W(E E,E)dE.
/ ) L__\ZS(E,),;,xr(E,)w. )8(E', E)dE

(1.6)
The integration limits are determined by the quantities

a = [(i — n:1)/0n + ny))° which depend on the masses of
the hot atom (i) and the target atoms (). Ifa = 0 or

a # Obut @Eo< E, then the upper integration limit may be
assumed equal to Fo; in other instances, the upper limit
is E/eo.  Eqn.(I1.6) makes it possible to take into account
the change in collision density as a result of the “erosion”
of the species from the energy spectrum in chemical pro-
cesses, since it includes the reaction cross-sections
Yr(E). If the ratio Zg(E")/[Es(E’) + £p(E")] is expressed
in the form 1 — Zp(E")/[Zs(E") + Zp(E")] =1 = pp(E"),
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where py(E) is the probability of chemical reaction on
collision of the recoil atom having the energy E, then it
follows from Eqn.(I.6) that

Ela
P(E)=S(E)+ | 1—pe(EV)-9(E) - g(E, BAE. (L.7)
E
For identical initial energies of all the recoil atoms, the
source function of the hot species S(E) can be written in
the form S(E) = So6(Eo, E), where §(Eo, E) is the delta-
function. Thus, for all E # Eo, the function S(E) is zero.
When Z(E) = 0, we have py(E) = 0 and Eqn.(1.7) becomes

Ela
P(E) ~S(E)+ | w(E) g(E' BAE.

E

(1.8)

The quantities g(E’, E) may be estimated on the basis
of the laws of mechanics**™'®*,  The quantities G(E’, E) =
E
| g¢(E', E")dE", characterising the probability that the
aE’ .
species having the energy E’ before collision have an
energy in the range E —0 after collision, are estimated

similarly. If the scattering is isotropic, then we have for
E'>E>aFE’
|
g(E, E)—E———-—, i—= (L.9)
~_ E—aF
G(E, E)—E,“_a) . (1.10)

Using the value of g(E’, E) obtained, Eqns.(L.7) and
(1.8) for elastic isotropic collisions may be transformed
into

Eja

pE=sE+{ v (L11)
E

Ela ,
«p(E):S(E)—\—ﬁ g [1—p,(E')1¢(E')%.

E

(1.12)

Eqn.(1.11) has a simple asymptotic solution.  The
collision densities for energies less then Eo are defined
by the approximate expression

Yo (E) = Sy/EE, (I1.13)

where ¢ is the average logarithmic energy loss in the
collision. Yo(E) can be regarded as the asymptotic solu-
tion of Eqn.(I.11) not only for billiard collisions but also
for any elastic collisions, provided that account it taken
of the dependence of g(E’, E), G(E’, E), and £ on the form
of the interaction potential. The asymptotic solution
shows that, for any elastic collisions characterised by a
spherically symmetrical potential, the collision density
function decreases with increase of E; the nature of
wolE) depends on the form of the interaction potential
through the function £(E, «).'®™® In the general case,
the average logarithmic energy loss in the collision can be
represented by the formula

E

— E’ e
=0 == L g(E ) I.
t=in = §’ln - g(E, E)E. (1.14)
Tor the hard-core interaction potential, we have
Gs=1+ e (1.15)

In a mixture of moderators, £ = Zfj£j, where fi =
i

0siNi/ZogjNj (Nj is the mole fraction of the component j)
)]

Russian Chemical Reviews, 46 (3), 1977

is the fraction of the collisions of the hot atoms with the
component ¢ and £j is determined by the potential of the
interaction of the hot atoms with the atoms i,

In non-absorbing systems, the asymptotic solution of
equations of type (1.8) for sources with an arbitrary
distribution spectrum (for example in g-decomposition) in
terms of collision density is

Emax
%(E)=SE) o { sEaE,

Emin

(1.16)

where Emax is the maximum energy of the recoil atoms
in the spectrum. For energies less than the minimum
value, we have in the spectrum

Vo (E) = S/LE, (1.17)
Emax
where So = [ S(E')dE’. If the non-absorbing medium
Emin

contains a mixture of moderating atoms, then Eqn.(I.11)
can be written as follows:

Efay

VEO=SE)+3 { fE) Frymay (L.18)
E

If the ratio 0si/Z0sj is independent of the energy, the
]

asymptotic solution of Eqn.(I1.18) for a monochromatic
source is

Po(E) = Sy/EE. (1.19)

In the general case, considerable mathematical diffi-
culties arise in the solution of Eqn.(1.7) for absorbing
systems. An exact and fairly simple analytical solution
is available only for @ = 0, when there are no oscillations
in the collision density near the sources and the upper
integration limit, involving in the general case the vari-
able E, is replaced by Eo. For a monochromatic source
and E « E,, the asymptotic solution is

E,

()=S0 —p, (Bl exp [—S P E] . (120
. E E

In the B-decomposition, where the recoil atoms have a
definite distribution with respect to Eo, it is particularly
important to obtain a solution of Eqn.(1.7) for an arbitrary
source S(E). The solution is

Emax

-
%(E)=SE)+7 n*p,w'nsw)»exp[—g p,(m%]da (L21)
E

E

Solutions (1.20) and (I.21) show that, owing to “erosion”
during absorption, the flux of hot species increases more
slowly with decrease of the energy than would be expected
from the 1/E law. In particular, if the ratio Zg(E)/Z p(E)
is independent of the energy and close to C, the flux for

low energies is proportional to E-C/(1+C); the corre-
sponding collision density is
PE) = S (1.22)
gEC

In those cases where o # 0, fairly complex relations
were obtained in the solution of equations (I.7) and (1.12).%
Instead of complex solutions, one can employ in many
instances simple Wigner and Fermi approximations *°.
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Their use is possible, firstly, when the initial energy of
the species is fairly high and the absorption region with
the boundaries E; and E: lies considerably lower and,
secondly, when absorption leads to a weak perturbation of
the spectrum of hot species. This corresponds to a very
weak absorption when Zr < Zg or to absorption due to
strong hut well resolved resonances; the width of the
resonances should then be small compared with the values
of In(1/¢) and the distances between the individual reso-
nances should greatly exceed In(1/a). When the above
conditions are fulfilled, one can neglect non-asymptotic
oscillations near the sources of hot species and also near
the absorption zone, which may be regarded as a negative
source with possible non-asymptotic oscillations, and

an approximate solution may be used. The solution is of
the form

o (E)=q (E)/EE, (1.23)

where ¢(F) is the retardation density, i.e. the number of
species retarded per em® per second down to energies
below £. In the general case, the following expression is
valid for ¢(E):

Efa.
QE)y= | l—p (EN - (E)-G(E, E)E.

E

(I.24)

In non-absorbing media, ¢(E) =S, for a monochromatic
Emax
source and ¢(E) = |
E
In absorbing media with ¢ = 0, we have

S(E’)dE’ for an arbitrary source.

9(E) =S, [l —p, (Eglexp [—

M~

‘i? dE’] —Sp(E)  (L.25)

for a monochromatic source and

s ¢ E) ,

q(E)=S S(E") {1 —p, (E')] exp [—-S -’?—dE,‘”]dE (1.26)
E E

for an arbitrary source. Here p(E) is the probability of
avoiding capture in the retardation process until the
attainment of the specified energy. In terms of the
Wigner — Fermi approximation, we obtain the following
expression for absorbing systems with ¢ # 0 and a mono-
chromatic source when p p(Eo) =~ 0:

£,

9(E) =Sy (E)=Syexp [—S 2y E’]. (1.27)
E

EE

The chemical effects of the recoil atoms can be described
also in terms of other approximations obtained in neutron
physics. In particular, for a flux subjected to only a
slight perturbation under conditions where the cross-sec-
tion £y varies only slightly with the energy, one can
probably employ the Goertzel—Greuling approximation **,
according to which the following expression is valid for
PE):

E,
—exp| — I dE ;
p(E)_gxp[ bS Gz F ] , (1.28)

wherey =1 — o In”(1/a)/2(1 — a)&; for example, when
Tr(EY~ EY? Tg(E) = const., and Eo — =, we have

p(E)=[1+% :
S
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TFor an absorbing medium containing the components j,
each of which may be involved in chemical reactions, the
solutions of equations of type (1.7) for (E) are formulated
as follows in terms of the Wigner — Fermi approximation:

flp,:'] (E) aE' |,
gE

E,

N
(E)y==-exp| —
Yo (E) i [ Z]:§

Many investigators of hot-atom chemistry also use the
quantities »(E) as functions characterising the distribution
of species with respect to energy, together with the colli-
sion density ¢ (E) and the flux of the species @ (E) =
[1/24(E)|Y(E); n(E)AE is the number of collisions of the
hot atom in the range from E to E + dE. If the source of
recoil atoms is monochromatic, then n(E) = (E)/So.
Transport equations and their solutions of the same types
as those quoted previously for (E) and ¢ (E) are valid for
n(E). One may also note that the velocity v or the
lethargy In(Eo/E) may be used as variables instead of E.

(1.29)

2. Porter's Equations for the Integral Probability of
Hot-atom Reactions

Equations analogous to Eqns.(1.7) or (1.8) can be
obtained by the direct determination of the probability of
the transfer of a specified energy in the elementary colli-
sion step®’®. The method led to the creation of Porter's
phenomenological theory of the “integral reaction prob-
ability” °*°, which is particularly interesting because it
makes it possible to take into account the thermal motion
of the molecules or atoms of the bombarded targets, at
least in numerical computer calculations, Evidently the
probability that a hot atom with the energy £’ retains the
energy E after the first collision can be represented as the
ratio of the differential cross-section Zg(E’, E) to the sum
of the average cross-sections Zg(E’) and Sp(E’); the
cross-sections are averaged taking into account the dis-
tribution functions for the relative velocities of the collid-
ing species vrel; they can also be averaged taking into
account the energy (for example Maxwellian) distribution
of the target species. Then. for a particular angle y
between the vectors of the velocities ¢; and v. we have

(ESQE', E, vy, v) -0 “Q(E’, vy} d g
& (&, E)y= * ,

(1.30;
£[2$ @)+ 2 @) v - B (E, vi)duyg

where Q(E’, vrel) can be determined in terms of Eqn.
(I1.35) (see below) when the target has a Maxwellian spec-
trum, For arbitrary cross-sections, ¢i(F’. E) may be
calculated numerically; in the case of an elastic isotropic
collision with species at rest and in many other specific
instances, an analytical determination of g,(E’, E) is
possible (see subsection 1 of this Section)

It is also evident that the following expressions are
valid for the analogous probabilities for two, three. and
n collisions:

u(E Ey=\goy (E', E") - g, (E”, E)d E".
0
Tor a monoenergetic source, we have
G (E, E)=06(E", ). (1.30b)
The average number of collisions of the species in the
energy range F—F+ dE, when the first collision occurs

for the energy E’, can be determined in terms of
gnlE’, E) as follows:

n(E, E)}dE=3g.(E, E)dE.

