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Abstract. The paper discusses the theory of transport processes in one-component gas located
in capillary subjected to resonant laser radiation and both temperature and pressure gradients.
The equations for the Kinetic coefficients determining heat- and mass transport in the gas are
derived on the basis of modified Boltzmann equations for the excited and unexcited particles.
The cross kinetic coefficients satisfy the Onsager reciprocity for all Knudsen numbers and laws
of gas particles interaction with each other and with boundary surface of the capillary. Analysis
of possible non-equilibrium stationary states of first and second order for the one-component
gas in the capillary has been developed on the basis of the Prigogine theorem of stationary
states. Equations describing the stationary states in Knudsen limit (Kn >> 1) and slip-flow
regime (Kn << 1) were derived.

1. Introduction

Thermodynamic description of transport phenomena is based on the laws of conservation of mass,
momentum and energy and the principle of increasing entropy. According to the thermodynamics of
irreversible processes' the entropy production in the system is determined as a sum of products of
generalized fluxes and generalized forces bound to those fluxes. These forces are generally associated
with spatial inhomogeneity of thermodynamic parameters of the system or with a deviation of some of
the internal variables from their equilibrium values [1].

Specific feature of light-induced transport phenomena is that they take place at homogeneous
thermodynamic parameters of gas and under certain conditions and can generate temperature and
pressure gradients [2]. These light-induced gradients stimulate their own fluxes of mass and heat in the
gas. Theoretical description of these phenomena at the phenomenological level is impossible since the
mechanisms of light-induced transport phenomena are associated only with the molecular-kinetic
properties of the gas. Development of Onsager kinetic theory of these processes is the main objective
of this study.

Laser radiation under resonant interaction with the gaseous medium behaves as the «two-faced
Janus». The radiation can simultaneously violate the gas equilibrium by internal and translational
degrees of freedom. This means that radiation stimulates two types of fluxes, «scalar» flux,
characterizing change of population of the particles energy levels compared to their equilibrium values
and vector fluxes of mass and heat of the gas.

Disequilibrium due to translational degrees of freedom is the result of asymmetry in the distribution
functions of the excited and unexcited particles related to zero- component of the particles velocity
vector in the direction of radiation propagation (Figure 1).
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Figure 1. The distribution functions of excited and unexcited particles.

In accordance with the Doppler effect, radiation interacts only with those particles having Doppler
shift kv (k is the wave vector, v is the velocity vector of the particle) compensates detuning Q of

radiation frequency o relatively to ®,,, the m — n frequency transition from the ground state of

particle n to excited state m. In linear approximation, when the magnitude of the particle velocity is
much less than light speed, Doppler shift is determined by the expression

kv=Q=0-0,, |0 << @, 0, 1)

As a result of light absorption, distributions of excited and unexcited particles near the resonant
velocity v, = Q/k are distorted due to the appearance of Bennett’s peak and dip [3] (Figure 1). The

asymmetry of velocity distributions at (2#0 means the existence of fluxes of excited J  and

unexcited J, particles having opposite directions. The particles absorbing light change their transport

characteristics. If buffer gas [2, 4] or boundary surface with which m- and n-particles interact
differently [5-7] are available in the system, these fluxes do not prevent each other and gas as a whole

moves. The flux of the absorbing gas J=J, +J,, is known as the light-induced drift — LID [4-7].

Simultaneously with LID, resonant laser radiation stimulates light-induced heat transfer in the gas,
designated as LIHT [8].

The problem becomes much more complicated if the state of the gas is governed by the pressure
and temperature gradients in addition to the resonant radiation. Each of these gradients creates its own
fluxes, interacting with the light-induced mass and heat fluxes. In the closed gaseous systems under
certain conditions this interaction leads to occurrence of various nonequilibrium steady states.

