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The influence of radiation on the thermodynamic properties of liquid systems that are governed
by the radiation-induced change in the chemical potentials of the liquid and its components has
been studied. The irradiation of coexisting phases in the stationary state is shown to result in
a shift of the phase transition point parameters. The temperature shift of the first-order phase
transition under the influence of radiation is evaluated with regard for both the entropy and
interaction factors in the chemical potential of the system.
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1. Introduction

In the last decades, a significant number of researches
dealing with the influence of radiation on physical
systems in various aggregate states were carried out
[1–4]. In the majority of corresponding works, their
authors considered the formation of defects in the
crystalline state of a substance [5–7]. At the same
time, the number of works dealing with changes in
the structure and the thermodynamic parameters of
a medium in the liquid state is few [8]. Recently,
there appeared not only researches, where the forma-
tion of radiation-induced defects at the “solid–liquid”
interface was considered [9], but also researches of
the liquid-vapor phase transition [10]. In addition,
the substantial attention was given to a change of
the phase transition temperature in liquids with a
confined geometry (see, e.g., work [11]) and to the
changes in the phase transition evolution in medico-
biological systems [12, 13].

However, the study of modifications in the struc-
ture and the thermodynamic parameters of liquid
systems, as well as the phase equilibrium parame-
ters, under the influence of radiation is a very chal-
lenging problem. In particular, the creation of nu-
clear reactors of the fourth generation [14] requires
the further development of radiation physics of liq-
uids and radiation materials science. A special place
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among nuclear reactors of the new generation is oc-
cupied by molten salt reactors (MSRs). Their fuel
is a radioactive melt, namely, chemical compounds
of a radioactive element (uranium or plutonium)
with fluorine, which are dissolved in a melt of in-
organic salts (Li, Na, KF, and others) [15]. The
interest to MSRs is associated, first of all, with
other physical processes that occur in those in-
stallations. As a consequence, their exploitation re-
quires that qualitatively different constructional ma-
terials should be applied. The melts of fluoride salts
that circulate through the active zone of salt re-
actors are exposed to radiation fluxes of neutrons,
electrons, 𝛾-quanta, and decay debris. The interac-
tion of radiation with atoms in the melt stimulates
a considerable number of various processes, which
gives rise to changes in the physical and physico-
chemical properties of the melt and a modification
of the interaction of radiation with the materials,
of which the solid structural elements of a nuclear
power installation are made. As a result of those pro-
cesses, the parameters of constructional materials and
the conditions of their exploitation can change as
well [16].

Various biological systems are also often sub-
jected to irradiation. The influence of ionizing radi-
ation on live organisms, tissues, cells, etc. has al-
ready been studied for a long period. At the same
time, not enough attention was paid in those re-
searches to the influence of radiation on the liq-
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uids that are contained in biological objects, de-
spite that this influence can be substantial. The
purpose of this work is the study of the influ-
ence of radiation on those thermodynamic proper-
ties of liquids and liquid systems that are governed
by changes in the chemical potentials of the liq-
uid system and its components under the action of
radiation.

2. Radiation-Induced Change
of the First-Order Phase Transition
Temperature

Irradiation of a liquid medium gives rise to an appre-
ciable change in its equilibrium thermodynamic prop-
erties. The thermodynamic properties of the medium
are known to be connected with its structural proper-
ties. Owing to irradiation, the thermodynamic equi-
librium in the liquid becomes violated, and the liquid
structure undergoes a reorganization. The restoration
of the equilibrium structure in a liquid is accompanied
by various relaxation processes; mainly, this is the
structural relaxation. The equilibrium and nonequi-
librium properties of the liquid substantially depend
on the character of these relaxation processes. Howe-
ver, the issue concerning a detailed analysis of the
relaxation processes and the determination of their
contribution to the dynamical values of thermody-
namic parameters remains open [17].

