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A physical model is formulated for the motion of liquid inclusions in a crystal in the field of forces caused by the presence of radiation point
defects. The model is based on a statistical approach to the processes of induced transitions of structural elements of a crystalline matrix at
the interfacial boundary with its solution. From the energy principle, an analytical dependence of the velocity of a spherical azimuthally
symmetric inclusion on its size is obtained, considering the threshold nature of the motion. It is shown that the theoretical dependence
correlates well with experimental results obtained for inclusions of aqueous saturated solution in potassium chloride crystals irradiated by
high-energy electrons. The proposed model of the radiation-induced motion of a liquid inclusion is dynamic and allows us to interpret the
nature of inclusion velocity changes in the crystal over time to determine the characteristic energy parameters of point defects.
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The problem of radiation defect formation remains one of the most important topics in radiation damage physics
and radiation materials science. Understanding the mechanisms of radiation defect formation in solids is necessary to
increase the resistance of materials used in power generation or radioactive material storage, and to develop new
materials (including nanostructured materials) with special properties that cannot be achieved by conventional synthesis
methods (see [1] and references therein).

The problem of radiation defect formation also remains relevant for further improvement of technologies and
methods for increasing the radiation resistance of semiconductor materials for various critical applications [2, 3],
including the creation of X/y-ray detectors (see [4, 5] and references in them).

At the same time, the problem of radiation defect formation has not been solved even for the simplest in-structure
alkali halide crystals [6]. Although for more than a hundred years, alkali halide crystals, ionic systems with a simple
electronic and crystal structure, have been model objects for studying radiation damage in materials caused by various
types of radiation. It is known that irradiation of alkali metal halide crystals can produce Frenkel defect pairs in both the
anionic and cationic sublattices. However, particular shockless formation mechanisms of Frenkel cation pairs
(associated with the decay of various electronic excitations) remain unclear even today.

For many decades, alkali halide crystals have been topical objects not only for fundamental research but also for
various applications. Optical media for recording and storing information, laser media, near-infrared light filters,
thermoluminescent dosimeters, etc., have been proposed on their basis. [7]. One application of lithium fluoride, for
example, is its use in the biological shielding of neutron-powered nuclear reactors. There are prospects for using lithium
as an active element in thermonuclear fusion.

Our interest in the problem of the radiation defects formation and their subsequent dynamics during the thermal
activation of alkali halide crystals in the medium temperature range (~300-600 K) is primarily due to the previously
discovered effects of mass transfer on singular crystal faces modified by electron irradiation in vacuum [8] and in the
process spontaneous migration of saturated solution inclusions in electron-irradiated water-soluble crystals (see [9] and
references therein).

Study of surface mass transfer processes leading to elementary steps bunching is topical due to the need to obtain
substrates for the production of low-dimensional structures (see [10—12] and references therein). And a study of motion
and transformation of the shape of saturated solution inclusions in water-soluble crystals in the field of thermodynamic
driving forces of various nature is of interest, in particular, for elucidating the mechanisms of crystallization under
terrestrial conditions that exclude convective heat and mass transfer, which negatively affects the perfection of obtained
crystals (see [13, 14] and references therein).

The purpose of this work is to construct a physical model of the motion of liquid inclusions in a crystal in the field
of forces caused by the inhomogeneous distribution of radiation-induced point defects. As was shown earlier (see [9]
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and references therein), the presence of such thermodynamic nonequilibrium defects at a certain difference in their
concentration can cause a chaotic inclusion motion at room temperatures under isothermal conditions. The presence of a
dynamic model that adequately interprets the experimental data (including the time dependence of the inclusion
velocity) may allow a better understanding of the radiation defect formation processes in alkali halide crystals.

PROBLEM STATEMENT
One of the experimentally detected features of the radiation-induced motion of liquid inclusions in crystals is the
conservation of a rounded shape close to the equilibrium shape during their motion (see [9] and references therein).
Let us consider the case when the inclusion in the matrix has a spherical shape with a radius R, (see Fig. 1). To
describe such an inclusion shape, a spherical coordinate system is introduced:

x =rsin(0) cos(p), y =rsin(@) sin(p), z =rcos(h), )

where r=+/x"+)*+2%,cos(0)=zr", tg(@) = yx", 0<r<e,0<<7,0<p<2r.