Cross-transport processes in one-component gas in the presence of laser radiation and both pressure
and temperature gradients were overviewed in [9]. The paper was focused on the discussion of light-
induced baro- and thermo- effects that take place in closed heat insulated systems. However the proof
of an Onsager reciprocity for the cross kinetic coefficients was not given in this reference. In addition,
the entropy production due to the interaction of gas particles with the surface of the capillary was only
stated, but not analyzed.

The objectives of this work are as follows.

First, based on the kinetic theory of gases we derive the expression for the entropy production in
one-component gas in the field of the laser radiation in presence of the pressure and temperature
gradients; and determine the generalized thermodynamic forces and corresponding fluxes;

Second, we prove Onsager’s reciprocity for the cross kinetic coefficients at arbitrary Knudsen
numbers and any nature of gas particles interaction with each other and boundary surface.
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Third, using theorems of the non-equilibrium thermodynamics we consider the possible stationary
states of the gas.

2. Statement of the problem
We consider one-component gas in the capillary. Let capillary length L is much greater than its

radiusr, (L >>r,). The resonant optical radiation is uniform over the cross section of the capillary and

propagates along the axis of the capillary as a traveling monochromatic wave of ® frequency. In
addition, the state of the gas is disturbed by the longitudinal temperature and pressure gradients.

We will use the two-level approximation according to which the particles can be either in the
ground state n, or in the excited state m. Particles absorbing radiation transit to an excited state. They
change their transport properties, in particular, the collision cross-sections and accommodative

characteristics. The process of radiative decay of the excited m level with frequency I', occurs
simultaneously with the induced transitions. Thus, the gas can be considered as a mixture consisting of

particles of equal mass my but with different interaction cross-sections and accommodative properties.
The components continuously exchange the particles.

The state of gas is described by distribution functions of excited f_ and unexcited f, particles

that satisfy the Boltzmann kinetic equations including terms responsible for the interaction of particles
with radiation [10]:

i+VV1‘i =aR+1, (2)
ot :
4G, T
R=LokM ¢ )i £, g (v)= G — G, —Edm
2 r, [1‘2+(Q—kv) } 2h
1 i=n .
ai:{ . : L=+l I, J=nm.
-1, iI=m

Here T" is homogeneous half-width of the absorption line, E is the electric field amplitude of the
light wave, d_ is the dipole moment of m—n transition, k is the wave vector, and Iij are Boltzmann

integrals of collisions between the particles of i-th and j-th kind. Rabi frequency G, determines the
rate of induced transitions between the levels of particles per unit time and depends on the intensity of
radiation. The saturation parameter y (V) characterizes the probability of radiation absorption per unit

time by the particles which are moving with speed v and determines the width of the Bennett’s peak.
The boundary conditions for the distribution functions of particles have the form [11]:

ven| fi(v)= ] j (i,v' —>i,v)f (V)

j=n,m (vin)<0 (3)

(v-n)>0  (i,j)=mn,
where n is inward normal to the surface of the capillary, f.(v) and f,(v’) are distribution functions
of the reflected and incident particles on the wall of i-th kind, respectively, B(j,v’ —>i,v) is the
scattering kernel (the probability density is such that the internal energy E; of the state j and the

velocity V'of the incident particle on the wall after reflection is equal to E; and v). The scattering

kernel satisfies the following conditions [11]:
normalization
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>, _[ B(j,V —>i,v)dv=1
i=n.m (vn)>0 (4)

reciprocity relation expressing the principle of detailed balance on the gas—surface border
[V'-n| fo(V)G;B(j,V —i,v) =|v-n| f, (V')GB(i,—v— j,—V) (5)

where f,, is the equilibrium Maxwell-Boltzmann distribution function, G, is the degree of
degeneracy.

Integrating (5) over velocity space (v' . n) < 0 and summing over the states j, taking into account
the normalization (4), we obtain

ven| o (V)= D] j (J,V =i, v)f (V)

i=n.m(vn)<0 (6)

We choose a cylindrical coordinate system (r, ¢, z), so that the polar axis z is directed along the
axis of the capillary.
In the weak-field approximation ( y(v) <<1) and at small pressure and temperature gradients, the

distribution functions of excited and unexcited particles are insignificantly different from local
equilibrium Maxwell-Boltzmann distributions:

fi=fo[1+h(r,v)] @)

The local equilibrium Maxwell-Boltzmann distribution looks like

o) SO ET ()
B ool T () o

Here T(z),n(z), n,(z) are the local values of the gas temperature, the total particle number

density, and the population of the i-th level, respectively; K is the Boltzmann constant.