The state of a liquid system under irradiation is
not the equilibrium one, because radiation induces
a permanent deviation from the equilibrium. In the
framework of the approach proposed in work [18], let
us consider the case where a biphasic system (e.g.,
liquid and its saturated vapor), which is in the state
of thermodynamic equilibrium characterized by the
given temperature, pressure, and particle number,
undergoes irradiation by a source with a constant
power. After the time interval of an order of the mean
time between the collisions of structural elements (or
the characteristic interaction time in liquids), the
stochastization of the system takes place, and the dis-
tribution function of the particles over their velocities
acquires an almost stationary form [19]. The further
evolution of the system is exclusively governed by the
time dependences of the temperature, pressure, and
radiation source power, irrespective of the initial dis-
tribution of molecules in the phase space [20, 21]. In
this case, according to the Prigogine theorem about

the stationary state, the system transits into a state
with the entropy production minimum [22]. In the
range of thermodynamical branch stability, using the
hypothesis about the existence of local equilibrium
[23], one may unambiguously introduce local thermo-
dynamical functions and consider phase transitions in
the framework of equilibrium thermodynamics.

In the framework of this approach, let us consider
the influence of irradiation on the evolution of possi-
ble phase transitions of the first kind in liquids. The
temperature 𝑇0 and the pressure 𝑝0 of the correspond-
ing phase transition are determined as solutions of
the equations that describe the required conditions
of phase equilibrium. In particular, in the case of a
one-component liquid, these equations for boiling and
crystallization look like [24]:

𝜇1 (𝑇0, 𝑝0) = 𝜇2 (𝑇0, 𝑝0), (1)

where 𝜇1 (𝑇0, 𝑝0) and 𝜇2 (𝑇0, 𝑝0) are the chemical po-
tentials of a one-component medium in the first and
second phases at the phase transition point character-
ized by the temperature 𝑇0 and the pressure 𝑝0 (the
basic systems).

Let us consider the case where the influence of a
spatially uniform radiation source with a constant
power gives rise to the generation of only one kind
of new quasiparticles (excited molecules) with the
concentration 𝑥𝑖 in the 𝑖-th phase of the system. It
is important to emphasize that, in the framework
of our approach, we do not consider the appearance
of charged particles in the system. Then, the depen-
dence of the chemical potential 𝜇𝑖 (𝑇, 𝑝, 𝑥𝑖) of nonex-
cited molecules in this phase on the concentration 𝑥𝑖

looks like [25]:

𝜇𝑖 (𝑇, 𝑝) = 𝜇𝑖0 (𝑇, 𝑝) + 𝑘𝑇 ln [𝛾𝑖 (𝑇, 𝑝, 𝑥𝑖)𝑥𝑖], (2)

where 𝜇𝑖0 (𝑇, 𝑝) is the chemical potential of the ba-
sic system, and 𝛾𝑖 (𝑇, 𝑝, 𝑥𝑖) the activity coefficient for
the subsystem of nonexcited molecules. The relation
between the radiation source power and the concen-
tration of excited particles was considered in the lit-
erature (see, e.g., works [17, 26]) in detail and is not
analyzed in this paper. Note that expression (2) is
written for the case where quasiparticles of only one
kind are generated under irradiation, but it can be
generalized to more complicated cases.

As was mentioned above, the condition of phase
equilibrium during the phase transition consists in
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the equality of the chemical potentials of substances
in both phases (1). Under the action of radiation, this
relation should be rewritten in the following form:

𝜇10 (𝑇ref , 𝑝) + 𝑘𝑇 ln [𝛾1 (𝑇ref , 𝑝, 𝑥1) (1− 𝑥1)] =

= 𝜇20 (𝑇ref , 𝑝) + 𝑘𝑇 ln [𝛾2 (𝑇ref , 𝑝, 𝑥1) (1− 𝑥2)]. (3)

This equality can be satisfied only if the phase tran-
sition takes place at a new effective temperature 𝑇ref

(in the general case, 𝑇ref ̸= 𝑇0), provided a constant
pressure. It is easy to see that if excited molecules
are available, the curve describing the temperature
dependence of the chemical potential (the Gibbs ther-
modynamic potential) of the liquid becomes shifted
by a value that describes the corresponding change of
the chemical potential.

Since the concentrations of excited molecules are
very low [8], it is evident that the deviation 𝛿𝑇 of the
effective phase transition temperature 𝑇ref from the
basic one 𝑇0 is also small ( |𝛿𝑇 |

𝑇0
≪ 1). Therefore, ex-

panding 𝜇𝑖0 and 𝛾𝑖 in expression (3) in power series of
𝛿𝑇
𝑇0

up to linear terms, we obtain the following expres-
sion for the relative variation of the phase transition
temperature:

𝛿𝑇

𝑇0
= 𝑘𝑇0

[︂
ln

1− 𝑥1

1− 𝑥2
+ ln

𝛾1
𝛾2

]︂
×

×

[︃
𝑞 − 𝑘𝑇0

{︃
ln

1− 𝑥1

1− 𝑥2
+ ln

𝛾1
𝛾2

−

− 𝑘𝑇 2
0

{︃(︂
𝜕

𝜕𝑇
ln 𝛾1

)︂
𝑝,𝑥1

−
(︂

𝜕

𝜕𝑇
ln 𝛾2

)︂
𝑝,𝑥2

}︃}︃]︃−1

. (4)

It is worth to note that expression (4) is valid only far
from the points of continuous phase transformations
[27, 28], where the series for the chemical potential
converges.