(1,30a)

(1,31)
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Substitution of Eqns.(1.30a) and (1.30b) in (I.31) yields

n(E', E)=3(E', E)+ (n(E', E" g (E", E)dE". (1.32)
If it is assumed that pp(E) = Zp(E)/Zt(E) and g(E’, E) =
Zs(E’, E)/Zg(E'), it follows from Eqn.(I.30) that

g.(E', E)y=11 —p. (E)] - g(E", E). (1.33)

Then
n(E', Ey=38(F, E)+°§[l —p(E")) - g(E", E) -n(E', E"YdE". (1.34)

Thus an expression analogous to Eqn.(1.7) is obtainedfor
the function n(E’, E).

The solution of transport equations for the flux of the
species, the collision density, the retardation density, or
another equivalent distribution function of hot species opens
a pathway for solving the problem of the determination for
the rates and probabilities of the reactions or their yields
and also to the analysis of parametric relations governing
the above quantities. However, the estimation of the
distribution function of hot species with respect to energy
is not obligatory for the determination of the probability of
the chemical reaction *27"%,

If the probability of the chemical interaction in the nth
collision of the hot atom Pp(E’) is introduced, then evi-
dently the probability of chemical stabilisation is defined
as follows when account is taken of all the collisions for
E':

P (E')=3 Pu(E'). (1.35)
However, it is also evident that
E,
Pu(E')= { gn-s (E', E)pr(E)AE. (1.36)
Ey

Substitution of Eqn.(1.36) in Eqn.(I.35) and transformations
of Pn(E) analogous to those performed for gn(E’, E) (see
above) lead to the expression

o
P(B")=p,(1=“)+n—p,(£’)1£ g(E', EyP(E)dE. (1.37)

For isotropic scattEring and ¢ = 0, Eqn.(I.37) becomes

E’

p(E)=p;(E)+’_‘;',(E)S P(E)dE. (1.38)
E,
The solution of Eqn.(1.38) yields
E’ .
P(E)=1—[1—p,(E)]lexp [*S pr(E)dE—EJ . (1.39)
E,

For anisotropic scattering, mainly at small angles, or for
isotropic scattering and o close to unity, one obtains
&

E'Y4d E'
P(E)=1—exp| — dil |

= (1.40)
B pu—p@En|eE Bla—EE)AE
o

The solution (1.39) is the same as the value obtained under
analogous conditions in the determination of F in terms of
the distribution functions with respect to energy. In the
general case, Eqn.(I.37) can be solved for P by numerical,
in particular ii:era.tiveé methods, and pr(E) constitutes the
first approximation %%,
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For systems containing several components (i, z)
involved in several types of reactions (j, x), P(E) is
defined by the equation

P (E)=,(E)pue (E)+ | H(E, B)- P (BAE,  (L41)

where

Nr fz Nm
H(E, E)=J [:(E) [1—2 Prej (E’)]g,(E’, E)+ [+(E")&(E', E).
=1 i=1 z=1

Nm is the number of moderators, Ny the number of reac-
tants, pz the number of reaction channels for the compo-
nent z, and prix the probability of a reaction of type x with
the component i. The method for the numerical solution
of Eqns.(1.37) and (1.41) has been examined * with a
quantum-mechanical description of elastic scattering.

Thus, without resorting to a preliminary determination
of the distribution functions for the energy in terms of
Boltzmann equations, one can obtain from the equations
for the integral reaction probability in terms of analogous
approximations (at least the simplest approximations)
expressions relating the probability of chemical reactions
to functions and parameters such as pr(E), g(E’, E), and
Eo. However, this does not imply that the energy distrib-
ution functions of different species are no longer of any
interest in hot-atom chemistry. Their determination is
important, since, firstly, fairly well developed methods
are now available for the solution of the Boltzmann equa-
tions, i.e. for the determination of the corresponding
distribution functions and, secondly, the parametric
relations found from the distribution functions, in particular
the variation of n(E) and ¢ (E) with the initial recoil energy
and with the concentration of moderators, may reflect the
corresponding parametric relations for the probability of
chemical reactions.

The application of the stochastic method to the solution
of non-stationary problems made it possible to obtain a
number of kinetic equations describing the behaviour in
time of the energy distribution function of the hot atoms ¥,
For a stochastic description of time variations, it is
important that the lifetime of the hot atom (¢) is propor-
tional to the number of its collisions (1) and the average
time interval between them (7): ¢ =n71; dft~@®n + 1)1 —
nt =7. In the general case, Keizer * describes the
variation of the density of hot atoms involved in the reac-
tions by kinetic equations with a quasi-rate constant k(¢).
If only a small proportion of the collisions lead to chem-
ical absorption and k(t) < 7', the distribution is station-
ary. Under stationary conditions, the change in the
number of hot atoms (n) and the yield of products (Rj) are
described by the simple equation Rj = kjn/Z‘i)ki and dn/dt =

Li‘kin, where kj is inversely proportional to 7. Thus, in

the case of stationary distributions, the absorption of hot
species is described by pseudofirst-order equations and
the reaction rate constants have been shown ** to corre-
spond to an effective temperature T* determined by the
parameters of the energy distributions of the hot species.
The following expression has been obtained for light atoms
(m <« mji) and the average energy of chemical reactions
<e> r:

— "/ ey
e=cy e[ e ], (L42)
where the constant C may depend on the temperature of the
surrounding medium. It is significant that, depending on
the reactivity of the system, the effective temperature 7*
may be close to the temperature of the target or higher.
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II. THE APPLICATION OF KINETIC EQUATIONS IN
THE CHEMISTRY OF RECOIL ATOMS

1. Kinetic Relations for Elastic Isotropic Scattering

The kinetics of recoil atoms were first described by
Libby * and Miller and Dodson *’*®,  Apart from the
hypotheses about the isotropic nature of the medium, the
elastic billiard collisions with atoms at rest, etc., the
hypothesis of a definite role of the energy of the reaction
cell or the liquid cage (¢) in chemical stabilisation has
been used to estimate the probability of the retention of
hot atoms. The model postulates additional conditions
for the formation of a stable chemical bond in reactions
involving substitution by recoil atoms: the energy trans-
mitted to the atom displaced from the molecule must
exceed the energy of its chemical bond (v); the recoil
atom must then have an energy E < €. Under these con-
ditions, the probability of retention is defined as follows:

E,
{ o tar
E
pP= v . (11.1)

v/

v —oE

s S AP

i

dE

—a)

In order to determine (E), one can employ methods
examined previously. The form of the solution (II.1)
depends on v, @, and Eo. Analysis of the solutions
obtained led to the conclusion that the probability of the
chemical stabilisation of hot atoms is independent of their
initial energy in all cases except those where account
must be taken of collisions for o # 0 when e Eo< v. The
expressions obtained by Miller and Dodson also define the
form of the dependence of the retention of hot atoms on the
composition of two-component systems. It is significant
that P(E) < R increases in the presence of a second com-
ponent having atoms with masses different from . (Fig.1).
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Figure 1. Variation of the yield of labelled CCls with its
mole fraction in a mixture with benzene; dashed curve—
calculation; circles—experiment.

The characteristic features of the Miller —Dodson model
are its applicability for relatively low recoil energies;
their are no limitations on E, of the kind which occur in
other models.
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Postulates analogous to those put forwurd by Miller
and coworkers *’* have been used by Capron and Oshima ¥,

Analysis of the probability of retention for different ratios

of Eo, €, and v led them to the conclusion that the depen-
dence of R on E, may be manifested only for low initial
energies and @ # 0 (Fig.2). A similar method for the
estimation of R was subsequently developed by Nesmeyanov
and Borisov %,

05

1 1 1 i 1
0 25 50 75 E, eV

Figure 2. Variation of the yields of substitution products
with the initial energy of hot atoms; continuous curve—
o = 0.5; dashed line—o = 0.

Considerable progress in the theoretical interpretation
of experimental results in the chemistry of recoil atoms
has been achieved as a result of studies by Wolfgang and
Estrup ’®. The “kinetic theory” of hot-atom reactions
developed by these investigators is based mainly on the
hypotheses used previously *’*, but only instances with
fairly high initial energies (exceeding the upper threshold
for chemical reactions) were considered for a weak per-
turbation of the particle flux by chemical “erosion” 23, It
was assumed that, without reacting chemically, the recoil
atoms undergo repeated elastic scattering and are
retarded to energies below o ’Eo or E;. When the above
conditions are fulfilled for weakly absorbing media, one
can adopt the Wigner— Fermi approximation, according to
which the solution of the transport equation for the values
of n(E) used by Wolfgang and Estrup can be formulated as
follows:

E,
1 P (E) ,
n(E):Eexp[—ZSf,_éTdE] (I1.2)

I E
Substitution of the values of n(E) obtained in equations of
type (1.1) yields

E,

b, (E) ) ¢ 1o (B)
pP= ity . Pri v
E',§ fimgg— -exp [——%§———§E, dE }dE.

