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Abstract

The problems of free-molecular flow of a gas in channels are considered. The literature on the problem is reviewed. The possibility of
uniform deposition of a substance on the inside surface of a cylindrical channel is analysed for the case of physicochemical transforma-
tions on this surface. The questions of spatial distribution of the molecules outgoing from the channel are discussed.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

A free-molecular regime of gas flow in channels is rea-
lised in the cases where the mean free path of molecules
considerably exceeds the characteristic dimension of the
channel (for example, its radius when the channel is cylin-
drical) and the influence of intermolecular collisions on the
gas flow can be neglected. The gas flow in a cylindrical
channel is assumed to be free-molecular, when the Knud-
sen number defined as the ratio of the mean free path to
the channel radius is considerably higher than unity. Here,
the transfer processes in the channel depend on the charac-
ter of interaction of gas molecules with the channel walls.
The problems of free-molecular gas flow in channels are
abundant in the modern technology. This applies to a vast
field of vacuum engineering, in which calculation of the
conductance of different kinds of pipelines at very low pres-
sures is a chief problem [1,2]. Such problems border also on
those connected with calculation of vapour escape in subli-
mation drying which is usually carried out at sufficiently
low vapour pressures [3]. The problems of vacuum deposi-
tion of thin films are also associated with calculation of
molecular fluxes in a free-molecular flow regime [4].
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The progress recently achieved in the area of microelec-
tromechanical systems (MEMS) and nanotechnology has
initiated new investigations in the field of gas flows in
nanosized channels (pores) [5–7]. Interestingly that under
certain conditions the nanosized objects themselves can
contain nanopores. Thus, for example, the titanium nano-
particles obtained by chemical deposition can, under
certain conditions of their production, be characterised
by sufficiently large porosity with a pore size of 1–2 nm
[8]. The gas flow in such pores can be considered free-
molecular even at a high enough pressure.

We will dwell on some aspects, essential to free-molecu-
lar gas flow in channels (pores). For simplicity, further we
restrict ourselves to the case where surface diffusion of
molecules can be neglected. We note that the problems of
free-molecular gas flow in channels may, by convention,
be divided into several groups. The problems aimed at cal-
culating the conductance of channels can be referred to the
first group. Here, it suffices to determine only the resulting
flux of particles emerging from the channel. For example,
in the simplest case of an infinitely long cylindrical channel,
its conductance is characterised by the Knudsen diffusivity
which, in the case of diffuse scattering of molecules by a
wall, is determined as DK = 2Rv/3, where v is the thermal
velocity of molecules. To calculate the conductance of the
channels of finite length with impermeable surfaces, it is
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Nomenclature

DK Knudsen diffusivity
h deposited layer thickness
j density of a flux of evaporating molecules
k Boltzmann constant
L channel length
l L/R
Q evaporation energy
Qd desorption energy
Qr activation energy of heterogeneous chemical

reaction
R channel radius
Rg gas constant
N density of a flux of molecules incident on the

surface
T temperature

X coordinate directed along the channel axis
x dimensionless coordinate (x = X/L)

Greek symbols

ac condensation coefficient
ar coefficient characterising the probability of het-

erogeneous chemical reaction
b sticking coefficient of reactant molecules

Subscripts
c condensation
d desorption
g gas
r reaction
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necessary to solve the integral Clausing equation [9]. The
second group includes the problems, which require deter-
mination of the spatial distribution of the molecules escap-
ing from the channel (in particular, the problems of
vacuum deposition of films from a gas phase). The third
group is comprised of the problems in which it is necessary
to calculate the resulting flux of molecules onto the lateral
surface of the channel. In particular, this group involves
the problems of deposition of coatings (thin films) onto
the inside surface of a channel. We note that the spatial dis-
tribution of the molecules outgoing from the channel
depends on phase transformations or chemical reactions
proceeding on the channel walls.