For an azimuthal-symmetric inclusion, all unknown quantities do not depend on the angle ¢, therefore one can
assume @ = 0 anywhere. Variables r and 6 remain independent. The gradient of inhomogeneity in the radiation
defects density p(#) (see Fig. 1) is directed at a polar angle 8 = 0. Thus, on opposite hemispheres of the

inclusion, the radiation defect density differs by a small amount pzp_pl ~ ((Zﬁo)ﬁ) << 1, that is, the following

2

inequality can be considered valid:

P2= P ((ﬁo)V)pz << 1.
P2 P2

On the other hand, one assumes that the density of defects is so high that the distance between them is small
compared to the size of the inclusion in the direction of the crystal inhomogeneity. This condition is equivalent
to inequality Roi/ﬁ >> 1, where p = Wy 12x fOR f:p(?)rzdr sin 8 d@ is the average density of radiation defects
in the crystal volume with radius R >> R,.

Thus, to consider the macroscopic inclusion motion along the direction of radiation defect inhomogeneous
distribution, the conditions have the following form:

Rop2

IR -1
(i/ﬁ)_1 << R, << <M> . 2)

Figure 1 shows a schematic diagram of the inclusion in a crystal.

Figure. 1. Location diagram of a spherical azimuthally symmetric inclusion in a crystalline matrix.

The velocity of the spherical inclusion is assumed to be VO. To simplify the calculations, let us move to the
reference frame where the inclusion is at rest. Then the velocities of the crystal matrix and the radiation defects are

given in the form ﬁ(R) =V(R) - VO, |I70| > |I7(R)|, where I7(R) = I7(R0 + (R —Ry)I(R — RO)) is the velocity of
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the spherical inclusion of radius R, V(R,) = V, is the inclusion velocity corresponding to the inclusion size threshold
value Ry, at which U = 0. Here 9(x) is a unit function of the form 9(x < 0) = 0; 9(x = 0) = 1.

Thus, in the chosen reference frame, the crystal matrix with radiation defects either is at rest at R < R, or moves
in the negative axis 6 direction (8 = ) when the inclusion size is larger than the critical: R > R,,.

In the new frame of reference the crystal matrix moves with a velocity ﬁ(RO) = (UT(RO); Ug (RO)), where
U,(Ry) = Uy = U(Ry)E,, Up(Ry) = Ugy = U(Ry)&g, &,,8, are unit vectors along the radial # and polar 6 axes,
respectively.

The inclusion in the crystal contains a solvent that facilitates stress relaxation in the crystal due to
accelerated diffusion and transfer of the matrix material in the solvent from the front hemisphere to the back. At
that, the experimental fact of the inclusion motion without a significant change in its shape indicates the
transition of matrix atoms into solution from the front inclusion surface, and an equal to it deposition of atoms
from the solution onto the matrix on the back inclusion surface.

Such processes of matrix atom dissolution and crystallization are observed only in the field of forces of
inhomogeneously stressed crystal, to which radiation defect inhomogeneous distribution can be referred.
Therefore, the inhomogeneous distribution of point defects can be considered as a force that initiates inclusion
displacement.

The processes of matrix atom transitions into solution and back have a probabilistic nature. Therefore, a two-level
system can be used to describe such transitions.

STATISTICAL APPROACH

The processes occurring on the front and back surfaces of a spherical inclusion are similar to those observed when
a crystal grows from a supersaturated solvent (vapor or liquid), or when it is dissolved in an unsaturated solvent [15-17].
Therefore, the previously developed models for describing such processes are also applicable to the description of the
crystal inclusion motion, since they are based on the processes of crystal growth and dissolution.