(I1.3)

The Wolfgang—Estrup approximation, corresponding to
small perturbations of the flux of hot atoms as a result of
chemical absorption or the presence of sources, holds
more exactly the lower the value of E compared with E,
and the greater the difference between £ and the resonance
absorption energies. The accuracy of the determination
of P increases with decreased reactivity of the medium,
characterised by the quantity [fppr(Em(E)dE. In the
derivation of Eqn.(I1.3), it was assumed that f and £ are
independent of energy; this condition is fulfilled fairly
reliably for f. Although osj is a function of energy, the
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variation of the ratio osjNj/ZosjNj = fj with the energy
]

may be neglected. The hypothesis of the constancy of £
is fulfilled only in specific instances, for example for
isotropic scattering or when g(E’, E) < (1/E') .@(E/E’).
This limits the region of applicability of the kinetic theory
and can lead to significant errors in the determination of
the probability of chemical reactions when the methods of
kinetic analysis based on this model are used.
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Fipure 3. Variation of the number of collisions n(E) in
inert systems (continuous curve) and in chemical absorp-
tion of hot atoms (dashed curve).

1t follows from Eqn.(IL.2) that, in the range of energies
E: = E, the collision density corresponding to the specified
energy E decreases owing to the chemical reactions and
the curves describing the collision density may have
extrema, which are particularly distinct in the absence of
moderators (Fig. 3).3® In the Wolfgang—Estrup approx-
imation for systems where the values of #r(E) or f are
significant for only one component (for example, in mix-
tures with an inert moderator or in the presence of small
amounts of added scavengers), the probability of the reten-
tion of hot atoms is described by the equation

P=1—exp [_’_g’]=l1—ﬁf(+—f;;L— (I1.4)

13 g

Similar equations can be obtained for the probabilities
of the formation of the individual products Pi. The terms
of the series (I1.4) have the coefficients

g paSea® T
Ao ENNe s e |dE
A= S E g E ’

E

(IL.5)

where Aoi =7i, A\i =Kj, A2i = Li, etc.’® Since the series

converges rapidly, primarily because of the smallness of
(f/£)2*1) there is no necessity to take into account more
than two—three terms of the expansion.

The quantity 7 characterises the integral probability of
the formation of the product j in the range of energies
E>—E, and reflects the form of the excitation function
prij(E). Inthe simplest case with a weak energy depen-
dence of pp(E) we have pr =I1/In(E2/E1) over the entire
E:—E: range. The yield of the chemical reaction is not
only a function of the probability of the reaction on colli-
sion with the species having the energy E, but is also
determined by the probability that the hot atom is not
absorbed in the process involving retardation until the
attainment of the energy E. The terms of the series
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(I1.5) containing K, L, etc. take into account the weakening
of the flux of hot atoms owing to their absorption in the
range E;—E. The role of such correction terms is par-
ticularly marked in the estimation of the yield of products
formed in the lower range of the energy spectrum. The
quantities K or L yield information about the energy
ranges where the values of pr(E) are non-zero (see below).

Y
4+ /6
21 ®
7
1 1
a 5 10(1-f)/f

Figure 4. Variation of y = [~1/In(1 — P)] in the He—C;H;
system with (1 — /) /f.

Equations of type (II.1)—(IL5) constitute the basis of the
kinetic analysis (of the first and second kind) of the experi-
mental data whereby a systematic treatment of a wide
range of results can be achieved using several simple
parameters (I, K, and £y), measured in units of £ (the
subscripts ¥ and s refer to the reactant and the modera-
tor). TFor mixtures containing an inert moderator in addi-
tion to the reacting component, where £ = fpép + (1 — fy).
.&m, it follows from Eqn.(IL.4) that

Twaom Tt . (11.6)
When the relation between —{1/In(1 — P)} and (1 — fy)/fr
(Tig.4), involving the experimental yields of hot-atom
reactions, is linear, Eqn.(I1.6) can be used to estimate I
and ér, as well as £m,/Em,. >*""*® According to the
kinetic theory, in mixtures with different moderators the
following expression is valid for the ratio of the yields of
products and j:

lllgm,___ lz'/gm,
1%m,  1ifem,

although the quantities /j, expressed in units of £, or
{m,, are different, The equation

(11.7)

L Ii“‘fL K,

fr 13
which is a corollary of Eqn.(II.4), makes it possible to
determine Ii and Kj from the corresponding experimental
linear relations (Fig.5). Estimates of the Kj in individual
cases ***¥* permit conclusions concerning the energy
ranges within which various products are formed. Accord-
ing to Baker et al.®®, Fj =1 + (312 - K;)/[[;(I - [})] is a
criterion for the estimation of the energy ranges. It
reactions (A) have a non-zero value of py(E) in the energy
range wholly above the corresponding range for reactions
(B), then KA min = /A and Fp = 1. When the energy

(11.8)
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ranges are the same, Kp = ;IA(UA +IB) and FA = 0.5, If
the energy range for reactions (A) is below that for recac-
tions (B), then KA max =IAIB + 2I4 and Fp = 0. Methods
for the comparlson of the energy ranges for competing
processes have been developed by Urch and coworkers °
%, The quantities F* = (K —1°/2)/(Kmax —1°/2),
where F} = (Ki - 11/2)/(K1 max — ]1/2) varying in the
range from 0to 1, may be used as the principal criterion;
all the 1ntermed1ate values should correspond to over-
lapping energy ranges; when FK = 0, the energy range
for reactions (A) is higher than for reactions (B); when
FX =1, the energies for which pra(E) > 0 lie below the
corresponding energies for reactions (B).

0.4*‘2—0_04%

i 1
0 0.1 07z 03 f/¢&

Figure 5. Variation of the probability functions for the
formation of labelled products (£ //Pj) with the composition
of the He—C3Hg mixture (f/£): 1) HT; 2) C;H.T;

3) remaining products.

The development of methods for kinetic analysis has
led to a number of important conclusions for the interpre-
tation of the results of experiments on the stabilisation of
recoil atoms in binary and more complex systems. The
prospects for the application of the first approximations
of the kinetic theory in the analysis of experimental data
for binary mixtures of weak or strong absorbers with
Prz(E) = Cpry(E) and Py/Py = fy/C.fz were examined by
Wolfgang ®, who demonstrated the possibility of estimating
Ey/ly, £z/lz, and §y/Ez. Differentiation of the equations
obtained by Wolfgang with respect to N (N is the mole frac-
tion of component y), assuming that Pr I/ln E»/E4),
showed that the second derivatives 3°Pgz/3N? and 3 ZP /aN“
may be non-zero.**™*° Thus the possibility of the dev1a—
tion of the yields in binary systems from additivity when
£z+# &y or pry # prz has been established by the analysis
of the second derivatives. The causes of the deviations
from additivity are evident; for example, the introduction
of component z with £z < Ey causes an increase of the
number of collisions in the range £>.—FE;, which leads to an
increase of Py.

Since systems containing an inert moderator and a
radical acceptor in addition to the reactant are most fre-
quently investigated experimentally in hot-atom chemistry,
kinetic analysis of three-component systems is of greatest
interest, Methods have now been developed for correcting
the results of kinetic analysis to allow for the characteris-
tics of the third component (R).°°™* For mixtures where
this component also fulfills effectively the functions of a
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moderator, the kinetic analysis can be performed using
equations of the type

Er
fm+-fR

S S T (11.9)
Ind—p) 1 ' I i,

The presence of a scavenger may also affect the results
of the kinetic analysis if the scavenger interacts chemically
with the recoil atoms in the hot region® ~**, Under these
conditions, the role of the scavenger is determined by the
derivatives dP/dfR = —frK'/E?, dPi/dfR = —feKi/E®, or
Yi = (1/£)(dfR/ANR)(Ki/li). Yi characterises the over-
lapping of the excitation functions for reactions with the
scavenger and the reactant, leading to the formation of the
product Z. The role of the competing scavenger is partic-
ularly marked when it is present in large amounts or in
the presence of large amounts of a relatively ineffective
moderator, where the number of collisions in the hot
region is large®'”®3, It follows from Malcolme-Lawes'
results >® that in such cases one can write for fy <« 1

P=1—exp(~»--fut /
i (I11.10)
|
where
v
v E 4] (
K= L IEGE
E.
L’[‘ (F
Ki={ "oy =5 iEuE

The equations obtained may be used to correct the results
of a kinetic analysis which does not allow for the influence
of radical acceptors on the yields of hot-atom reactions:

L=+ [rK; |
K1=Kio‘\‘(§r—1)f1<K; 3 (II ]1)
Er___grn )
I,

(the subscript zero refers to the results before correc-
tion).

Analysis of experimental data based on the kinetic
theory led to a deeper understanding of the specific fea-
tures of hot-atom reactions, their parameters, mecha-
nisms, and kinetics, Without considering in detail the
results thus obtained, which have been discussed in a
number of reviews '’*’®** we may note that kinetic analy-
sis has yielded proof of the dependence of the quantities
£r and £/ m on the energies of hot species and molecular
structure®; evidence has also been obtained for a com-
plex mechanism of the action of inert gas moderators,
which are involved not only in the relaxation processes of
hot atoms, but also in the deactivation of the excited prod-
ucts and their dissociation in collisions*""®°, Interpreta-
tion of the experimental data on the basis of the kinetic
theory yielded information about the nature of the excita-~
tion functions, about the relation between the energy
ranges where the excitation functions for various reactions
are significant ***°, and about the relative widths of the
energy ranges for reactions in the presence of various
moderators®, The problem of the involvement of radical
acceptors in hot-atom reactions **** and a number of
problems concerning the mechanisms of such reactions
and the reactivity of various compounds ** have been
solved using the methods of kinetic analysis.
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Thus the possibility of employing the approximate
Wolfgang — Estrup model and the fruitfulness of methods of
kinetic analysis in the interpretation of experimental
results, obtained in the first place for gaseous systems,
have thus been confirmed. At the same time, the limits
of the applicability of the kinetic theory and its disadvan-
tages were discovered in the course of developing methods
for kinetic analysis and their employment. Thus it has
been shown that the linear relations between 1/In(1 — P)
and (1 — fr)/fr or between £Pi/fr and fr/t do not consti-
tute a reliable criterion of the correspondence of the
model to real systems. According to Malcolme-Lawes
and Urch®, the above relations hold even if the funda-
mental conditions for the applicability of the Wolfgang—
Estrup theory are not fulfilled. Not all the a priori
conclusions of the theory have been confirmed experi-
mentally. In particular, in contrast to the expected Eqn.
(11.7), the following experimental relation has been found
for the reactions involving the abstraction and substitution
of hydrogen by hot tritium atoms ®7%

Tur/She Tar/Ene
Igr/the Igrline

The majority of the above contradictions arise because
the Woifgang — Estrup model does not take into account the
anisotropic scattering and the corresponding £ (E) relation
or the complexity and the many-sided nature of the action
of moderators and scavengers and the influence of second-
ary processes.