Due to linearization (7) and equation (6), the boundary conditions (3) on the wall of the capillary
for the perturbation functions take the following form:

v-n| foh (v)= > j (3, v =i, v)foh (V)

Jnm vn<0 (9)

To make a separate analysis for vector fluxes directed along the capillary and scalar fluxes
associated only with the change of the level population we distinguish even and odd parts of the

longitudinal component of the particles v, velocity vector in perturbation functions and in saturation
parameter

x(@,)=x"(v,)+% (v,), h(v,)=h"(v,)+h (v,), (10)
(o) = LU THER) 7 (o) =BT,
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Based on the assumptions made the kinetic equations (2) are linearized with respect to perturbation
functionsh, and for steady gas state are written as:

8h~; F ¥ F
VLW:,-_Zn,“m L; (h7)+bh* +g )

where the following notations are used:

1 op mo’ 5 _J1eT T, _ Nio
0-=-0,——-0,| == —-+&—€ |-+ (v,)| +-11,
p oz 2kT 2 Toz 2 n.

n.
L) e LR BV EU U P R
i0
r an i:n Zglexp(_gl) E E
b = mnno1 ; £ = = ' Ui=vf+?]; ' gi:_i'
T, i=m IzexP(_8|) kg1, keTo

Here r and v, are two-dimensional radius vector and vector component of the velocity of particles in
the cross-section of the capillary, L;; (h;) are the linearized collision integrals for particles of i-th and
Jj-th kinds, n 4, n_, are the equilibrium populations of the ground and excited states at the equilibrium
temperature of the gasT,, E is the average internal energy of the particles in the equilibrium state.
One can see [12] that the linearized collision integral L; (h,) off the odd functionh, over velocity v,
is an odd function, i.e. L (h(-v,)) =-L;(h(v,)).

The linearized kinetic equations (11) are separated into odd (“minus”) and even (“plus”) relatively
velocity o, . The first equations describe vector fluxes that are associated with transfer of mass, heat

and entropy of the gas along the capillary, second — with the scalar fluxes describing the pressure
anisotropy and radiation-collisional heating or cooling gas [10].

3. The equation of entropy balance
Consider a volume V of gas contained in the capillary tube of length L. We define its entropy in
conventional manner [1]:

S, =—kg 3, [V f,In fiav (13)

i=m,ny

The rate of entropy change in the respective volume of gas is equal to:

oS, of,
= :—kBZJdVI(In fi+1) v (14)
Taking into account the kinetic equation (2) we obtain the entropy balance equation in the form:
oS, ..
p +\_|/.d|deV_PR+F’C (15)

where J is vector flux density of entropy:
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j=—ks > [V, In fdv (16)

P, is the total entropy production in the considered volume due to radiation interaction with the gas:

P, =—ks [dV [RIn [%jdv (17)

m

P. is the total entropy production due to the interaction of gas particles with each other:
P =—k;>_[dV[1,In fdv (18)

Consider the stationary state of the system when the entropy of the gas volume does not change in
time. In this case, the entropy balance equation (15) can be written as:

jdivj dvV =P, +P, (19)

Using linearization of distribution functions (7) we obtain the entropy balance equation for
stationary weakly nonequilibrium state of the system.
Taking into account (11) and (12) the equation (19) is divided into equations with vector («-»)
and scalar («+») fluxes:

j (divj) dv =P; + P’ (20)

We consider only vector fluxes. To simplify the equations hereafter we omit the superscript «-» in
all the physical quantities, believing that function h,(v,) is odd relatively to velocity v, .