The presence of a high defect density on the front inclusion surface makes the solvent unsaturated, and this surface
dissolves. In turn, on the spherical inclusion back surface, where the defect density is lowered and the solvent is
supersaturated, the growth is observed. Thus, the presence of a radiation defect density gradient causes the inclusion
displacement in the direction of this gradient.

Let us consider a model that can explain the inclusion motion along the defect density gradient in a radiation-
damaged crystal. In accordance with the above, the inclusion motion occurs in the direction of the axis 8. In this model,
the following statistical approach is used to describe the process of inclusion motion in the matrix.

The elementary processes of the matrix atom transitions into solution and back on the front inclusion surface will
be considered in the concept of a two-level system shown in Fig. 2.

1 & &
h
o Wi Woy
s
2 ! 2
n,

Figure 2. Scheme of a two-level system with populations n; and n,, energies &; and &,, transition probabilities: y;, — spontaneous,
w;, and w,, — induced

In Fig. 2, the arrows show the directions of atom transitions from one level to another: spontaneous transitions
with probability u;,, induced transitions with probabilities w;, and w,,. In Fig. 2, level 1 corresponds to the matrix
atoms in the solvent, and level 2 corresponds to those held on the matrix surface.

In a stable crystal, when the difference in defect densities is less than the critical one, there is no inclusion motion.
In this state, the difference between the free energies of an atom in the solvent and on the matrix surface is positive [18],
ie. & > &.

Spontaneous transitions reduce the free energy of an atom in solution. Therefore, atoms spontaneously move from
level 1 to level 2. The probability of spontaneous transitions i, determines the probability of a spontaneous transition
of an atom in 1 second. Spontaneous transitions from the upper level to the lower level (g; = &) are described by

equations:

dni(t) _ dny(t) _

Fra —H12ny (8), - M2y (8), (3)
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where n, ,(t) are the populations of levels 1, 2 as functions of time t, u,, is the probability of spontaneous transition.
Since the inclusion displacement is observed only when the defect density difference on its front and back surfaces is
higher than the critical one, it is assumed that the probability of the induced transition w;,, also depends on the
externally created difference between the point defect densities on the front and back inclusion surfaces. Then the
probability of induced transitions can be represented as:

Win = @im(p(20 + ©) = p(20)) = “ZEW =W, N, @)

. . . . . . . - a; .
where indices i, m take values 1, 2, (i # m), a;,, are constant values, W is the inclusion volume, Wy, = Z’Z’B W, is the

proportionality factor, W, is the characteristic volume of a solvent molecule, N is the number of solvent atoms
(molecules) in the inclusion volume.
At the initial moment, the number of solvent atoms is denoted by the value N(t)|,—o = Ny, and it is assumed to be
sufficiently large, i.e. Ny >> 1, o, Where g = 14 (t) |29, N29 = N2 (t)]¢=0.
Consideration of induced processes caused by inhomogeneity of point defect density changes the form of the
initial equations (4):

dn, (1) _

_ — dnz(t)
o — (M, + W, N)n, +w, Nn,,

= (12 + W2 N)ny — Wy Nn,. ®)

Equation (6) should be supplemented by the equation for changing the solvent atom number N(t), providing
induced processes in the two-level system:

dN(t

O = (12 + WiaN )1y (0 + 2 N, (0). ©)

From the condition of statistical equilibrium in a two-level system the Einstein relation follows — py, = wy, =

Wy [19, 18]. This relation, for the case when induced processes dominate over spontaneous ones (Ny >> nyq, 1ny0),
greatly simplifies the initial system of equations (5), (6):

) (o (= ()N (0 252 = (1, (0) =M OIND. (D)

dnl(t)_ 12 (n2(8) =y (D)N (L), ar

For spherically symmetric inclusions, the unknown quantities nq, n,, N, i1, in equations (7) become dependent on
the coordinates Ry + 7, 6, + 6, where 7 and 8 correspond to a small (|f| << Ry, |§ | << |8,]) deviation of the radius

and polar angle from R, and 8, respectively.
Under these conditions, equations (7) are transformed to the form:

ony ong | Ugg Ong _
ot + Uy 97 | Ro+7 08 ti2(ny —ny)N,
6n2 anz Ugg Ony
—= = — — N
+Upo—= py R 7 35 t2(ny —mN, (®)
AN N | Ugg ON _
ac PUroge ¥ Ro+7 00 Haz(nz —n)N,

where .U12(R0 + 7,6, + 5) is the function of #and 8.
Let us find solutions to equations (8) in the simple case when the probability of induced transitions y;, can be
represented as an expansion in a Taylor series in small displacements # and 8 [20]:

1z (Ro + 7,00 + 0) = 1o (Ro,00) X (1 + s Bty = (F7) "1 (R, 00) + B2, ©)
where F =78, + 7y - 89,V = era—r + ey - 1+r 669, g =Ry -2 sm( ) R, - 0 (see Fig. 1). Further, in the calculations,

the sign " ~ " is omitted.
Consider the case when expansion (9) contains only odd powers r. Then expression (9) takes the form:

ti2(Ro + 7,80+ 0) = p15(Ry, 0p) X (1 + Yaci Ao T4 9/19): (10
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1 1 82" 1u15(Ro,00) 1, = 1 dp12(Ro,
#12(Ro.00) (2n-1)! grzn-1 0T U2 (RoB0) a0
induced transition probability on r under the condition 4, ,,,_; > 0 corresponds to the inclusion front surface, where the
density of radiation defects increases with rising r. In this case, the matrix material dissolution is observed because the
induced transition probability in the matrix is greater compared to the induced transition probability in the solution. This
follows from the fact that the terms in (10) proportional to odd powers change sign, because in the solution r < 0.

On the back inclusion surface A, ;,,_; < 0, and therefore the deposition of the dissolved crystal atoms on the matrix

surface is observed, since the value of the probability of induced transitions in the matrix is less than in the solution.
r2Ar1 | T*Ar3 | RoB%1g

where A, 55,1 = B0), Choosing such a power dependence of the

Based on the type of expansion chosen in (10), a new variable is introduced é(t,7,6) =t +

2Upg  4Uro 2Ugg
Then equations (8) can be transformed to the form:
a ] aN
S8 =z —=n)N, T2 = —p(n, —ny)N, o= —p(n; = n)N, (11)

where, for simplification, the following notation is used u = pt1,(Ro, 6,).

The form of equation system (11) completely coincides with the form of equation system (7), with the only
difference that the argument of system (11) is the function &(r, 8, t). Therefore, the solutions of system (11) coincide
with the solutions of (7), where argument t must be replaced by argument &(r, 8, t), and u,, must be replaced by p.

VELOCITY OF THE SPHERICAL AZIMUTHAL-SYMMETRIC INCLUSION

To determine the inclusion velocity V, the plane of constant phase is set. This plane is defined by:
§t,r,0)=D (12)

where D is the constant.

It follows from equation (12) that for a given time t = tz and D = Dy, it is possible to construct a second-order
azimuthal-symmetric surface, which determines the dependence of its radial coordinate on r the polar angle 6.

If one fixes D = Dg, then over time the azimuthal-symmetric surface of the second order moves in space together
with the matrix with a velocity of Ug. This velocity is determined from the expression for the total time derivative of the
equation (12):

373 RoBAg 1

T0 0 6o T

T

1+
U

Up =0, (13)

dr . . . do . .
where Ug = d—z is the radial velocity of a constant phase surface, Ug = ro;is the polar velocity of a constant phase
surface.