Model calculations using the Monte Carlo method and
computers have been very important in determining the
limits of the applicability of the kinetic theory and of the
physical significance of the kinetic parameters obtained
in kinetic analysis (, K, £¢).°*¢%*%, The simulation
of the behaviour of recoil atoms is based on the hypothe-
sis put forward by Wolfgang and Estrup concerning elastic
scattering, which makes it possible to assume an equal-
probability distribution of energy losses in the range from
zero to Eo[1 — exp(—2&)]. Thus, by selecting the random
numbers uj, it is possible to determine the energy of the
hot atom after the ith elastic collision: Ej=FEj-,.
.exp(—~2&ui). On the other hand, simulation by the
Monte Carlo method makes it possible to introduce into
computational schemes new postulates concerning the
nature of not only the pr(E) relation but also £ m(E) or
£r(E); inparticular, a Gaussian function has been used:
pri(E) = hiexp[—(E — ai)®/ci]. Methods of kinetic anal-
ysis, whereby the quantities P, I, and K can be estimated
for the specified parameters py(E), £r(E), £ m(E), etc.
were subsequently applied to the results of the numerical
calculation of the probability of chemical reactions in
terms of the fraction of absorbed species®. The calcula-
tions showed that, for low and even considerable reactiv-
ities of the components but with values of £ which are
constant in the energy range investigated, the kinetic
analysis based on the Wolfgang system is justified. The
parameters £, I, and K obtained by this procedure reflect
(the first two less satisfactorily) the physical properties
of the test objects, in particular the excitation functions.
I £y and £m vary but their ratio remains constant in the
experimental energy range, the results of the kinetic
analysis require a complex interpretation. I &m/ér
varies in the energy zone of hot-atom reactions, the
employment of the Wolfgang methods leads to erroneous
results. The reliability of the estimates of the kinetic
parameters depends also on the degree of overlapping of
the energy ranges of different chemical reactions. The
overlapping of the function pyi(E) has a particularly strong
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effect on the values of Kj; the distortion of the Kj data
becomes more pronounced with increase of £. The sim-
ulation data showed that one of the fundamental conditions
for the improvement of the kinetic theory is allowance for
the variation of £ with the energy E.

Summarising the discussion of the application of meth-
ods of kinetic analysis, one must consider several of the
most significant factors which are bound to determine the
further development of theoretical studies in hot-atom
chemistry.

1. The Wolfgang— Estrup model does not take into
account the thermal motion of the species of the medium
and is valid only for atoms with a high initial energy
(Eo > E2); the extension of the application of kinetic
analysis to the description of photochemical, radiation-
chemical, etc. phenomena requires the removal of the
above limitations.

2. The improvement of the kinetic theory and of kinetic
analysis should lead to the description of the relaxation
processes of the excited products of hot-atom reactions,
which were not considered in the Wolfgang — Estrup theory.

3. The results of kinetic analysis depend greatly on the
values of £. The postulate of isotropic scattering, char-
acterised by the quantity £is, which is independent of the
energy of the hot species, does not satisfy the conditions
in real systems. The Wolfgang—Estrup model does not
take into account two factors, namely the occurrence of
non-elastic relaxing collisions and elastic but anisotropic
collisions with small energy losses per collision.  The
role of the non-elastic scattering component is particularly
marked for polyatomic molecules, since to a first approx-
imation the contribution of non-elastic collisions is deter-
mined by the ratio M /(M + m) (M is the mass of the
molecule). However at the present time there is no
adequately developed theory whereby one could take into
account non-elastic collisions in analytical solutions of
transport equations for hot atoms; the yield of the prod-
ucts of hot-atom reactions has not been analysed taking
into account the non-elastic scattering component.  The
attempts to estimate the values of ¢ for complex poly-
atomic molecules have not been successful either. When
two polar postulates are adopted, namely that the mole-
cules can be regarded as collections of individual atoms
or that the molecules are involved in collisions as simple
particles with mass M, the calculated values of £ do not
agree with experimental data. For a priori estimates of
the energy loss in non-elastic collisions of hot atoms, one
of the most promising procedures is the method of statis-
tical tests “'’°® and the analytical approach via estimates
of the stopping power of the medium has also proved
useful®.  Considerable difficulties still arise also when
an attempt is made to take into account the scattering
arisotropy; they are associated both with the determina-
tion of the form of the functions £ (£) and with the solution
of transport equations for arbitrary £(E).

2. Kinetic Relations in the Anisotropic Scattering of
Hot Atoms

It is known from the physics of atomic collisions '® that
the degree of asymmetry of scattering depends on the
energy of the colliding species. Thus in the region of
high energies, atomic collisions are of the strongly aniso-
tropic Rutherford type but, as the energy falls below
EA = (13.6)2[(m + ) /m 21 ZVZY % + Z¥3, they can be
described approximately in terms of ithe hard-core poten-
tial and £i5. In the region of low energies of the chem-
ical interaction, the elastic component of scattering is
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again characterised by an appreciable anisotropy and
“soft” potentials. The change in interaction potential
should lead to the corresponding changes in g(E’, E) and
£(E). The softer the potential, the lower the value of £.
As a consequence of this, an increase in anisotropy
increases the number of collisions of the atom in the
specified energy range and a change in the energy
spectrum of the species and in the yield of the hot-atom
reactions. Thus the necessity to take into account the
anisotropy of scattering in hot-atom chemistry is evident.

The main tasks in hot-atom chemistry are as follows:
1. The search for the form of the functions £(E). Since
there are reliable methods for estimating £ig, it is
important for hot-atom chemistry to find relations between
£ and £is. 2. Determination of the nature of the variation
of the ratio £i(E)/¢j(E) with the energy, since simulation
by the method of statistical tests has shown that, when
£ m/§r varies with the energy, kinetic analysis leads to
considerable errors in the determination of the kinetic
parameters ®*®%, 3. Solution of the transport equations
and the equations for the probability of chemical reactions
for specified £(E) or g(E’, E). 4. Determination of the
nature of the variation with the energy of ¢(E), n(E), or
A(E) = E.n(E) for specified £(E). In particular, the test
of the possibility of using for non-absorbing or weakly
absorbing media asymptotic values of distribution func-
tions of the species energy and the functions A(E), which
are characterised by the strongest dependence on £(E),
since Ao« 17,79

The nature of the variation of £ with the energy is
determined by the form of the interaction potential between
the colliding species. For example, the level of aniso-
tI;opyrsfor the potential U(r) = ar~S depends on the value
of s:°

2-5

m, T(s-l)
my 4+ m ’

?;(E):C(l——cx)[E

where

Cx A Ssint‘i o) ode

o

(p is the target parameter and o the scattering micro-
cross-section). When s — «, the scattering is isotropic;
the case where s = 1 corresponds to Coulombic
scattering with maximum anisotropy; for many types of
interaction with not unduly large or not unduly small
energies, the values of s are in the range 9—12; when
s > 2, the & depend relatively little onthe energy. It is
significant that the ratios £ m,/& m, depend little on the
energy and are determined mainly by the ratio of the
masses of the colliding species. Thus, for U(r) = Ar~S
and the combined potential U(r) = A% "5t + A,»~S2 under
the conditions of preferential forward scattering, i.e. for
low values of s, we have £ém,/Em, =~ (1 — a)/(1 — as);
when s — «, i.e. for the hard-core-potential, we have

EmfEmy = (1 —ay) (1 —a, +o,Ina)/(1 —a) (1 —a, 40, lna,).

Estrup  was one of the first to draw attention to the
necessity to consider the anisotropy of scattering in
kinetic analysis. Hefound "“that, when(1 — a)/(1 +a) < 1,
then £ ~£is.m75/05(E), where 7, is the distance of closest
approach of the species in head-on collisions and og is the
scattering cross-section; for o close to zero, the best
approximation is & =~ [7v%/0g(E)][Eis — k(a)y ™ + c(y)].
Special methods were developed for estimating v, «, c,
and 0g. Calculations and analysis of the dependence of
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the quantities determining £ on the energy led Estrup to
the conclusion that the energy variation of £ becomes
weaker with increase of the kinetic energy of hot atoms
(Fig.6). Numerical calculations showed that, for colli-
sions of T atoms with He, D:, and CH,, the ratios £ /§is
are respectively 0.09, 0.12, and 0.33, Inthe T + He +
CH,4 system, the values of I proved to be an order of
magnitude smaller than those of I'ig.

£
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Figure 6. Variation of £ = In(E/E) with the kinetic
energy of the recoil tritium atoms for isotropic (§ig) and
anisotropic (£) elastic scattering: 1) £ig in the He—D:
system; 2) £is in CHs; 3) & in D2y 4) £ in CHy; 5) £ in
He.

Gordus and coworkers "™ also examined elastic

anisotropic scattering under the conditions of sphericaily
symmetrical soft potentials, for which one can assume
that§ =&jg — b([1 — @®)/2 + alna]. If the coefficients b
are independent of the energy, i.e. b = 1/(1 — @)%, then in
all cases with g(E’, E) « (1/E')&(E/E’) the values of &
remain unchanged as E is varied and are determined only
by the values of @ and b. Ifb = 1/E(1 — a)?, the aniso-
tropy is appreciable only for low values of E, and £
increases with increase of the kinetic energy of hot atoms,
approaching &ig.