Using the Gauss theorem and decomposition In (1+h ) =~ h —h? /2, we get:
h-2
[dividv =—ks >~ [dV [hvVEadv+ke D [dS[(v-n)f, v (21)
i is,
When writing the second integral in the right-hand side of equation (21) the integration is performed

only over the lateral surface S, of the capillary, since the integrals over face sections S in volume V

in the stationary state are equal in magnitude and are opposite in sign.
The entropy production due to the interaction of radiation with the gas can be written as the sum of

the entropy production due to the radiative decay of the excited level P, and by induced transitions:
I' v (v
P =P +g Jav [ Lo g g e, o 22)
R:ksﬁjdvjfmo(hm—hn)zdv (23)
2 \

Entropy production due to intermolecular collisions after linearization takes the form:
P =—kg > [dV [ fghL(h)dv (24)
i

To find the meaning of the second term of the right side of expression (21) we calculate the entropy
flux from wall to gas due to collisions of the gas particles with the surface of the capillary:
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P, =—kBZSjwdsj(v-n) f.In fidv=—kBZSIWdSI(v-n) fioh—zizdwsjw (qT'”) ds  (25)

w

Here (g-n) =g is the normal component of the heat flux density in gas on the wall of the capillary,
T,, is the gas temperature at the surface of the capillary. The condition of continuity of the normal flux

of heat in the steady state is performed at any point of the surface: q* =q;*, where g,* =(q*" -n)
is the normal component of the heat flux density in the wall of the capillary.

The contribution of the second term in the right side of (25) in the entropy flux P, depends not
only on the thermal conductivity of the material of the capillary but also from the ratio of the radius of
the capillaryr, to its length L. In the limit L >> 1, its contribution becomes negligible under any

coefficient of thermal conductivity of the wall. In this case in any cross section of the capillary in
stationary conditions the state of local equilibrium is established when the normal component of vector
of the heat flux density is zero and the temperature of the wall is equal to the temperature of the gas at
any point of section. Therefore further, the second term in the right side of (25) we omit. Hence:

P =—ke [dsf(v-n) fioh?‘dv (26)

Substituting (21) - (24) and (26) into (20) we obtain the equation of entropy balance in the gas for
the stationary state:

P=R+R+PR,=-k > [dV[hvVf,dv+ kBjdijm’(T(vz)(fm0 —f)(h —h)dv. (27)
i=mn v

The entropy production inside the allocated volume of gas is caused by presence of the following

sources of irreversible processes: intermolecular collisions (P,), radiative decay of the excited level

(P.) and gas particles interaction with the capillary surface (P, ).

From property of symmetry of the collision integral [13] follows that P, >0. According to
equation (23), we have P. > 0. Using reciprocity for the scattering probability density (5) and Jensen’s
inequality for the continuous, strictly convex down functions [13], we get P, > 0. Thus, the entropy

production in the gas due to vector fluxes is nonnegative P > 0.

We transform the right-hand side of equation (27). We perform integration over the volume V like
integration by capillary length L and cross-section area S. We take into account that in stationary
conditions fluxes do not depend on the z coordinate, but the intensity of the radiation varies along the z
axis due to absorption by gaseous medium. The dependence of z coordinate radiation intensity can be
accounted for by introduction of the linear absorption coefficient £ . Then the amplitude of the wave
radiation electric field and, as a consequence, a square of the Rabi frequency proportional to the
intensity of the radiation, in accordance with Bouguer law, can be written as

ED-EQep-52), L@ -CLOe(-42). 28)
where G, (0) is the Rabi frequency associated with the intensity of radiation at the capillary

entrance.
The integration in the right-hand side of eqn. (27) along the capillary within appropriate pressure
and temperature limits with regard to (28), allows us to write this equation as:
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P=>JX, (29)

k

where the generalized fluxes J, and forces X, are defined as follows

3 =Z_[d8_[vz fidv=ZIdevz f. hdv (30)