The angular velocity of the constant phase surface is expressed in terms of the surface radial velocity, based on the
following considerations. Since the matrix moves as a whole, and the spherical inclusion is at rest and does not change
its shape, the polar velocity Uy of a point on its surface at 8 = g is equal to the radial velocity of a point on its surface at
6= 0, ie. U@ = UR'

On this basis, it follows from (13):

Ax
Up=——7— 14
R B+x2+Cx* (14)
r U TUpg A R3A
wherex = = A=-2r0 p=TUro Ao _ Rolrz
Ro RoAr1 2 Ugo RoAra Ara
Assuming r = R in (14), the dependence of the matrix velocity on the spherical inclusion radius is obtained:
Axp
Up=—-——"——= 15
R B+xi+Cx’ (15)

where x; = R/R,.
Expression (15) determines the matrix velocity in the frame of reference where the inclusion is at rest. In the
laboratory frame of reference, where the matrix is at rest, the inclusion velocity has the opposite sign:

_ Axp
B+xk+Cxp

Uk (16)

nm nm

where the sign "" already determines the inclusion velocity. Further, the sign "™ is omitted.
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Since the inclusion motion is observed only at radii exceeding the threshold value of the inclusion radius R, it is
possible to replace xg — x; — 1 in (16), which corresponds to the transition to the calculation of velocity dependence
not on the inclusion radius R, but on its exceeding the threshold value.

Thus, taking into account the above replacement and equation (16), it follows that for small inclusion radii, when

[xg — 1| << 1and A > 0,B > 0, its velocity linearly increases as Vi =V, + g (xg — 1) with increasing inclusion
radius. As the inclusion radius increases, the velocity reaches a maximum value and then, at |[xg — 1| >> 1, decreases
asVp = 1, +$,whereA >0,C>0.

R

ENERGY INTERPRETATION OF THE INCLUSION VELOCITY
The spherical inclusion velocity Uy can be related to the matrix velocity U, using the energy relations.
The flow of point radiation defects with density p(z) creates a "wind" moving at speed Uz = U,,. The wind
pressure force of radiation defects on the inclusion is equal to the difference in pressure forces on its front and back
hemispheres with an area of the order of S = wR3:

1 1
F,=C, E(pz — P )mDSUr20 =C, EﬂmDWUrzoa (]7)

where mp, is the effective mass of a point defect, W = mRJ is the volume of the order of inclusion volume, C,, is the

dimensionless resistance coefficient, § = % is the density gradient of radiation defects, p,, p; are the radiation
0

defect densities at the front and back poles of the spherical inclusion, respectively.
If the inclusion moves with velocity V' in the direction of the force (17), its velocity Uy is lower, and therefore the
pressure force decreases:

Fp = Co5 BmpW (Upy = V2. (18)
The power produced by the pressure force (17) is equal to:
P, = CW%[?mDW(UrO -2V (19)
It follows from (19) that the maximum power is achieved at V' = % [21], and is equal to:
PR =~ Cy= fmp WUy, (20)

The maximum power (20) is chosen based on the principle of least action, which determines the way of optimal
stress relief in the crystal: the radiation stress of the crystal must be reset in the minimum time. The maximum power of
the inclusion motion corresponds to the minimum time of stress relaxation in the crystal.

Thus, expression (20) determines the maximum power, which the inclusion gains by the wind of radiation defects
blowing over it.

On the other hand, this power is spent on overcoming the resistance force F, which opposes the inclusion motion.
The power expended to move an inclusion over a distance r(t + At) — r(t) in little time At is determined by the
following expression:

Ax
= FR 2 47
At—0 B+x“+Cx

r(t+A4t)—r(t) dr
( At ) = Fg dt

Pa = Fu i,

21
where Fr = k(U,g — V) = %KUTO is the resistance force created by the inhomogeneity of the radiation defect density

distribution and k is the coefficient of proportionality.
From the equality P, = Pg, the velocity of inclusion motion U, is defined, assuming that the coordinate r is equal
to the coordinate of the front inclusion face r = R:

V = VO + F(.xR), (22)

SXR _ 4 K
B+x3+Cxy’ "~ 3BmpWRoAr,
To determine the parameters V;, 4, B, C in (22), the experimental data [22] are used.

where F(xg) =
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In Fig. 3, the solid line corresponds to the graph constructed using the analytical expression (22) and experimental
data are shown with a marker o.

1.5
F(xg)

V-0.08
000000

0.5

Figure 3. Dependence of the inclusion velocity on its longitudinal size (markers o correspond to experimental points),
Vo =0.08-1071% m/s [22],5 = 2.8,B = 0.5,C = 0.5.