Numerical calculations have been made of n(E) and
A(E) under the conditions of weak absorption. They showed
that the greatest differences between the calculated values
of A(E) and the asymptotic values of AoE) = 1/¢ for a
constant b correspond to the region where E/Eo> . With
decrease of o, the difference between the asymptotic
values and the results of the numerical solution of trans-
port equations taking into account the scattering anisotropy
becomes smoothed out; when o = 0, the values of A(E)
are close to the asymptotic values for any E. According
to Gordus and coworkers "”", the use of the asymptotic
values of n(E) or ¢ (E) in calculations of the probability of
chemical reactions should not lead to appreciable errors;
for tri§ium atoms, the errors should not exceed 50%

(Fig. 7).
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Analytical solutions. have been obtained"*™"® to transport
equations for soft potentials of the type U(r) = Ar~S and
the following values of g(E', E):

g(&, E)=;1,-b(ﬁ’, —E—) when E' > E >vE';
g(E', Ey=1[a(E'YE1 o( )when YE' >E>aE :
g( , E) = 0in the remainder of the energy range; here

(1 +p% +2pcosbe)/(1 + )3, g =mi/m, and f¢ is the
critical scattering angle.

E-n(E)

Figure 7. Variation of E.n(E) with E/Eo for Eo = 2.5 X
10° eV; @ =0.02; b =1/E.(1 — o)*; continuous curve—
E. n(E) =A(E); dashed curve—E .n(E) = 1/& = Ao.

In non-absorbing systems wherey = 1 and a(E) = 1 and
the differential cross-sections are independent of E for
any scattering angle, Eqn.(I.8) has the solution y/(E') =
So/E'C; wheny # 1, the solution is YAE‘) = So/E"Ca(E"),
where

1 v , ,
-t 2 (5 f 0[]

Comparison of the solution obtained with the asymptotic
solution showed that £ ~{a(E’). Taking into account the
nature of the variation of a(E) with the energy for Zg(E) =

cE™5™) | Felder and Kostin ™ found that  (E) =So/CEB,
wherep =1 — 2/s +1/(s — 1).

For reactive systems, where Zg(E) > Zr(E) >0 and
2r(E)/Zg(E) =B, Felder and Kostin"® examined a solution
of a transport equation'of type (1.7) with g(E', E) = (1/E").
&(E/E’). In this case, they used as the solution the
expression Y (E’).= C(E")B, the values of 8 being found
from the equation

1
B- E
B= S@( )(E/E) : 11d(5). (I1.12)
o

For an arbitrary form of &(E'/E), the values of 3 are
found numerically; when &(E'/E) = (n + 1) (E'/E)D, the
analytical solution 8 = [B + 1/(n — 1)]”' ~ »n was obtained.
For isotropic scattering, n should be zero, an increase of

n corresponding to an increase of the scattermg anisotropy.

: B
According to Felder and Kostin™, /(E) = C/El/( +)

is obtained for isotropic scattering in absorbing media
when Z (E)/Z s(E) =B > 0. Consequently in absorbing
media w(E) varies with energy less markedly than in the
absence of chemical capture. The energy spectrum is
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smoothed out as a result of the “erosion” of low-energy
species in chemical reactions. In the most general case,
wheren # 0 and B # 0, an increase of n, corresponding to
an increase of anisotropy, leads to a decrease of § com-
pared with its values in isotropic scattering; this pro-
motes the smoothing of the species distribution functions
with respect to energy. This conclusion has a simple
physical interpretation. When energy transfer in small
portions predominates, the hot atom undergoes a greater
number of collisions in the specified energy range, which
leads to an increased probability of its absorption in this
range before it is retarded with attainment of lower
energies.

Asymptotic solutions for /(E) have been obtained
in the most general cases of multicomponent absorbing
systems, taking into account the influence of secondary
high-energy species on the yield of hot-atom reactions.
When account is taken of secondary displaced atoms in
isotropic scattering in chemically inert systems, we have
V(E) « 1/E* [instead of Y(E) « 1/E].™

When absorbing systems were considered and a number
of additional conditions were introduced {the potential is
not unduly soft, s > 6, Z4(E)/Zs(E) = B(E), B(E )/a( )=

74764579

pr(E) =B(E)/[1 +B(E )] andE < E2< E¢, Felder”

obtained the followmg solutions:
P,—D* [1 _(%)l-ﬂ]//cga(l —B) (I1,13)
P,zl—(%)blc when pS>1 or n<l ; (11.14)

Prl_(%)o"". (%)DM when a(E) = CE™; n:S_i1l —% ; (I1.15)
Py=1 —(2—:)”’“(”“3) hen a (E) (I1.16)

where the quantities g, {, and {g are defined as follows:
=i £ oo (G)n {5 e E - 0(5)a(%):
o

V&0 ()a (5] =1

Together with calculations based on Egns. (II1.13)—(11.16),
numerical solutions were also obtained to transport equa-
tions for Felder's model taking into account the scattering
anisotropy. Comparison of the results of the numerical
calculation (P) with the calculations by Eqns, (I1.13) —(I1.16)
did not reveal significant differences between P and Po.
Thus, forp =1, E; =100, £, =25¢eV, s =12, and D =
0.2, the values of P and P, differed by 2.8%; for p =
0.01, they were indistinguishable. The maximum differ-
ences between P and P, were of the order of 0.5% for
g = 0.01 and approximately 10~15% for p = 0.2, Com-
parison of the values of P with P> and P; revealed a satis-
factory agreement, particularly for P and P;.  The
differences did not exceed 3—4% for p = 0,01, 10-15%
for p = 0.2, and 20—-25% for p = 1.

The results of the calculations were also compared
with those obtained in terms of the Wolfgang — Estrup
approximation. The comparison showed that the accuracy
of the simple kinetic approximation increases with
increase in the difference between the masses of hot and
thermal atoms and with increase in the “hardness” of the
potential for low values of py(E) or for narrow well
resolved resonances in absorption.

Interesting results, characterising the influence of the
scattering asymmetry ony and P, were obtained by Porter
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and Kunt®, Numerical calculations using stochastic
equations yielded the values of P for three different elastic
particle scattering models, Model A corresponds to iso-
tropic collisions and model B presupposes anisotropic
scattering with g(E', E) = 2(¢ — a)/E'(1 — a)?. Model C
corresponds to anisotropic scattering with g(E’, E) =
a/E'(1 — @) for bE' > E > aE’ or g(E', E) = [a/E'(1—a)]+
201 —a).({ —b)/E’'(1 —b)® for BE' < E < E’, where

¢ =E/E’'. The coefficients a and b were fitted by quan-
tum-mechanical calculations. For all the models

g(E’, E) < ®(E/E')/E', where { is independent of the
energy of hot atoms, and £(C) < £(B) < £(A).

Numerical calculations have shown that model C gives
the optimum values of P, in good agreement with the
experimental yields of the stabilisation products of tritium
recoil atoms in hydrogen or deuterium. For all the
models investigated, an increase is observed in the prob-
ability of reactions as a result of an increase in Z(E) in
the range 0-20eV; inthe range 20-100eV, the values of P
varied only slightly, broad maxima being observed in the
vicinity of 20 eV. Porter and Kunt * showed that calcula-
tion by Eqn.(1.41) and by the Wolfgang—Estrup formulae
yields different results; Pc < Pw-E for model C and
Pp B>Pw-E for models A and B. In calculations for
mixtures, the deviations were proportional to the content
of the reactive component. The errors for H: are greater
then for D2, which is consistent with Zy; it is known that
pr(H2) > pp(D2). However, one must note that the dis-
crepancies between the results are small and comparable
to the experimental errors in the determination of the
yields of reactions initiated by hot atoms; they do not
exceed several per cent.

E-n(E)
200
700
1 1
g 7 ARy
Figure 8. Variation of E.#(E) withx = In(E/Eq/lna for

Eo= 10° eV, o = 0.8882, and different interaction poten-
tials: 1) U(@) =10°/°% 2) Ulr) = 10°/v"* + 10775
3 Ul) = 10°/r"

The series of studies designed to improve the kinetic
models in hot-atom chemistry was continued by Baer and
Amiel *@!7272848 Iy the main, they used the postulates
discussed previously, but, in the description of elastic
scattering processes, they used the combined Lennard—
Jones potential U(r) = A,/rSi + Az/vS2 (where s, > s») in
addition to the hard-core potential and U(r) = Ar~S. The
combined potential makes it possible to describe both the
short-range forces of the Coulombic repulsion of the
nuclei of the colliding species and the long-range polar-
isation forces giving rise to repulsion or attraction. The
Lennard-—Jones potential also ensures flexibility in the

201

description of the elastic scattering of species over a wide
range of energies. However, methods have not yet been
found whereby one can obtain an analytical solution for
g(E’, E) or equivalent functions for a two-term potential.
Numerical computer calculations were therefore made '*’"”
of the quantities g(E’, E), n(E), and A(E).

The numerical calculations for n(E) and A(x), where
x = In(E/E¢)/Ina for one-term and two-term potentials,
showed that n(F) increases with decrease of the energy;
the asymptotic values of Ao(E) and n(E) are attained
rapidly, particularly for small ¢ and s. For high ener-
gies (Eo > 1 KeV), different values of A{x) were obtained
for one- and two-term potentials, the values of A(x) for
the two-term potential depending only slightly on the sign
of Az, i.e. on whether the second long-range term charac-
terises repulsion or attraction. For low initial energies,
the long-range terms with A, > 0 completely swamps the
short-range term; whenA. < 0, the values of A(x) are
lower than for the one-term potential or the potential with
Az > 0 (Fig.8).

The results of Amiel and Baer's calculations indi-
cate also a series of regularities in the variation of A(x).
It was shown that the variation of A(x) with the coefficients
A and Eo is characterised by the equation

16517

A [ a0 T [ BT

A Gy :[;UJ [E} : (I1.18)
Thus the variation of A(x) with A and Eo becomes weaker
as s increases. The greater the difference between the
masses of the colliding species the greater the value of «
and the greater the sensitivity of A(x) to changes in any
scattering parameters.