In order to calculate 𝛿𝑇
𝑇0

, we have to know the de-
pendence of the activity coefficients 𝛾𝑖 on the pressure
and the concentrations, which are associated with the
features in the equation of system state. The explicit
form of this dependence is taken rather often from the
model of regular solutions or in the form of empiri-
cal Margules, Van Laar, or Scatchard-Hammer equa-
tions. In this work, we confine the consideration to
the cases of a perfect solution, which means the ac-
count for only entropic factors, and a regular solution,
whose model involves both the entropic and energy
contributions.

3. Ideal Solution

Let us consider the case where the solution is ideal. In
many systems, the solution of excited and unex-
cited particles with an arbitrary concentration of
the former can be considered ideal to a high accu-
racy, because the components (excited and unexcited
molecules) are rather similar to one another with re-
spect to the interaction between the molecules, as
well as to their shapes and dimensions [29]. In ad-
dition, the solution can often be regarded ideal at
𝑥𝑖 ≪ 1. In the framework of this model, the contribu-
tion of entropic factors to the thermodynamic poten-
tials at the mixing of unexcited and excited molecules
dominates over the energy ones, so that the latter
can be neglected. In this case, the activity coefficient
is identically equal to unity, and the following ex-
pression is obtained for the relative temperature shift
( 𝛿𝑇𝑇0

)id:(︂
𝛿𝑇

𝑇0

)︂
id

=
𝑘𝑇0 ln

1−𝑥1

1−𝑥2

𝑞 − 𝑘𝑇0 ln
1−𝑥1

1−𝑥2

. (5)

The analysis of this expression demonstrates that,
provided the concentration of excited particles is low,
the dependence of the temperature shift on 𝑥1 or 𝑥2

is linear. At the same time, the sign of 𝛿𝑇 can change
if 𝑥2 is fixed, but the particle concentration in the
other phase, 𝑥1, is varied.

Formula (5) makes it possible to evaluate
( 𝛿𝑇𝑇0

)id. For instance, for liquid argon coexisting with
its saturated vapor at the temperature 𝑇0 = 87.2 K
and the pressure 𝑝0 = 1.01× 105 Pa, 𝛿𝑇 can reach a
value of 0.12 K at 𝑥2 ≈ 0.01. Such concentrations of
excited particles are feasible for micro- and nanosys-
tems [30].

Let us consider the case of the “liquid–vapor” phase
equilibrium. The subscript “2” will be used to de-
note the liquid phase, and subscript “1” the vapor
one. The concentration of excited molecules depends
on the rate of their generation and the rate of their
decay, i.e. on their lifetime. The generation rate for
excited molecules is proportional to the medium den-
sity and the excitation cross-section. In the case of
the “liquid–vapor”phase equilibrium, the density of a
liquid is larger than that of a vapor. However, the
lifetime of vapor molecules in the excited state can
be much longer than that of the excited state of
molecules in the liquid; for example, if it is deter-
mined by the collisions of molecules. Therefore, for a
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one-component medium in a case where the lifetime of
the excited state of vapor molecules does not exceed
the lifetime of excited state of molecules in the liquid,
the relation 𝑥2 > 𝑥1 is satisfied, i.e. the boiling tem-
perature increases. Otherwise, the relation 𝑥2 < 𝑥1

can be obeyed. In this case, the boiling temperature
decreases.

In the case of multicomponent liquid systems, the
excitation cross-sections of particles belonging to dif-
ferent components can be different. Therefore, if par-
ticles with a larger excitation cross-section are mainly
evaporated, the condition 𝑥2 < 𝑥1 can be satisfied,
and the boiling temperature decreases. Note that the
exotic case 𝑇 = 𝑇0 may exist, which is realized under
the evident condition 𝑥2 = 𝑥1.

