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Abstract
Full Text
PHYSICAL CHEMISTRY
Yu. L. KHAIT

ON THE STATISTICAL THEORY OF RADIATION-
CHEMICAL REACTIONS IN CONDENSED
BODIES
(Presented by Academician A. V. Topchiev, 10 V 1960)

It is known that radiation-chemical reactions consist of a number of successive
stages (formation of ions, free radicals, etc.). Some stages of these reactions are
elementary acts of activation processes, in each of which work 𝐸′ is performed
that exceeds certain threshold values 𝐸 ≫ 𝑘𝑇 (𝑘 is Boltzmann’s constant, 𝑇
is the mean temperature of the system). Under the influence of radiation the
reaction rates increase, which cannot be explained by an increase in the mean
temperature 𝑇 caused by irradiation (1−3). Attempts to explain this fact by
means of the theory of absolute reaction rates, which does not take into account
the collective character of the motion of particles of a condensed body, encounter
serious difficulties. In (4) a method was proposed for calculating the rates of
activation processes in condensed bodies that statistically takes into account
the collective character of the motion of their particles (without resorting to
mechanics).

Below this method is generalized so as to include in the consideration the action
of ionizing radiations. Let us first consider a homogeneous equilibrium system
with volume 𝑉 and energy 𝐸0. Divide it into 𝑁 = 𝑉 /𝑙3 regions 𝜇𝑝 with mean
volume 𝑙3 (𝑝 = 1, 2, … , 𝑁), under the condition that 𝑉 1/3 ≫ 𝑙 ≫ ℏ𝑣/𝑘𝑇 = 𝜆
(10), where 𝑣 is the mean rate of energy transfer in the system by the particles
(quasiparticles) responsible for the process under consideration. The set 𝑀 of
possible values of the energy 𝑈𝑝 of each region 𝜇𝑝 is continuous. We describe
the random changes of 𝑈 (and of the internal parameters 𝑓𝑝) by local random
functions 𝑈𝑝(𝑡, 𝛽) (and 𝑓𝑝(𝑡, 𝛽)), where 𝑡 is time, 𝛽 is the number of the realiza-
tion 𝑈 (𝛽)(𝑡) of the process 𝑈𝑝(𝑡, 𝛽) (5,6). It is usually assumed that the states
of an equilibrium system form a homogeneous Markov process possessing the
ergodic property, while the fluctuations are described by a Gaussian distribu-
tion (7). In accordance with this, let us assume that the 𝑁 processes 𝑈𝑝(𝑡, 𝛽)
(or 𝑓𝑝(𝑡, 𝛽)) form an 𝑁 -dimensional stationary normal ergodic random vector
function U(𝑡, 𝛽) (or f(𝑡, 𝛽)) (6), differentiable everywhere except for a finite set
of points. For stationary processes the distributions for 𝑈𝑝(𝑡, 𝛽) and ̇𝑈𝑝(𝑡) are
independent (8,9). Therefore 𝜎2 = [ ̇𝑈𝑝(𝑡)]2 does not depend on the values of
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𝑈𝑝(𝑡, 𝛽) and is equal to 𝜎 = 𝜔0𝛼 (8,9), where 𝛼2 = (𝑈(𝑡, 𝛽) − ̄𝑈)2; 𝜔0 is a
quantity with the dimension of frequency, depending on 𝑙, and the bar denotes
averaging. The mean change Δ𝑈(𝜏) of the energy 𝑈 over the time 𝜏 is equal to
Δ𝑈(𝜏) ≃ 𝜎𝜏 = 𝜔0𝛼𝜏 (6,8). Choose 𝑙 in such a way that the conditions

Δ𝑈(𝜏) < 𝐸 ≪ ̄𝑈0, (1)

are satisfied, where ̄𝑈0 = 𝑛𝑘𝑇 ; 𝑛 = 𝛾𝑙3/𝑑3; 𝛾 is the number of degrees of freedom
in the volume 𝑑3 falling to one particle. The dependence 𝜔0(𝑙) is not known in
general form. Therefore we shall use the uncertainty relation Δ𝑈(𝜏) 𝜏 ≳ ℏ and,
with the aid of (1), find

𝑙2 ≲ 𝑑2 𝐸
𝑘𝑇

𝑑
𝜆𝛾 ; 𝑙3 ≫ 𝐸

𝑘𝑇 𝛾 𝑑3; ( 𝐸
𝛾𝑘𝑇 )