The problem of the analytical description of A(E) was

solved by Baer '’ for a modified two-term potential
U +AU, where U(r) = A’ /¥rSforR <v < w and U(r) — «
for 0< » <R. These conditions reflect the swamping of
the short-range term by the long-range term for low
energies, i.e. make it possible to retain the principal
advantages of the combined potentials but at the same
time significantly simplify the analytical solutions for
G(E', E), A(E), ory(E). Without considering their
derivation in detail, we shall merely quote Baer's
expressions:

1

_C (B Ey 4(s—1)
vE=F ( ) {1 % Z'o(zz+3).[(zz+s)z—u_
T s s
25 (v;ﬂ ] (— a) - (EJE) ° Eo S
s(s—1) 2 ) 25+1 : : (El) , (II.IQ)

1—s(—a ° V[(@s41)-(1—a)

where R is the sum of the radii of the colliding species and
C =So/tis;

. ~S. g MW oasea _{I'_ 2,
E\=ART; Ea=J2h (RH ;
A=A . : — T (s72 4/ H
my+m T (s/2)
2
A, =sin ins—.?))_ /s —3° . I (s/2—1/,) 1571, 5 e i .
( PRy FQ_S _1) “tom | Tlg) - eamma functions.

It is noteworthy that the above expression is an asymptotic
solution valid to within E,/E.

Baer’s treatment corresponds to the subdivision of the
entire energy range into three sections: 0< E < E,,
where the interaction is described by the soft potential
U(r) =A/rS, E,< E < E,,,, where a soft two-term poten-
tial also operates, and E < E,,;, where the interaction is
described by a hard-core potential.
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3. Kinetic Equations Taking into Account Non-elastic
Scattering and the Stopping Power of the Medium

Apart from those already discussed, Thomsen's
model ®" is applicable in the case of a marked scattering
anisotropy with small angles predominating. In this
model, as in those already examined, no account is taken
of thermal motion and the chemical bonds formed by the
atoms in the target, the model being restricted to station-
ary conditions. Limitations are also imposed on the
reactivity of the target, but, in contrast to other workers,
Thomsen postulates a model whereby one can take into
account, together with elastic anisotropic scattering by
the nuclei, also electronic retardation, which is partic~
ularly significant for high energies. The relaxation
processes are characterised in Thomsen's model by the
stopping powers —dE/d! and not the quantities g(E’, E)
or G(E', E). This is fairly correct if the moderation
process can be regarded as continuous, if the energy
losses in the collision AE are small compared with the
energies of the hot species, if small scattering angles
predominate, and if the masses of the colliding species
differ markedly. The introduction of the stopping power
as the main characteristic of the moderation processes
has many other advantages. Firstly, satisfactory approx-
imations are now available for estimates of —dE/dl cor-
responding to different scattering mechanisms. Secondly,
the introduction of the stopping power makes it possible to
include the loss of bombarding species from targets with
limited volumes, which extends the scope of the model.

Thomsen defines the probability of hot-atom reactions
over the entire energy range by the formula

Eq

z dE
Pz_—l__.expg ._'.9.__-
o

T (11.20)
which permits the determination of Zyr from the known
yield of the chemical reaction and the stopping power of
the medium. For low absorption cross-sections, when
P(Eo) « 1, it follows from Eqn. (11.20) that

~_‘§°2_@5 (IL21)

dE/dL

Thomsen expresses the energy distribution function
p(E)dE, the number of species per unit volume with the
energy E in the range dE, by the product of the function of
the source S(Eo), the residence time of the species in the
given energy range dE, and the probability of the attain-
ment of this range without absorption. Then

]df,

where dE and df are related by the equation

—d E=(—dd—f)l/¥dt.

It also follows from Eqn.(II.22) that, for a monochromatic
source in weakly absorbing media, we have

2, (E4E
dE/dll/ [g dE'jdi ]

The functions p(E) are related in the following way to the
density of chemically active collisions:

) _ , 2E
“aga =" (B)Z-(E) 1/7:7'

§" 3, (EYdE

O (Ey, EYd E=S,(E,) exp { Tl (11.22)
0

P (Eyp E)=— (I1.23)

- (E)=S,

(11.24)
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It is significant that the stopping powers are additive quan-
tities and —dE/dl = L;N iZst,i(E), Tst being the stopping

cross-section equal to the sum of the stopping cross-sec-
tions in collisions with electrons (Es e) and with atomic
nuclei (Zs,n). Thus the introduction of —dE /dl facili-
tates allowance for non-elastic collisions in estimating the
quantities Y y(E). Thomsen also examined the cases
where moderation cannot be described as a continuous
process and account must be taken of the discrete nature
of the energy transfer, but AE «< E.

Comparison of the expressions obtained for the energy
distribution functions and the probabilities of chemical
reactions with the solutions of the transport equations for
hard-core collisions and anisotropic scattering with U(r) =
Avr~S, which were discussed previously, led Thomsen to
the conclusion that the formulae which he recommended
give a fairly correct description of the characteristics of
the distribution of hot species with respect to energy in
weakly absorbing systems, but the values of i (E) obtained
from Thomsen's approximate formulae differ from the
earlier asympotic solutions of the transport equations.
For isotropic collisions, Eqn. (II. 24) leads to J o(E) =
2S0/(1 — o)E, in contrast to Y oE) = So/EE. The ratio
of Thomsen's solution (v) to the asymptotic solution for a
hard-core potential is 2£/(1 — «); for U(r) =Ar-S, the
following expression is valid for v:

@1-a)
—u)’/“‘. S‘xt-lls dx

vis, a)=s+[(s— 1)/l —a)llga+(s—1)-(1 i )
-

0

where X = N.Zst,1(N1Zst,, + NoZst,2)”' for a mixture of
two components,

Evidently the values of v depend on the ratio of the
masses of the colliding species and on the parameters of

the potential (s) (Fig.9).

(1-a)

Figure 9. Variation with o of the ratio of the approximate
and asymptotic solutions (v) for the interaction potential
U(r) < »~S: 1) for isotropic scattering; 2) for s = 3;

3) fors = 2,

In descrlbmg relaxation processes, Malerich and
Spicer ® took into account the energy losses in non-elastic
collisions accompanied by the dissociation of the molecules
of the medium. As a result of such collisions, hot atoms
can lose a considerable fraction of their energy in the
region of relatively low energies close to the range E-—E,.
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If the collisions with hot atoms lead to a transition of the
molecules of component z from the internal state i to the
state f with AEzj — £, then

Zj. Opap (Vs t,mydn

7

m4m .

A=) E [1« ( — ’) AE,,._,f] 2, ()
2

4ﬂ°zi=] v,0
U—a)E 2 ()"

&(E, E)=

(I1.25)

where V is the relative velocity, 1 and { are scattering
angles, and

m<-my,
m,E'

2z

{— s m
E=F—E {1—(1~ AEz,-.,) COSC]——;AE».; .

m+m,

(11.26)

For the non-elastic scattering component, gzj —f =0
over the entire energy range, except

L VET RS < E < (Y P has),
2a 20
where
ml
s=E+ ——AEqs t=(1+0)s— ———.L— . AEy;.
my+4m m
For the non-elastic scattering component in the energy

range of non-zero values, gzi —f, is described by the
formula

v - 2: dis (E’)
Gairp (E', E) = ‘ ’ P 7, (11.27)
SG(EN(—a)E |[1— Tn—;:—'— AE 43¢
(E)
0.8
0.6

17 16 20

E, eV

Figure 10. Variation of the asymptotic value of no(E)
with the energy; dashed curve—with allowance for disso-
ciation; continuous curve—without allowance for dissoci-
ation (for isotropic scattering of tritium atoms by
deuterium).

The limits of the energy range of non-zero values
gzi —f are determined by the solution of Eqn. (11.26) for
the limiting scattering angles{ = 0 and{ =n. The mini~
mum energy transferred in a non-elastic collision is
determined by the value of AE djs which has been set
equal ® to Ep; the quantity AEy ,dis was calculated by the.
method of trajectories. For the elastic scattering com-
ponent, it was assumed® that gzi =f(E’, E) in the range
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E < E' < E/a is given by the expressiongzj=f =
Zs,is/[(1 — az).Zsz(E').E’]l. Numerical calculations of
Y(E) and P using the above equations for gzi=f and gzi — f
showed that, for non-elastic energy losses in dissociation,
the density of collisions in the region of chemical inter-
action is lower than for elastic isotropic scattering (Fig.
10). In the region of low energies close to the dissocia-
tion threshold, the energy losses in the non-elastic colli-
sions considered have a smaller effect.

4. Kinetic Relations Taking Account of the Relaxation of
Hot Products

In the solution of transport equations, the relaxation of
the hot molecules formed on chemical capture of hot
atoms and having an excess kinetic or internalenergy (E¢ or
Ei), which makes possible dissociation and other reactions
of the primary products, may be taken into account if the
probability of the formation of the stable product pr(E) is
represented as follows °%:

Pr(E)= pe(E)—F r (E)—(1 —F') s (E), (11,28)

where pe(E) is the probability of the formation of the prod-
uct with different sets of Et and Ei, gm(E) and gy(E) are
the probabilities of the decomposition of the hot molecules
in collisions with the moderator or the reactant respec-
tively, and f’ is the fraction of the collisions of hot product
molecules with reactant molecules, Then, in solutions

of type (I1.4), we have

1(E)=1o(E)—fT-(E)—(1 —F}m (E): (11.29)

w|

. .
when I,(E") = 5 pe(E) d—EE— we have [, (E')= S 4,(E)

E’
[m (E’) = Sqm (E) iEI:‘:

Hence
PE)=1—exp (L ly—F1,— (1—F) i}

(=i —P) = (& + 80 =) UoF - —F) Ll (IL30)

The results obtained are important for the interpretatior
of the experimental data on the non-additivity of the yields
in mixtures when the deviations from additivity may be
caused by processes involving energy transfer from the
primary excited products to the surrounding medium. In
particular, it has been shown that, when the probability of
the decomposition of the primary products depends on the
medium, the variation of [—1n(1 — P)]™ with (1 — f)/f
whenly # I'm may be non-linear (Fig.11). However, for
low values of P(E), f, and f', it follows from Eqn. (I1.30)
that

S A Cd

P T (IL31)

Eqns. (I1.31) permit the estimation of the lifetimes of the
hot products, since the ratios (¢m,/£m,)0o — Im,)/(To —
Im,) or (o — I'm,)/lo — Im,) may be determined from the
experimental data for different energy acceptors.