Now, let us consider the case of the “liquid–solid”
phase equilibrium. The subscript “2” will correspond
to the solid state, and subscript “1” to the liquid
one. The densities of the liquid and solid phases of
the medium, as well as the excitation cross-sections
of molecules in the liquid and solid phases, are al-
most identical. However, the lifetime of the excited
state of molecules in the solid phase, as a rule, is
much shorter than that in the liquid, which is related
to the fact that, due to the existence of the crystal
lattice in a solid, the excitation energy of a molecule
can be rapidly redistributed between other molecules
of the crystal. As a rule, 𝑥2 < 𝑥1, so that the melting
temperature decreases. However, if, because of cer-
tain reasons, the opposite case takes place, the melt-
ing temperature increases. Again, the case 𝑇 = 𝑇0

may exist, which is realized provided the condition
𝑥2 = 𝑥1.

Finally, let us consider the case of the “gas–solid”
phase equilibrium. Now, the subscript “2” will be
used to denote the solid and the subscript “1” the
gas phase. The excitation cross-sections of molecules
in the gas and solid phases of a one-component
medium are almost identical. The density of the solid
phase considerably exceeds that of the gas phase,
but the lifetime of the excited state of molecules in
the solid phase is usually considerably shorter than
that in the gas one. Therefore, for a one-component
medium, various ratios between the numbers of ex-
cited molecules in those phases are possible, depend-
ing on the specific values of the generation and decay
rates for excited molecules in the gas and solid phases.
If 𝑥2 > 𝑥1, the sublimation temperature increases;
otherwise, it decreases.

In the case of multicomponent liquid systems where
the excitation cross-sections of particles in different
components are different, the ratio between the con-
centrations of excited molecules in the gas and solid
phases can be different for different components. This
makes it possible to provide the separation of medium
components by means of the medium sublimation un-
der irradiation.

4. Regular Solution

Let us consider the case of regular solution. The
model of regular solution adequately describes the
thermodynamical behavior of electrolyte solutions,
but it is also applicable to solid solutions of met-
als. The activity coefficient of a regular solution can
be written in the following form [31]:

𝑘𝑇 ln 𝛾𝑖 (𝑇, 𝑝, 𝑥𝑖) =
𝑎(𝑖) (𝑝)

2
𝑥2
𝑖 . (6)

Here, with the help of the thermodynamical perturba-
tion theory, the coefficient 𝑎(𝑖) (𝑝) can be presented as
a combination of integrals Φ𝑖

𝛼𝛽 (𝑇, 𝑝) from the radial
distribution function of the basic system, 𝑔𝑖20 (r, 𝑇, 𝑝)
[32]:

𝑎(𝑖) (𝑝)

𝑘𝑇
= 2Φ𝑖

𝛼𝛽 − Φ𝑖
𝛼𝛼 − Φ𝑖

𝛽𝛽 , (7)

Φ𝑖
𝛼𝛽 = 𝜌0 (𝑝, 𝑇 )

∫︁
⟨𝑉 (𝑝,𝑇,𝑁)⟩0

𝑑r𝑔𝑖20 (r, 𝑇, 𝑝)×

×
[︂
exp

(︂
−𝜙𝛼𝛽 − 𝜙0

𝑘𝑇

)︂
− 1

]︂
, (8)

where 𝜌0 (𝑝, 𝑇 ) is the numerical density of the ba-
sic system, 𝜙𝛼𝛽 the interaction potential between the
particles of the 𝛼-th and 𝛽-th kinds, and 𝜙0 the
interaction potential between particles of the basic
system.

In the case of regular solution, on the basis of for-
mula (4), the following expression can be obtained for
a relative shift of the phase transition temperature:

(︂
𝛿𝑇

𝑇0

)︂
reg

=
ln 1−𝑥1

1−𝑥2
+

𝑎(1)𝑥2
1

2𝑘𝑇0
− 𝑎(2)𝑥2

2

2𝑘𝑇0

𝑞
𝑘𝑇0

− ln 1−𝑥1

1−𝑥2

=

=

(︂
𝛿𝑇

𝑇0

)︂
id

+
𝑎(1)𝑥2

1

2 − 𝑎(2)

2 𝑥2
2

𝑞 − 𝑘𝑇0 ln
1−𝑥1

1−𝑥2

. (9)
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Hence, this quantity is divided into two terms. The
first term is associated only with entropic effects,
i.e. with the appearance of new particles in the so-
lution that differ from the basic particles in any, even
non-force, characteristics. The second term is con-
nected with a modification of the interaction poten-
tial between excited particles. At low concentrations
of excited particles, the first term in this parameter is
linear, whereas the second is quadratic, which gives
rise to the smaller influence of the latter on a shift of
the phase transition temperature.