1/2
≫ (𝜆

𝑑 )
3/2

; 𝜆 = ℏ𝑣
𝑘𝑇 . (2)

The regions 𝜇𝜌, bounded by conditions (1) and (2), are closed with sufficient
accuracy over the intervals 𝜏 .
Let us divide the observation time into nonoverlapping intervals 𝜏𝑠 = 𝜏 (𝑠 =
1, 2, …). To each 𝜏𝑠 we assign 𝑁 infinitely differentiable functions {𝛿𝜌(𝜏𝑠, 𝑡)},
equal to zero outside the intervals 𝜏𝑠 and normalized by the conditions

∫
∞

−∞
𝛿𝜌(𝜏𝑠, 𝑡) 𝑑𝑡 = 1.

With their aid we construct generalized random processes (11)

𝑈𝜌(𝜏𝑠, 𝛽) = ∫
∞

−∞
𝛿(𝜏𝑠, 𝑡)𝑈𝜌(𝑡, 𝛽) 𝑑𝑡 = ̂𝛿𝜌(𝜏𝑠)𝑈𝜌(𝑡, 𝛽),

which we regard as the action of the operator ̂𝛿𝜌(𝜏𝑠) on the argument 𝑡. We
introduce an operator 𝑅̂, acting on the variable 𝛽, which we define by the
formula 𝑅̂𝑈𝜌(𝑡, 𝛽) = 𝑈 (𝛽)

𝜌 (𝑡), and moreover 𝑅̂ ̂𝛿𝜌(𝜏𝑠) − ̂𝛿(𝜏𝑠)𝑅̂ = 0, since the
two operators act in different spaces. We divide the set 𝑀 into nonoverlapping
intervals Δ𝑟 ≃ Δ𝑈(𝜏) (𝑟 = 1, 2, …). During each 𝜏𝑠 the values 𝑈 = 𝑈𝜏 lie on
average in some interval Δ𝑟 and are equal to

𝑈𝜏 ≃ 𝑈 (𝛽)
𝜌 (𝜏𝑠) = ̂𝛿𝜌(𝜏𝑠)𝑅̂𝑈𝜌(𝑡, 𝛽).

Using the concept of a generalized vector function (12) and the quasi-closedness
of the regions 𝜇𝜌, we write the law of conservation of energy

̂𝛿(𝜏𝑠)𝑅̂𝑈(𝑡, 𝛽) = ∑
𝜌

𝑈 (𝛽)
𝜌 (𝜏𝑠) = 𝐸0,
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where ̂𝛿(𝜏𝑠) is a vector operator with components ̂𝛿𝜌(𝜏𝑠). The state of the system
during the interval 𝜏𝑠 can be determined by specifying the occupation numbers
𝑏𝑟 of the intervals Δ𝑟, whose mean values 𝑏̄𝑟 can be found (without considering
the mutual correlations of the regions 𝜇𝜌) by the methods set forth in work (13).
On the other hand, the state of the system represents a homogeneous random
Gaussian field (6), defined on the three-dimensional set of regions 𝜇𝜌, which
corresponds to considering the fluctuations as functions of the coordinates (7),
while 𝑈(𝑡, 𝛽) describes the evolution of these states in time.

Let us consider a nonequilibrium system in which a thermal activation process is
possible, but other processes are absent. Noticeable changes in the mean values
𝑈𝜌(𝑡, 𝛽) occur over intervals Δ𝑡 > 1/𝑤, where 𝑤 is the probability, referred to
unit time, of an elementary act in the region 𝜇𝜌. Therefore, during small time
intervals the quantity 𝑈(𝑡) is a linear function of time, and such a system can
be described by means of a random process with stationary increments (6,11),
which over intervals of order 1/𝑤 may be regarded as stationary, and to which the
description given above may be applied. The energy 𝑈𝜏 is randomly distributed
among 𝑛 degrees of freedom of the region 𝜇𝜌, to which there corresponds some
distribution function and entropy 𝑆(𝑈𝜏). There exists a conditional probability
𝑤(𝐸/𝑈𝜏)𝜏𝑠 that, during the time 𝜏𝑠, an energy 𝐸′ ≥ 𝐸 will be concentrated on
particular degrees of freedom (entropy 𝑆(𝑈𝜏 − 𝐸)) owing to a noticeable change
in the state of the remaining degrees of freedom of the region 𝜇𝜌 (an act of a
discontinuous random process (5)).* This probability is determined through the
statistical weights of the corresponding states (4)

