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INFLUENCE OF RADIATION ON THE PHASE
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TRANSITION TEMPERATURE IN LIQUIDS

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 sys-
tems, as well as the phase equilibrium parameters,
under the influence of radiation is a very challenging
problem. In particular, the creation of nuclear reac-
tors of the fourth generation [14] requires the further
development of radiation physics of liquids and ra-
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diation materials science. A special place among nu-
clear reactors of the new generation is occupied by
molten salt reactors (MSRs). Their fuel is a radioac-
tive melt, namely, chemical compounds of a radioac-
tive element (uranium or plutonium) with fluorine,
which are dissolved in a melt of inorganic salts (Li,
Na, KF, and others) [15]. The interest to MSRs is
associated, first of all, with other physical processes
that occur in those installations. As a consequence,
their exploitation requires that qualitatively differ-
ent constructional materials should be applied. The
melts of fluoride salts that circulate through the ac-
tive zone of salt reactors are exposed to radiation
fluxes of neutrons, electrons, y-quanta, and decay de-
bris. The interaction of radiation with atoms in the
melt stimulates a considerable number of various pro-
cesses, which gives rise to changes in the physical and
physico-chemical properties of the melt and a modi-
fication of the interaction of radiation with the mate-
rials, of which the solid structural elements of a nu-
clear power installation are made. As a result of those
processes, the parameters of constructional materials
and the conditions of their exploitation can change as
well [16].

Various biological systems are also often subjected
to irradiation. The influence of ionizing radiation on
live organisms, tissues, cells, etc. has already been
studied for a long period. At the same time, not
enough attention was paid in those researches to the
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influence of radiation on the liquids that are contained
in biological objects, despite that this influence can
be substantial. The purpose of this work is the study
of the influence of radiation on those thermodynamic
properties of liquids and liquid systems that are gov-
erned by changes in the chemical potentials of the
liquid 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
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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 Ty and the pressure pg 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]:

1 (To, po) = 2 (To, po)s (1)

where w1 (To,po) and usg (To, po) 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 T and the pressure py (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 z; in the ¢-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 u; (T, p, ;) of nonex-
cited molecules in this phase on the concentration z;
looks like [25]:

i (T,p) = Mio0 (T,p) + kT In hi (T,p, xi) xi]7 (2)

where ;0 (T, p) is the chemical potential of the ba-
sic system, and v; (T, p, x;) the activity coeflicient 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:

H10 (Trefap) + kT In h/l (Trefap7z1) (1 - ‘Tl)] =

= M20 (Trcfvp) + kT In [72 (Trcfvpa xl) (1 - ‘:UQ)] (3)

This equality can be satisfied only if the phase tran-
sition takes place at a new effective temperature Tr.of
(in the general case, Tier # Tp), 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 07T of the
effective phase transition temperature T, from the
basic one Tp is also small (% < 1). Therefore, ex-
panding p;0 and ; in expression (3) in power series of
‘% up to linear terms, we obtain the following expres-
sion for the relative variation of the phase transition
temperature:

T 1-—

T _vr, [m 11 —&—ln%} x

To — I3 V2
1—

X |q— KkTp<In m1—|—lnﬂ—
1— 22 V2

—kTE {(8‘?[ In 71)%“ - (;T In 72)13@2}}1 _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 (ST—:, we have to know the de-
pendence of the activity coefficients 7; 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.
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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
x; < 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

(% )ia:
5T ETpln 1=2

(%)= i es 6)
TO id q— ]{IT() lIl 1_i;

The analysis of this expression demonstrates that,
provided the concentration of excited particles is low,
the dependence of the temperature shift on x; or xo
is linear. At the same time, the sign of 67" can change
if xo is fixed, but the particle concentration in the
other phase, x1, is varied.

Formula (5) makes it possible to evaluate
(‘%)id. For instance, for liquid argon coexisting with
its saturated vapor at the temperature Ty = 87.2 K
and the pressure py = 1.01 x 10° Pa, 07 can reach a
value of 0.12 K at x5 ~ 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 xo > x is satisfied, i.e. the boiling tem-
perature increases. Otherwise, the relation o < x
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 x5 < x1 can be satisfied,
and the boiling temperature decreases. Note that the
exotic case T' = T may exist, which is realized under
the evident condition xo = x7.

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, zo < 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 = Ty
may exist, which is realized provided the condition
To = 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 29 > z1, the sublimation temperature increases;
otherwise, it decreases.
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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]:

a (p)
2

Here, with the help of the thermodynamical perturba-
tion theory, the coefficient a(¥) (p) can be presented as
a combination of integrals (I)fx,@ (T, p) from the radial

distribution function of the basic system, gi, (v, T, p)
[32]:

(1) ( ) ) )
a p) 1 3 3
ET = 2@0{5 - (I)aa — EFBB (7)
@l =po(p,T) drgs (r,T,p) x
(V(p,T,N))o

« [exp (_ Pos %0 *00) _ 1} (8)

where pg (p,T) is the numerical density of the ba-
sic system, ¢, the interaction potential between the
particles of the a-th and S-th kinds, and ¢g 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:

(1),.2 (2),..2
1—xz4 a’z]  amy
(‘5T> 5 T,
= RN =
TO reg kTo In 11—z
(1) ,.2 (2)
azy g 2
_ (T +—Z 2% 9)
TO id q— kT() lnﬁ
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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 gi, (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
Ty = 87.2 K and the pressure pg = 1.01 x 10° Pa, the
temperature shift of the “liquid—vapor” phase transi-
tion amounts to (67'),,, ~ 0.11 K at 21 ~ 1077 (gas)
and z2 ~ 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
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Radial distribution functions for argon atoms at the pressure
po = 1.01 x 10° 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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BIIJIUB PAIIAIIIMHOT'O
OITPOMIHEHHS HA TEMIIEPATYPY
OA30BUX ITEPEXO/IB B PIZINHAX

Pezowme

JociizkeHo BIIMB paiaiiiiHOro onpoMiHeHHs Ha TEPMOJUHA~
MidHI BJIACTUBOCTI PiJMHHUX CHUCTEM, sIKi BU3HAYAIOTHCS 3Mi-
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HOIO XiMiYHOrO moTeHIjiagy piguHu Ta 1T KOMIOHEHTIB mix i-
€0 BunpomiHooBanHsi. [lokasano, mo pagianiiine onpomiHeH-
Hs choiBicHyro4ux ¢a3 B CTAI[iOHADHOMY CTaHi IPUBOJIUTH 0
3CyBY IapaMeTpiB TOYOK (pa30BHUX Iepexo/iiB. BusnauyeHno 3mi-
Hy Temueparypu ($pasoBUX HNEPEXOIIB MEPIIOro POy i i€
paianiifHOro OIIPOMiHEHHSI HIJISIXOM BPaxXyBaHHHA SIK €HTPOII-
HOTO, TaK 1 eHepreTuvYHOro ¢pakropa B XIMIYHOMY MOTEHIHaJIl
CHCTEMH.
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