The application of the Monte Carlo method in combina-
tion with a novel approach to the problem of describing the
relaxation of hot products by binary collisions in the
presence of a fraction of stabilised molecules varied by
the pressure in the gas system enabled Smith et al. ** to
propose a new method for estimating the parameters of
the energy distribution functions of species.
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5. Kinetic Equations and Their Solutions taking into
Account the Thermal Motion of the Molecules of the Target

In the studies examined previously, it was postulated
that the thermal motion of the species of the target may
be neglected, which is valid only for E >»> kgT. Ina
series of studies by Kostin and coworkers 33~% an attempt
was made to take into account thermal motion under con-
ditions where the initial energy of the epithermal species
is low. Such conditions are encountered in plasma-
chemical, radiation-chemical, and photo-chemical studies
and in the investigation of chemical reactions in chemical
accelerators, in flames, and with recoil atoms in many
nuclear decomposition schemes. When account is taken
of thermal effects in systems with non-Maxwellised atoms,
the conservation equation should contain terms describing
elastic collisions involving both a decrease and an
increase of the energy of the atom. Under stationary
conditions in the source of epithermal species S(E), the
conservation equation can be written similarly to Eqn. (L.5).
Evidently, when Zp > Zs, the atoms react until there is
a significant change in the energy and density of the hot
species p(E) « S(E)/pp(E). If the medium is chemically
inert and the power of the source is low, the species
entering from outside attain equilibrium with the sur-
rounding medium, acquiring a Maxwellian distribution
corresponding to the target temperature; then

) _ E'N E
n(E) & M(E)= G en (—Eﬁ) ,

When pp(E) # 0, the distribution of the bombarding atoms
with respect to energy is non-Maxwellian: p(E) < M(E).
.L{E), where L(E) is a correction factor.

-Ff

f

Variation of ¥ = ~{In(1 — P)}! with
ViIm>Ir; 2)Im =Ip; 3)Im<Ir.

Figure 11.
(1 =N/

The following equation was obtained for this factor on
the basis of the principle of detailed balance:

[os(E) 4+ pr(EN - L ()= ymE' (E', E)- L(EYdE+S(E")/M(E"), (I1.32)
o

where p5(E’), g*(E’, E), and p%(E’) are the corresponding
probabilities that the atom with the energy E’ will be
scattered in unit time, will have energy in the range
E-—(E + dE), and will react chemically.

In a few instances it is possible to convert the integral
equation (II,32) into a differential form, which has a solu-
tion, by expanding L (E) in Taylor's series. Thus, for
small energy changes during scattering, when the scatter-
ing anisotropy is marked and there is a large difference
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between the masses of the colliding species, Eqn. (II.32)
gave

Lt REYVEE + 38 iy L), (1L33)

1 , (E
FR(E) @E) dE T ME)

where

R.(E") = S(E—E’) -g"(E', E)dE and-R,(E')= j (E—E’)*.g"(E’, E)dE

o 0

characterise the average and mean square energies
transferred. For reactions with low activation energies,
where 2y, Zr/Zg, and the mean cosine of the scattering
angle depend little on the energy, the solution of Eqn.
(IL.33) assumes the following form for e;‘(m/ml) < 1:

@net ]
@, nt]l’

L(er)=const[1 + —;—aer-i- e+ (I1.34)

where
er=E/ksT; a=2r/[2%2,(1-—(cose>)] and (@ =a(a+1)x
x(@a+2) ...(a4+n—1).
If, eo> e > 1, then

L (er) « eef™; W (er) =ere TL (er) ~ 25"

The solution is valid for eo> 1.

Thus the greater the value of a for a higher reactivity
of the material of the target, the slower the decrease of
the collision density with increase of E. In non-absorbing
systems with a = 0, we obtain {/(E) « 1/eT. Analysis of
the solutions leads to the conclusion that, in specimens
containing a moderator and a radical acceptor in addition
to the reactant and when the reactions have different
activation energies, the ratio of the yields of the products
of different chemical processes can vary with target tem-
perature (Fig.12), but only slightly—in the region of very
low or very high temperatures.

) ! il
0 200 600 1000 T, K

Figure 12. Variation of the ratio of the yields of the
primary hot reactions to the yields of the reactions with
radical acceptors (1) as a function of target temperature
(Eo=2.5eV; Ethresh = 0.3 eV, m/m1=1),

When account is taken of thermal effects, difficulties
arise in many instances also in the numerical solution of
Eqn.(I1.32). In order to facilitate the solution, the
function g *(E’, E) is written in the form of a sum of g
and gp. where ga(E’, E) > gp(E’, E) for small energy
transfers and ga(E’, E) < gp(E’, E) for large transfers.
This procedure makes it possible to employ instead of Egqn.
(11.32) approximate equations which can be solved numer-
ically ®.

The non-stationary problem with allowance for thermal
effects has also been solved numerically *’, For this



Russian Chemical Reviews, 46 (3), 1977

purpose, use was made of the transport equation with the
correction factors L(E, t) or L(e, 7), where 7 =uvpt/ls,

e =vE/RBT, vp = v2kgT/m, and lg is the length of the
free path of hot atoms before collision with the moderator.
Calculation showed that the values of L(e, 7) are almost
constant over a wide range of thermal velocities already
for 7 > 2 (Fig.13).

L(zT)

6.0
5.8

a0

445

Ja

Figure 13. Variation of the correction factor L(x, 7)
with the dimensionless velocity of thermalised species

x =(E/RBT)?. 1)1 —w; 2)7 =6.0; 3)7 =2.0;
4) 1 =0.5; 6)7 =0.
P
+
+
apt!
[ ¥4
o3 + o
2| °
4 O Py [
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+ 1 ° 1 1 !
0 a5 1.0 15 E, eV
Figure 14. Variation with the energy of the integral

probability P of reactions involving the abstraction of
deuterium atoms by photolytic H atoms: 1) C4Dio;
2) C4DeH4; 3) CsDi1o—CaDeHa).

The kinetic theory of hot-atom reactions has been used
successfully to interpret experimental data in photochem-
istry ®7,  Thus the variation of the integral probabilities
with energy, the threshold energies, and reaction cross-
sections have been determined * for processes involving
the abstraction of deuterium atoms from primary and
secondary C—D bonds in deuterobutanes by hot photolytic
hydrogen atoms (Figs. 14 and 15). Similar data were
obtained from the analysis of the yields of H: in the inter-
action of photolytic H atoms with HBr.*® The kinetic
analysis of the photochemical data was performed taking
into account the thermal motion of the target molecules;
for this purpose, a function (Fig.16) ** characterising the
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kinetic energy distribution (Ee)) of colliding target
species, having a Maxwellian distribution with respect to
velocity at the temperature T, and of hot atoms with the
energy E *° was introduced into the equations for the
estimation of the integral reaction probabilities and the
density or number of collisions:

B

—exp [—- 2::7, ( E:Lj + l/%_E),“ , (10.35)

where p is the reduced mass.

Z,.(E)

} b
¢
3
g
1 H L
o0 05 10 15 lgev

Figure 15. The cross-section of the reaction involving
the abstraction of deuterium atoms by photolytic H atoms

from a secondary C—D bond in CsDio: a) U(¥)g-Xe™ v
b) Ur)H-Xe < 7 *.

\Q(E rel E )

'\
028

032 036 040 E,ev

Figure 16. Variation with the energy of the function
Q(Erel, E) for photolytic H atoms with Eq = 0.35 eV in
CaDio; continuous curve—at 229 K; dashed curve—at
323 K.

In systems where allowance for the thermal motion of
molecules is necessary, i.e. for small initial energies of
the hot atoms, close to non-zero values of pr(E) and
T > 0K, the following equations are valid:

(11.36)

1(Ere1)d Exel = [fn (E) - Q(E, Ere1)d E] d Eret,

2(E)= | 2t(Ewat) - Q(Eret, E)d Eeel.
o
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In this case, equations of type (I.1) for the probabilities of
chemical reactions in mixtures containing considerable
amounts of the moderator can be written in the form

E, ©
3 z, (Erel) S‘ i (

= E)&ﬂ Q(E, Erel)dE‘dErel .
£ El.r (Erel)

1137
B (I1.37)

0

In estimating #(E), Gann and coworkers *°~* used different
versions of the asymptotic solutions (E « Eo) where the
average fractions of the transferred energy, in particular
€ig =<E' — E>/E' =2u/(m +m,), were substituted for
when m, > m., When account is taken of the thermal
motion of the target molecules during isotropic scattering,

we have
g;s = G (1 8 'kni) 5
m +-my 2 E
then
1 mym (3 kT
m(E) =ty = 2 ( 3 E) (I1.38)
ng (E)
7 W a
5 o -
3 =
7
1 1 i ]
70 72 14 16
1 1 1
72 74 76 E, kcal
Figure 17. Variation with the energy of the asymptotic

value of no(E) for the hard-core potential of the scattering
of photolytic H atoms (Eo = 15 kcal) in xenon: a) at 0 K;
b) at 273 K.