𝑤 ( 𝐸
𝑈𝜏

) ≃ 𝑘𝑇 (𝑈𝜏 − 𝐸)
ℏ exp{𝑆(𝑈𝜏 − 𝐸) − 𝑆(𝑈𝜏)

𝑘 } . (3)

A similar result can be obtained for each 𝜏𝑠 and 𝑈𝜏 , while 𝑤 is found by averaging
𝑤(𝐸/𝑈𝜏) over time, which, by virtue of the ergodicity of the processes 𝑈𝜌(𝑡, 𝛽),
is replaced by averaging over probability

* We note that from (2) there follow the inequalities 𝜏 ≪ 𝑡0 ≪ 1/𝑤, which make
it possible to describe the processes 𝑈𝜌(𝑡, 𝛽) by means of a discrete set of values
(17), and also to neglect correlations between elementary acts in one region and
in different regions 𝜇𝜌 (𝑡0 is the “radius”of autocorrelation).

𝑤(𝑈) 𝑑𝑈 (normal distribution). Such an approach makes it possible to find
the rates of processes under thermal excitation of the regions 𝜇𝑝 (4, 15)*. We
shall now take into account the influence of ionizing radiation. Suppose that a
particle with energy 𝜀0 ≫ 𝐸 and velocity 𝑣0 enters the system. Let us assume
that its interaction with the body leads to the release of energy Δ𝐸 in a volume
𝑄 and that the occurrence of particular elementary acts with threshold energy
𝐸 in the volume 𝑄 is determined by the statistical weights of the states of
this volume, expressed through its entropy. This assumption would be a good
approximation if the volume 𝑄 had many degrees of freedom and equilibrium in
it were established before its interaction with the remaining parts of the system
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became appreciable**. We restrict the volume 𝑄 by conditions analogous to
(1), but taking into account the action of the radiation:

Δ𝑈𝑗(𝜏𝑗) < 𝐸 < 𝑈0 + Δ𝐸; 𝑈0 + Δ𝐸
𝑚 = 𝑎𝐸, 0 < 𝑎 ≶ 1, (4)

where 𝑚 = 𝛾𝑄/𝑑3. Thermal excitations in the regions 𝑄 are considered in the
same way as in the subsystems 𝜇𝑝. The last of inequalities (4) follows from the
fact that the concentration of products of the activation process in the volume 𝑄
may be regarded as quasistationary when the energy of motion in individual de-
grees of freedom becomes less than the threshold energy 𝐸. Even if equilibrium
is established incompletely, one should expect that the statistical description
will give an upper bound for the number of elementary acts performed.

Let us consider a set of volumes 𝑄 which are simultaneously subjected to ex-
citation by ionizing particles, and consider the state of statistical equilibrium
between direct and reverse acts. With the aid of the principle of detailed bal-
ance, in the same way as was done in (4) for thermal excitations of the regions
𝜇𝑝, we obtain the formula

𝑤( 𝐸
𝑈𝑓

) = 𝑞 𝑘𝑇
ℏ (𝑈𝑓 − 𝐸) exp{𝑆(𝑈𝑓 − 𝐸) − 𝑆(𝑈𝑓)

𝑘 } , (5)

analogous to (3), for the conditional probability per unit time 𝑤(𝐸/𝑈𝑓) of the
formation in the volume 𝑄𝑓 of an excitation 𝐸′ ≥ 𝐸 which leads to the reaction
of interest. In contrast to (3), in formula (5) the quantity 𝑈𝑓 = 𝑈𝜏 + Δ𝐸 is the
total energy of the degrees of freedom considered in the volume 𝑄𝑓 ; 𝑈 is their
energy at the moment when the ionizing particle enters the volume 𝑄𝑓 . The
desired mean probability 𝑤𝑟 (per unit time) of the occurrence of a single act
in the region 𝑄 is found by averaging the quantity 𝑤(𝐸/𝑈𝑓) over all possible
values of 𝑈𝑓 according to the formula

𝑤𝑟 = 1
𝑏 ∬ 𝑤(𝑈𝑓) 𝑤( 𝐸

𝑈𝑓
) 𝜏𝑗 𝑑𝑈 𝑑(Δ𝐸), (6)

where 𝑤(𝑈𝑓) 𝑑𝑈 𝑑(Δ𝐸) = 𝑤(𝑈)𝑝(Δ𝐸) 𝑑𝑈 𝑑(Δ𝐸) is the probability (per unit
time) of the concurrence of two independent events: 1) that, at the moment
when the ionizing particle enters the volume 𝑄, its energy is equal to 𝑈 ; 2) that
the ionizing particle will give the energy Δ𝐸 to the volume 𝑄. The probability
of the latter event is