Comparison of theoretical calculations with experimental data indicates an adequate description of the experiment
by the proposed theoretical model.

CONCLUSIONS

In the present work, a physical model of the liquid inclusion motion in the field of forces due to the inhomogeneous
distribution of radiation point defects has been developed based on the statistical approach to the processes of induced
transitions of matrix atoms into solution and back. The analytical dependence of the velocity of a spherical azimuthally
symmetric inclusion on its size is obtained from the energy principle. It is shown that the analytical expression for the
inclusion velocity describes the experimental results quite well. The proposed model of radiation-induced inclusion
motion can be used to estimate the characteristic energy parameters of point defects inhomogeneously distributed in a
crystalline medium.
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MOJIEJIb PAJIAIIIIMHO-THAYKOBAHOI'O PYXY PIIKAX BKJIIOUEHB Y KPUCTAJII
Ounexcanap I1. Kyauk?, Oxcana B. logmmsanosa®, Muxaiiio 1O. lleBuenko™*,
Bikrop I. Tkauenko™, Ipuna B. I'apsiuecbka?, Topy Aoki?
“Xapxiecvkuul Hayionanvhuil yHieepcumem imeni B.H. Kapa3sina, Xapxie, Yxpaina
bHayionanvnuii aepoxocmiunuii ynisepcumem “Xapxiscouti agiayitinuii incmumym”, Xapxis, Yipaina
CHHI] “Xapxiecoxuil ghizuxo-mexuiynuil incmumym’” HAH Yxpainu, Xapxie, Yrpaina
Hayroeo-docnionuii incmumym enexmponixu, Yuisepcumem IlTuzyoxu, Xamamayy, SAnonis

CoopmynboBaHo Gi3HIHYy MOJENb PYXy PIAKMX BKIIOYEHb Y KPUCTAN y IOJI CHJI, CIIPUYMHEHHX HASBHICTIO TOYKOBHX JEe(EKTiB
panianiifHoro noxo/pkeHHs. B ocHOBY Mozieni NOKJIaieHO CTaTUCTUYHMI MiXiA O MPOLECiB iIHAYKOBAHHUX IEPEXOiB CTPYKTYPHUX
€JIEMEHTIB KPHUCTAIIYHOI MaTPHUIll Ha MiK(a3Hii rpaHuIli 3 BIACHUM PO3UYMHOM. 3 €HEPreTHYHOrO MPUHIMITY OTPUMAHO aHATITHIHY
3aJIeKHICTh MIBHIKOCTI CHEPUUHOro a3UMyTAIbHO-CUMETPUYHOT0 BKIIOUYCHHS BiZl HOro po3mipy, L0 BPaxOBYE MOPOTOBUiT XapakTep
pyxy. ITokazaHo, 1110 TeOpeTHYHA 3aJEXKHICTb JOOPE KOPEIIOE 3 eKCIIEPUMEHTAIBHUMH PE3yJIbTaTaMH, OTPUMAaHHMH JUIS BKJIIOYEHb
HACHYEHOTO BOJHOTO PO3YMHY B KpHCTalaX XJOPUAY Kalilo, OMPOMIHEHHX BHCOKOCHEPTETHYHHMH €IEeKTPOHAMH. 3alpONOHOBAHA
MOJIENTb  paliallifHO-1HIYKOBAHOTO PYXy PIOKOTO BKIIOYCHHS € JUHAMIYHOIO 1 JIO3BOJISIE IHTEPHpPETYBaTH XapakTep 3MiHH
MIBAAKOCTEH BKIIIOUCHB Y KPHUCTANI y Yaci A BU3HAUCHHS XapaKTePHUX CHEPreTUYHHUX apaMeTpiB TOUKOBUX JIE(EKTIB.
KnrouoBi cioBa: xpucmaniuna mampuysn, mouxosi Oedexmu; 6KIIOUEHHA DPO3YUHY, pAOIayiiHO-iIHOYKOSAHUI PyX, Midcghazna
medrea; CmamucmuyHull nioxio