For an interaction described by potentials other than
the hard-core potential, for example U(r) = Ar~S or the
Lennard—Jones potential in the range where E < 0.93E,,
we have

E(E) = —2B (1 3ksT\ Q&)
my +-m 2 E JZiB)’
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[>'¢)
where Q(E) = [Q(Erel)R(Erel, E)dErel. Inthe general

0
case, ¢ (Erel), the moment of the transport cross-section,
is found by graphical integration®, The expression
3 kgT

_(,_ "_4L) -
ny(E) ~const - E o (l —= —)

= (IL.39)

was obtained for U(») = Ar "5,

Calculation of no(E) by the above methods led to the
following conclusions: (1) whenT > 0 K, there are
collisions in the region where E > E, (Fig.17), the oscilla-
tions in n(E) in the vicinity of Eo being smoothed out under
these conditions. 2. The form of the function no(E)
depends only slightly on the form of the interaction poten-
tial. 3. For the Lennard—Jones potential, the decrease
of the collision density near E, is manifested less
markedly than for the hard-core potential, The width at
the half height level of the tail portion of the function
nolE) increases appreciably with increase of the target
temperature (Figs. 18 and 19). The width of the distribu-
tion with respect to relative energy can be large even for
E, > kBT, since the relative energies are in the range
Emax—Emin; AE « quBTE/mml.

no(E) . .
15
p o
530
LA
10 +
LR .
S
T
St 7 Z ~ i3
I ‘h‘-- e I ] '\."Y'-- e 1 ! "..'1'0"
2 2T
16 17 20 22 24 36 38 40
E, keal
Figure 18. Variation of the asymptotic value of no(E) for

the Lennard—Jones potential in the H—Xe system (E =
273 K) as a function of the energy of the photolytic H
atoms (kcal): 1) 15; 2) 22; 3) 38,

Numerical solutions of the Boltzmann equation for the
collision density were also obtained by Kupperman et al, *
with the analogous function Q(E, Erel) and g(E’, E)
expressed in terms of the normalised Gaussian function.
It was assumed that the flux of hot species is fairly small
and does not affect the thermal distribution of the target
molecules.

In conclusion of the review of data on the analytical and
numerical solutions of kinetic equations in relation to the
distribution functions of hot species with respect to energy
or the probabilities of the chemical reactions initiated by
them, we shall specify the most important of the results
obtained. TFor energies below the initial values, the
particle distribution functions with respect to energy ¥ (F),
n(E), and ¢(E), etc. attain asymptotic values. The
asymptotic values increase with decrease of the energy E.
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In the vicinity of sources, more precisely for E = aFo,
the distribution functions undergo a discontinuity and in the
vicinity of @ ’Eo < E < E, they exhibit oscillations.

ip(E) 4
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7 o1
[ 9?. ./
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Vagke
%
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. 0..00
A %4e, O
Py %40 0000
CPoaaaag o
75 76 77 L, kcal
Figure 19. Variation of the asymptotic value of no(E)

for the Lennard—Jones potential of the scattering of
photolytic H atoms (Eo = 15 kecal) in xenon as a function of
temperature (K): 1) 373; 2) 273; 3) 173.

In non-absorbing media, the asymptotic value of the
collision density is inversely proportional to the energy
YolE) = So/EE(E).  For initial energies of the species Eo
comparable to the energy of the thermal motion of target
atoms and molecules, the asymptotic value of the collision
density is inversely proportional to the energy normalised
with respect to kBT, i.e. yoleT) « 1/eT, whereep =
E/kgT. The rate of attainment of asymptotic values is
determined mainly by the ratio of the masses of the hot
atom and target species and also by the parameters of the
interaction potentials. For elastic isotropic collisions,
the asymptotic value of Y olE) can be used in the region
where E < £igEo. For elastic anisotropic scattering, for
example for potentials of the type U(r) =Ar~Sor U(r) =
A,r=S1 4 A,r~Sz2 the rate of attainment of the asymptotic
value is particularly large for small values of s and «,
i.e. for similar masses of the colliding species. Analyt-
ical criteria of the applicability of ¢ o(E) for arbitrary
potentials are unknown. For individual types of poten-
tials, the results of numerical calculations are available,
showing that, for example, for U(r) = Ar~S with s < 10
and o < 0.8, the asymptotic value of the collision density
is attained already when In(E/Eq)/lna = 1.

When hot species are retarded as a result of elastic
collisions, the distribution functions show a general ten-
dency to increase with decrease of the energy. However,
the detailed variation of the change iny o(E) or ¢ (E) is
determined by the average logarithmic energy losses and
their variation with E. The values of £ijg are constant
over the entire range of energies of the elastic isotropic
collisions. For anisotropic scattering, the values of §

207

may remain constant as E varies, for example when

g(E’, E) < 1/E'&(E, E’), but they can also vary with the
energy. Since small scattering angles predominate in
elastic and anisotropic collisions, it follows that £ig > &
and Yo,is(E) < YolE). The decrease of £ (E) with decrease
of E leads to a weakening-of the dependence of the asymp-
totic values of the distribution functions on the energy.

For example, for U(») = Ar~%, the collision density is
inversely proportional to EB, where 8 =1 — 2/s +
(s—1D7'<1(8=1whens =2, 8 =0.83 whens = 4, etc.).

The asymptotic values of the collision densities and the
equivalent distribution functions depend only slightly on the
initial energy of the hot species if Eo > E. The nature of
this dependence is likewise determined by the parameters
of the interaction potentials., Thus, for U(y) = Ar~S, the
ratio of the asymptotic values of Y (E,E®)/y (E,E)
is proportional to [E® /EGV]S - #S(S =D~ consequently,
for fairly large values of s and in the case of the hard-
core potential, Wo(E) is almost independent of E¢ for
E <« Eo.

In absorbing media, the distribution functions for hot
particles with respect to energy have the same qualitative
features as in inert moderators. They too can have dis-
continuities at E = @¢Eo and can exhibit oscillations in the
vicinity of sources of hot species and intense chemical
absorption zones, which may be regarded as negative
sources. The distribution functions in the reactive sys-
tems likewise have asymptotic solutions in the regions of

© energies remote from the sources or the intense chemical

reaction zones. The values of Y oEo) in absorbing media
also decrease with increase of £. However, those of
YolE) in reactive media take into account the “erosion” of
the hot species from the spectrum by chemical reactions.
The “erosion” has a particularly marked influence on the
region of low energies., For a weak perturbation of the
particle flux (see above), the asymptotic solutions of the
transport equations taking into account the “erosion” have
a form formally identical with that of solutions for inert
moderators: YolE) = ¢(E)/E&(E).

The use of asymptotic distribution functions in the cal-
culation of the probability of chemical reactions does not
lead to major errors. The results are in this case more
accurate the further away is Eo from the energy range of
the reactions. The accuracy of the determination of P in
terms of asymptotic distribution functions increases with
decrease of ¢ and also with decrease of the reactivity of
the components, i.e. with decrease of [fp(E).n(E)dE.

In weakly absorbing systems, g =Sop(E), i.e. it con-
tains the correction factor p(E), characterising the prob-
ability of avoiding capture during the moderation process
until the attainment of the specified energy E. Evidently,
the appearance of the correction factor dependent on E
may alter the variation of the distribution functions with
energy in a chemically reactive medium compared with an
inert medium. Interpretation of the resonance integral
P(F) shows that the overall tendency should be towards the
smoothing out of the dependence of ¥ o(E) on the energy.

Owing to “erosion” as a result of the chemical absorp-
tion of hot species, the flux or density of collisions
increases more slowly with decrease of the energy than
predicted by the 1/E law even for £ = const. This is
shown most clearly by the exact solutions of the transport
equations for o = 0 and for the ratio Zg(E)/SH(E) = ¢
independent of the energy. Under these conditions,

Y(E) o E-C/0* O thus, with increase of the reactivity of
the system owing to the decrease of ¢, the collision den-
sity changes with the energy less markedly. This general
tendency persists for approximate solutions under the
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conditions of appreciably different masses of the colliding
species, when o # 0, regardless of the potential used to
describe the scattering processes and whether or not the
scattering is isotropic or anisotropic. The smoothing out
of the variation of the distribution functions with energy is
characteristic also of the energy range where account
must be taken of the thermal motion of the target species.
In certain specific instances, the asymptotic value of
YoleT) is inversely proportional to e% - The values of
a are proportional to the ratio Zy(E)/Zg(E) and character-
ise the reactivity of the medium. The higher the reactiv-
ity of the material of the target, the larger the value of a
and the correspondingly less marked the dependence of
YoleT) on the energy.

The anisotropy of scattering for values of £ anis depen-
dent on the energy promotes, as in non-absorbing systems,
a further smoothing out of the energy spectrum and a
slower variation with the energy of the asymptotic values
of the distribution functions, Whereas y/(E) « E~¢/(1+ ©
for retardation as a result of elastic isotropic scattering,
we have Y olE) « E-8 for anisotropic scattering and |g] <
ic/(1 +c)l. The softer the potential of the elastic inter-
action, the smaller the value of {3nis and the greater the
number of collisions per unit energy. This leads to an
increase of the overall probability of chemical capture
owing to the large number of collisions for the same
probability of a single collision.

The asymptotic values of the distribution functions in
absorbing systems depend only slightly on the initial
energy of the hot species if £ « Eo. This is evident,
since the values of Y o(E) undistorted by chemical absorp-
tion (in non-absorbing systems) depend only slightly on Eo
and the probability of avoiding capture following retarda-
tion to E is almost independent of Eo when E> < Eo.
Accordingly, the probability of chemical reactions for
E. < Eomay be expected to depend only slightly on Eo.
This conclusion follows from the stochastic definition of
the probability of chemical reactions of hot atoms in terms
of Porter's formulae.

For mixtures of inert moderators, Y oE) « 1/¢E,
where ¢ = ;&figi = Z(Nicsi/Z,NjUsj)gi- The dependence

T ]

of € on the mole fraction of the components determines to
a large extent the nature of the corresponding variation of
the collision densities and probabilities and yields of hot
reactions in binary and more complex systems, The
simplest linear relations, for example between —1/in(1 —
P)and (1 - fp)/fy, describe the yields of chemical reac-
tions in mixtures of the reactive components with inert
moderators. Similar simple relations have been obtained
also for mixtures containing, apart from the moderator,
two reactants with low chemical reaction cross-sections,
for mixtures of the moderator and two strong absorbers
with pypy(E) = const.pry(£), and for mixtures of two reac-
tants. Comparison of the above relations with the experi-
mental data for kinetic analysis made it possible to obtain
much information about the nature of the processes involv-
ing hot atoms.

In conclusions, one should note that the characteristics
of the paramctric relations involving distribution functions
with respect to energy and the probabilities of chemical
reactions, obtained by solving Boltzmann equations, agree
with the results of calculations based on stochastic
schemes,
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