In order to evaluate the contribution of energy
factors to a shift of the phase transition tempera-
ture according to expressions (7)–(9), we have to
know, in addition to the thermal equation of state
for the basic system, its radial distribution func-
tion 𝑔𝑖20 (r, 𝑇, 𝑝), as well as the potentials of pair
interactions “excited particle–excited particle” and
“excited particle–unexcited particle”. The radial dis-
tribution function of argon atoms was found, by
using the numerical simulation in the framework
of a canonical ensemble and applying the molec-
ular dynamics methods. This procedure was de-
scribed in work [33] in detail. The molecular dy-
namics method was realized with the help of the
modified software package DL POLY 4.05 [34]. The
time step was selected to equal 1 fs. The cu-
bic cell contained 216 interacting particles. Periodic
boundary conditions were imposed. The volume of
a unit cell in the examined system was calculated
in accordance with experimental values obtained
for the solution density at the required tempera-
ture. The molecule-to-molecule interaction was de-
scribed using the Lennard-Jones interactomic poten-
tial [35].

For illustration, the radial distribution functions
of argon atoms at two temperatures are depicted in
Figure. The results were obtained with the use of the
molecular dynamics methods. They allow us to de-
termine that, in the case of argon at the temperature
𝑇0 = 87.2 K and the pressure 𝑝0 = 1.01× 105 Pa, the
temperature shift of the “liquid–vapor” phase transi-
tion amounts to (𝛿𝑇 )𝑟𝑒𝑔 ≈ 0.11 K at 𝑥1 ≈ 10−7 (gas)
and 𝑥2 ≈ 0.01 (liquid).

The calculation results obtained for the temper-
ature shift of the first-order phase transition under
irradiation testify that, in the framework of the pro-
posed approach, the entropic contributions to this
quantity play a dominant role. At the same time, the

Radial distribution functions for argon atoms at the pressure
𝑝0 = 1.01× 105 Pa and temperatures of 83 (solid curve 1 ) and
87 K (dashed curve 2 )

account for the energy contributions (the regular so-
lution) gives rise to only an insignificant temperature
shift of the phase transition in the system.

5. Conclusions

The action of radiation on a liquid system gives rise
to an increase of the configurational entropy of the
system. As a result, the chemical potentials of the
components of a system change, which gives rise,
in turn, to the temperature shift of the first-order
phase transitions. Depending on the medium prop-
erties in various phases (density, scattering and ex-
citation cross-sections, lifetime of excited molecules,
and so on) and on the radiation parameters (radi-
ation type, spectrum, flux, and fluence), the phase
transition temperature may become shifted at a con-
stant pressure. The entropic contributions to changes
of the thermodynamical potentials under the irradi-
ation play a dominant role in the shift of the phase
transition temperature in the system. At the same
time, the account for the energy contributions (the
nonideality of a solution) leads to only an insignifi-
cant shift of this temperature. The magnitudes and
the signs of corresponding changes are determined by
the concentrations of excited molecules in the coex-
isting phases.
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Influence of Radiation
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К.В.Тарадiй, Н.О.Атамась, В.М.Сисоєв

ВПЛИВ РАДIАЦIЙНОГО
ОПРОМIНЕННЯ НА ТЕМПЕРАТУРУ
ФАЗОВИХ ПЕРЕХОДIВ В РIДИНАХ

Р е з ю м е

Дослiджено вплив радiацiйного опромiнення на термодина-
мiчнi властивостi рiдинних систем, якi визначаються змi-

ною хiмiчного потенцiалу рiдини та її компонентiв пiд дi-
єю випромiнювання. Показано, що радiацiйне опромiнен-
ня спiвiснуючих фаз в стацiонарному станi приводить до
зсуву параметрiв точок фазових переходiв. Визначено змi-
ну температури фазових переходiв першого роду пiд дiєю
радiацiйного опромiнення шляхом врахування як ентропiй-
ного, так i енергетичного фактора в хiмiчному потенцiалi
системи.

ISSN 0372-400X. Укр. фiз. журн. 2016. Т. 61, № 9 831