𝑝(Δ𝐸) = ∫ 𝜑(𝜀0) 𝑝(𝜀0, Δ𝐸) 𝑑𝜀0 = 𝑗 ∫ 𝜑(𝜀0) Σ(𝜀0, Δ𝐸) 𝑑𝜀0 = 𝑗Σ(Δ𝐸), (7)
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where 𝑗 is the flux density of ionizing particles incident on the volume 𝑄𝑓 ; 𝜑(𝜀0)
is the energy distribution function in this flux; 𝑝(𝜀0, Δ𝐸) is the probability (per
unit time) that a particle with energy 𝜀0 will give to the volume

* If degrees of freedom of different types contribute to each elementary act, these
contributions should be considered as joint random events, considering partial
entropies, etc. When the temperature and other conditions change, the role of
these contributions changes.

** The situation here is in a certain sense analogous to that in the statistical
theory of multiple meson production (18).

𝑄𝑓 the energy Δ𝐸, and Σ(𝜀0, Δ𝐸) = 𝑝(𝜀0, Δ𝐸)/𝑗 is the cross section of this
process. Taking into account that 𝑤(𝑈) is a normal distribution, and using the
method also applied in (15), we expand 𝑆(𝑈𝑓 − 𝐸) in powers of 𝐸 and integrate
over 𝑑𝑈 , obtaining, with the aid of (5) and (6), the relation

𝑤𝑟 ≈ 𝑗𝑞𝑘𝜏𝑗
𝑏ℏ ∫ Σ(Δ𝐸) 𝑇 (𝑈𝑓) exp{ 𝐸2

2𝛼2 } exp{− 𝐸
𝑘𝑇𝑒𝑓

} 𝑑(Δ𝐸), (8)

where 𝑐 is the heat capacity of the degrees of freedom under consideration in
the volume 𝑄, and 𝑇𝑒𝑓 ≈ 𝑇 +Δ𝐸/𝑐. It follows from (8) that the probabilities of
elementary acts are determined not by the mean temperature 𝑇 , but by the local
temporary temperature 𝑇𝑒𝑓 > 𝑇 of the regions 𝑄. For not too small Δ𝐸 and
small 𝑐, the“addition”Δ𝑇 = Δ𝐸/𝑐 may prove large. In particular, a substantial
lowering of 𝑇 leads to a not very strong slowing of radiation-chemical reactions,
since in this case 𝑐 is small, while Δ𝑇 ≈ Δ𝐸/𝑐, and therefore 𝑇𝑒𝑓 will not be
small. If (Δ𝐸/𝑐𝑇 )2 ≪ 1, then (8) may be rewritten in the form

𝑤𝑟 = 𝑗𝜏𝑗𝑞𝑘
𝑏ℏ ∫ Σ(Δ𝐸) 𝑇 (𝑈𝑓) exp{ 𝐸2

2𝛼2 } exp{𝐸Δ𝐸
𝑘𝑇 2𝑐 } exp{− 𝐸

𝑘𝑇 } 𝑑(Δ𝐸).
(9)

It follows from (8) and (9) that an increase in 𝐸 may cause an increase in the
rates of radiation-chemical processes or, at any rate, relatively small decreases
in them. In the calculation it was assumed that Δ𝐸 ≪ 𝑈 and Σ(𝜀0, Δ𝐸)𝜏𝑖𝑗 ≪ 1.
To obtain the total number of elementary acts, one should sum the quantity 𝑤𝑟
over all volumes 𝑄 that were simultaneously subjected to radiation excitation,
and then sum the result over time. The values of the quantities Δ𝐸, 𝑙, and 𝑄
must be found from experiment.*

In conclusion, I express my sincere gratitude to L. S. Polak, and also to Yu.
S. Lazurkin, for discussion of the work and critical comments, and to A. Ya.
Temkin and M. A. Mokulskii for useful discussions.
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* Let us note that at a distance 𝑟 from the trajectory of a charged particle the
spectrum of the field contains mainly frequencies 𝜈 ∼ 𝑣0/𝑟 (16). Therefore,
at distances 𝑟 ≲ 𝑣0ℎ/𝐸, frequencies 𝜈 > 𝐸/ℎ, capable of causing excitation
𝐸′ ≥ 𝐸, make an appreciable contribution to the spectrum.

Note: Figure translations are in progress. See original paper for figures.

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the
original.
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