2
3 =Zjdsjvz(m°;/ + Ei} fdv=k,T,>_ [dS o, (Cz_g+€i —5) f hdv

(31)
JS:szjdijsf{@—qdv:kBZjdijsfmn[ﬁ—qdv
i Mig i Mi (32)
_ P _ 1T G (0)j21
Xo=—k;In| =| X;,=—=In| = = 2m ) 211 _exp(—
(m], T [E) (% pi el @)
.= r B r
S (IKDY +(QkT—c,)’ (kD) +(QkT+c,)
12
V=v-U, k=2—” , 5:(2kLTOJ , ci:%.
A m, v

Here V is molecule own velocity with regard to the gas average macroscopic velocity U, A is the
laser wavelength, S is the cross-section area of the capillary; p,,T, and p,,T, are pressure and
temperature of the gas at the ends of the capillary.

The fluxes defined in eqn. (30) — (32) have an obvious physical meaning: J, and J, are
respectively the mass and heat fluxes averaged over the cross-section of the capillary, Js is the
entropy flux calculated per unit length of the capillary.

Forces X, and X, forthe case (p,—p,)/p, <<1 and (T, —T,)/T, <<1 were used in ref. [14] to
describe non-isothermal gas motion in the channel. The force X is associated with the intensity of
optical radiation, that is convenient because it is directly recorded in experiments [7].

4. Kinetic coefficients
Perturbation functions in linear approximation are a linear combination of generalized forces
_ KhpP T S
h =h’X, +h X; +h’ X, (34)
Substituting (34) into eqn. (30) — (32), we obtain to the fluxes

PR ()=pTs (@)

where the kinetic coefficients A, are defined by the following equations

App:(goP’hip)’ APT:((Dp’hiT) ' APS:(q’p’hiS)’
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Ar, =kgTo (¢T , hip) ’ Aqr =kgTy ((DT Y )' A ey ((Pr , his) ’ (36)
ASp:kB((Ds'hip)’ AST:kB((Ds’hiT)’ ASS=kB(¢S’ is)'

Pp =7, %:vz[cz_g+5i_5j’ @5 =%s(0,) (:_:2_1],
(p.h)=2 [dS[pfehdv,  I1=pT,s, ij=nm; i=j.

i=n,m g

Here A, is the kinetic coefficient which determines contribution of generalized force X,
proportional component to the flux J,. In so-called direct processes, force X, defines the bound
component of flux J, , which is characterized by coefficient A, . The Poiseuille flux A, and the heat
flux A, caused by the pressure and temperature gradients, respectively, are direct processes. The
kinetic coefficient Ay characterizes the entropy flux in the gas due to velocity selective radiation
absorption by molecules. At the same time the forces X, stimulate non-bound fluxes J,(i#K)
characterized by kinetic cross-coefficients A, . In particular, temperature gradient stimulates gas
motion along the capillary (thermal flux A ;) and the entropy flux (thermo-entropic flux A, ), and
the pressure gradient causes heat flux (mechanocaloric effect A, , [1]) and entropy flux (baro-
entropic flux A, ). The action of resonant laser radiation leads to the drift of the gas A ¢ and the heat

flux A;s which are directed across the baro- A, and thermo-entropic A, fluxes respectively.

5. Onsager reciprocal relations
According to thermodynamics of nonequilibrium processes cross-coefficients in steady state must
satisfy Onsager reciprocal relations:

A||< = Akl 37)

To prove this we use the method proposed in ref. [12] and the modified in this study. Integrate the
kinetic equation (11) for the odd perturbation functions h, relatively to v, along the length of the
capillary. Substitute equation (34) for h, in the obtained equations and then select summands under

identical forces. As a result, we obtain the following system of equations for the functions hiI :

ahip (V) _ P _®e (vz)
Vi JZ L; (h*(v))= oL

ohy (v) ™)) = o (2,)
Vi ,-_Zn,:m Ly (W) === (38)

v, 8h (V) Z L”(hs(V)) th(V) @

j=n,m
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In the equations (38) for hiP and hiT the terms describing the radiative decay of the excited level are

absent. This is due to the fact that the pressure and temperature gradients anywhere in the gas do not
stimulate local perturbations of equilibrium populations of the particles energy levels.

By analogy with eqn. (10) we present the perturbation functions h'as the sum of the even h'* and
odd hi" parts with respect to the transverse component of the molecules velocity vector v, . Then the
equations (38) can be divided into even and odd with respect to the vector v,

v ahip_(vzivj_) _ Z I—ij (hiP+(vZ’VL)) — Dp (Uz)

Lo S ks L (39)

v, —ah:_(avrz V) ,-_Zn,:m L (W (v,,v,))= TO(pT—L(UZ) (40)

VLW:;& Li,-(hf*(vz,VL))—bihnsf vz,vl)=@ (41)

v. 6hiF’v<T):3 E,vz Vi) j_zn;m L, (hip'(T)_(Uz , VJ_)) @)

VL%_ S L (R (0, v.))-bhe (0,,v,) =0 @)
oy

In (39) — (43) we take into account that the collision integrals for the odd (even) perturbation functions
are the odd (even) functions of the velocity vector v | .
Reciprocity for thermal and mechanocaloric fluxes (A =A;)) was proved in ref. [14].

Noteworthy that the proof of kinetic coefficients reciprocity that describe the transport processes is
associated with exposure to radiation. Let us prove reciprocity relation for light-induced drift and baro
-entropic flux A s = Ag, . The equalities A ; = A;, and Ay = Ag; for cross-coefficients are proved
similarly.

We multiply the equations (39) by hiS and the equations (41) byhP". We subtract from the first

obtained equation the second, summing over the states of the particles and integrating over velocity
space and over the gas volume V. Taking into account the symmetry properties of the collision
integral (commutativity of integral brackets) [13], we obtain

Aps=Ag =ke 2 [V [ fiov, (hVHP"—hP V' )dv+ke > [dV [ figh™hs dv
i v i

(44)
The first term on the right side of equation (44) taking (42) and (43) is equal to
ke > [ AV [ fiov, (h*"Vh~—hP"Vh®)dv =
iV
=ky Y [AV [ o[V, V(0 hE —hhe) P pnd v (45)

i,j=m,n

We substitute the equation (45) into eqn. (44)

10
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A

pS

~Ag =Ke [av [ fiov, V(S "hP—hPh*)dv +
i v

ke Jav [ b (07"hg" —h7hs")av (46)

According to the theorem of the equivalence of the infinitesimal functions [15], the second term on the
right-hand side of (46) is the infinitesimal magnitude of the higher (fourth) order of smallness and
should be omitted. After applying Gauss transform to the first term in right part of eqn. (46), we get

A —Ag=Kg D [ dS[ fio(v-n)(h*h** —hh¥*)dv
I Sw

pS (47)

Demonstrate that the integral in the right-hand side of (47) vanishes.
On the surface of the capillary the even hiI+ and odd hi" parts of perturbation functions have
discontinuity and satisfy the following conditions:
hiI (-u)+ hilw (u)
2 (48)

b (-u)-h, ) _ v-n| hi(-u)-h, W)
2 ~ (v-n) 2 (49)

hiI+ (V) =

h-(v)=F
u=vsgn(v-n), I=P,T,S.

Here hiI (u) are perturbation functions for the molecules reflected from the surface of capillary. The

"

minus sign after the first equality of eqn. (49) is used at(v-n) >0, plus sign at(v-n)<0.
Eliminating from (48) and (49) h/(-u), we obtain the connection between the functions h'~(v)
and h'*(v) at the boundary surface:

(v-mh™(v) ==|v-n| (" (v) - b, (W) (50)

Substituting (48) and (50) into (47) for the case | = P,S we obtain the equality
K P S S P
A=Ay =5 2 OS] folv-nl[ W COR@ - Cui@]dv gy
Consider the integral
_ kB P S
Z= ?Z Sj ds [ 1" (—u) o [v-n|h3, (u)dv 52)
Replace h® (u) with (9) and integrate over the half space of the velocities vV-n >0

Z:%Zjds j hf(—v)dvj

i,js, vn>0 v':n<0

V| £, (V)RS (V) B(j, V' =i, v)dV’ (53)

Reciprocity for the scattering kernel (5) gives the equation (53) the form:

11
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z:%z [ds [ heOAv [ v-n|fo(Whf (-V)BGi, v - j,~v')dv

Lls, v'-n<0 v-n>0 (54)
We replace V' —> -V, —V' >V, i— j, j—i.Then
z=5e 3 fas [ pevav [ [ven ()] (v) B(iV > i v)ov
2 ijs v-n>0 I v'-n<0 ) ! (55)
When returning to complete space of velocities, with regard to (9) we get:
z =k—232 [as[heuyav [ [vn|fo(v)h"(v)B(j,v i, v)dv' =
iis, v':n<0
(56)

:‘%Bz Sj S [ £, [v-n| b (-u)h{, (u)dv

Substituting (56) into (51) we get A s = Ag,, Q.E.D.

We note that the reciprocity relations are proved for arbitrary Knudsen (Kn) numbers and for
any laws of interaction of the molecules with each other and with boundary surface.

6. Non-equilibrium stationary states

Discuss now the nonequilibrium stationary processes when the boundary conditions imposed on the
system do not allow it to reach the equilibrium state. These processes have been considered in the
linear approximation in ref. [16]. In stationary states the entropy production unlike the equilibrium
states does not disappear. According to Prigogine’s principle [1] in the stationary weakly non-
equilibrium states the entropy production is minimal. If n of thermodynamic forces act on the system
with fixed k forces then steady state of k-order is established in the system. Now the fluxes associated
with other n-k forces are equal to zero.
Consider the possible stationary states. We start with the well-known effects.

6.1. Thermomolecular pressure difference (TPD-effect) [1, 14, 17].
Take the gas is in a closed system, which consists of two volumes connected by a capillary. If the

radiation is absent, X; =0, and the temperature difference at the ends of the capillary is fixed,
X; =const, then the pressure drop is established at the ends of the capillary. This phenomenon is
known as thermomolecular pressure difference. In this case, the gas flow in the capillary is equal to
zero, J, =0, i.e. the thermal transport is compensated by the Poiseuille flux. With the use of (33),
(35) and (36) we get [17]:

&:[T_zj” __ 1 Ay

P T1 ’ & kBTo App (57)
where y; is the TPD index, defined as the ratio of the thermal creep of the Poiseuille flux. The value
7 depends on the parameters of gas interaction with the surface of the capillary and Kn number. It is
known [17] that in a slip-flow regime y, ~ Kn? , and in free-molecular limit (Kn >> 1) in the case of
specular-diffuse reflection of molecules from the capillary surface y, =1/2.
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6.2. Mechanocaloric effect [1, 14].
This effect is responsible for the thermal energy transfer under isothermal movement of the gas. If the

radiation is absent, X, =0 and the gas temperature is uniform, X; =0, then, according to (35), the
heat flux is defined as

_ p
Jr ==Aq kg In(f} _ (58)

1

The magnitude of q’; indicates the amount of heat that is transferred per unit time through the
cross-section of the capillary under the action of pressure drop calculated per molecule:

o _Aw

=T
qp_‘]p Ay - (9)

Given the symmetry of cross kinetic coefficients, A, =A ; from (57) and (59) we find connection

between values ¢ and y;

q; =—KkgToyr . (60)

6.3. Light-induced pressure difference (LIPD-effect) [7, 18] is the emergence of the gas pressure
drop at the ends of closed capillary under the action of resonant optical radiation.

Gas with uniform response to temperature ( X; =0) is located in a closed capillary. The ends of

the capillary can freely pass the laser radiation. The light-induced drift of the gas will stimulate the
pressure redistribution along the capillary. The pressure inhomogeneity will cause the Poiseuille flux.
In the steady state the light-induced drift will be compensated by the Poiseuille flux:

Jp = Ap Xy + A Xs =0 . (61)

From here taking into account (33) we obtain

2 1 (G, (0)\[ A
%l:eXp(VST)’ Vst :ﬂkgi kY_S )j (A j[l_eXp(_'BL):l ) (62)

pp
In the case of an optically thin medium ( SL <<1) expression for the parameter y,, simplifies

and becomes
LAk (G0
TN Tk ) (63)

pp

The value of the index y¢; depends on the parameters of the gas interaction with the capillary

surface, detuning frequency radiation from the center of the absorption line, the intensity and
wavelength of the radiation, as well as on Kn number. As shown in [19], in a slip-flow regime

Vst ~ Kn?, and in the free-molecular regime Vs does not depend on Kn.

6.4. Thermo-optical pressure difference (TOPD-effect) [19] is the phenomenon of the establishment of
the gas pressure drop at the ends of closed capillary under the joint action of the resonant optical
radiation and temperature inhomogeneity. This is a stationary state of second order in which two

forces: X;and X are fixed.
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Longitudinal pressure gradient arises in such a system as a result of the light-induced drift of gas
and thermal creep. In turn it will cause a Poiseuille flux. As a result of competition of hon-equilibrium
processes in the system is settles in some steady state of dynamic equilibrium. It will be the state with

a minimum entropy production at which the gas flux J, associated with the unfixed force X, must be
equal to zero:

Jp = A X+ A X + A X =0 (64)

A A
In & :_i _pr In T_2 _|_i _ps XS 65
P, keTo\ Ay ) \ T ) kel A, : (65)

Taking into account (33) we obtain the following expression for the pressure drop of gas at the ends of
the capillary

From here follows:

B (T exp( )
Py T T (66)

6.5. Optocaloric effect is the light—induced heat transfer.
Pressure and temperature of the gas are uniform, Xp =0, X; =0, the radiation force is

fixed X4 =const. Then according to (35) the heat flux and the drift gas are governed only by the

radiation force X . Magnitude of q; characterizes the quantity of heat which is transferred per unit
time through a cross-section of the capillary under action the resonant optical radiation in calculation
per molecule:
q)k = J—T = —ATS
s ‘]p A . (67)

PS

6.6. Light-induced baro- and thermo-effect [9] is phenomenon of simultaneous occurrence of pressure
and the gas temperature difference at the ends of a closed thermally insulated capillary under exposure

to resonant optical radiation. This is a stationary state of the first order when only the force of Xy is

fixed. Light-induced gas drift and light-induced heat flux cause longitudinal pressure and temperature
gradients in the system. These gradients, in turn, cause the own fluxes that will compete with light-
induced fluxes. In the system some steady state of dynamic equilibrium is eventually established.
According to Prigogine’s principle [1], it will be state with a minimum entropy production at which

the fluxes J, andJ., associated with unfixed forces X  and X; must be equal to zero:
Jp =N X, + A X +A s X =0, (68)
Jr = A X, + A X + A X =0.

Equations for the light-induced differential pressure and temperature follow from here:

—Kg In[%j =X (ApTATS _ApSATT)/AO

1
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1 (T
-=In (?2] = Xs (AryA s = Ay Ars) /A (69)

0 1
Ao = Ay Arr A A

We see that longitudinal redistribution of gas pressure in the capillary is caused by light-induced
drift (LID) and thermal transport, and also depends on heat fluxes. Thermal fluxes lead to the
inhomogeneity of temperature that, in turn, is the cause of the thermal transport. The temperature
difference is due to the light-induced heat transfer and the mechanocaloric flux, and depends also on
Poiseuille flux and light-induced drift. Fluxes of the gas make the pressure gradient and hence the
mechanocaloric flux.

Thus the resonant laser radiation can perform not only function of the piston compressing the gas,
but also a sort of heat engine, capable to redistribute thermal energy in a gas.
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