After the classical studies carried out by Knudsen, Cla-
using, and Smoluchowski a great number of works were
devoted to the problems of channel conductance. These
works were concerned with both derivation of approximate
analytical expressions for conductance and numerical
methods of analysis of the problem (a numerical solution
of the integral equations that describe the process or a
method of direct statistical simulation). The classical work
of Clausing [9] (English translation of the article published
in German in 1932) presents derivation of the integral
equation that describes a free-molecular flow in a cylindri-
cal channel. That work also considered the question on the
probability of the passage of molecules through a channel
in the limiting cases of rather long and short channels. In
[10–12] the problem on the probability of the passage of
a gas particle through a cylindrical channel is considered
by means of numerical solution of the Clausing integral
equation. In [13] the conductance of both cylindrical and
conical channels is considered on the basis of the Monte-
Carlo method. In [14] the same method was applied to
determine the conductance of a capillary with an evaporat-
ing meniscus, the latter being convex, flat or concave. It
was shown that the conductance of a capillary with a flat
and a concave meniscuses is the same because the advan-
tage in the area of the evaporating surface in the second
case is compensated for by a higher probability for the
molecules to hit this surface with their subsequent con-
densation. At rather high values of the capillary length-
to-radius ratio, the conductance for all three cases of
meniscus shape actually coincide. In [15], an analogous
problem is solved by the Monte-Carlo method but with
allowance for the possibility of intermolecular collisions.
This method was also used in [16,17] in solving the prob-
lems of free-molecular flow of a gas in cylindrical channels.
In [18,19], numerical method was applied to investigate the
free-molecular flow of a gas in a channel in the presence of
a heterogeneous chemical reaction on its walls.

We can single out a group of works in which the conduc-
tance of channels is determined by approximate analytical
methods. We should begin a review of these from [20], in
which the problem on radiation transfer in cylindrical
channels was solved. However, provided the well-known
analogy between the process of energy transfer by radiation
and free-molecular gas flow is taken into account, this
approach is also of current interest for the considered prob-
lems of the kinetic theory of gases. In [20], exponential
approximation of the kernel of an integral equation analo-
gous to the Clausing equation was used. Subsequently, the
method was developed in [21,22]. In [23,24] a variation
method was used to estimate the conductance in free-
molecular gas flow in channels. In [25], the asymptotic
behaviour of a resulting flux of particles for long tubes
was investigated by the Wiener–Hopf method. An addi-
tional information on the problems of the conductance of
channels in both free-molecular and intermediate regimes
of gas flow can be found in [26].

The problem of spatial distribution of molecules emerg-
ing from channels is also related to solving the Clausing
equation because the knowledge of the flux density of mol-
ecules outgoing from the channel walls is necessary to
determine this distribution [21]. The problem of angular



2358 V.V. Levdansky et al. / International Journal of Heat and Mass Transfer 49 (2006) 2356–2365
distribution of molecules for cylindrical channels with dif-
fusely scattering walls was considered in [21,27–29]. In this
case, deviation of angular distribution from the cosine law
depends on the ratio between the length of a channel and
its radius (geometrical factor). Of more interest, and more
adaptable as concerns the control, is the case where differ-
ent physicochemical transformations are realised on the
channel walls [19,30,31]. In [19], an angular distribution
of a molecular beam at the exit from a cylindrical channel
in the presence of a heterogeneous chemical reaction on the
channel wall resulting in disappearance of the particles, as
such, is investigated. In [30], an angular distribution of
molecules in the case of escape, from the Knudsen cham-
ber, of a dissociating gas containing atoms and diatomic
molecules was found. The problem of spatial distribution
of atomic beams with allowance for the recombination of
atoms on the wall of a cylindrical channel was investigated
in [31]. A spatial distribution of molecules can be used to
calculate the distribution of the flux density of molecules
incident on the substrate placed opposite the exit of the
channel (particle detector) [32,33]. However, this calcula-
tion is correct only for sufficiently large values of the ratio
between the distance to the substrate and the channel
radius. In the general case, the distribution of the flux den-
sity of particles incident on the substrate can be found by
direct calculation of the flux of molecules (without invok-
ing the spatial distribution). Such an approach was devel-
oped in [34,35].

It should be noted that both mass transfer in the channel
on the walls of which the processes of evaporation–conden-
sation or heterogeneous chemical reaction are realised and
the angular distribution of outgoing molecules depend on
temperature distribution along the channel. This can be
used to control molecular fluxes both in the channel and
outside it (the latter fact is important for forming the
required angular distribution of molecules outgoing from
the channel as well as obtaining coatings with a certain dis-
tribution of thickness over the substrate located normally
to the channel axis). Below, we investigate the influence
of the temperature drop along the length of a cylindrical
channel with an evaporating lateral surface on the resulting
flux of molecules both those escaping from the channel and
falling on this surface as well as on the angular distribution
of the molecules emerging from the channel. To find the
above-mentioned quantities, it is necessary to know the dis-
tribution of the flux density of the molecules outgoing from
the channel surface.

2. Free-molecular gas flow in a nonisothermal channel

with consideration for phase transformations

on its inside surface

A free-molecular gas flow in a cylindrical nonisothermal
channel, when phase transition and/or heterogeneous
chemical reaction was realised on its lateral surface and/
or bottom was investigated in [36–54]. We note that the
nonuniformity of phase transition along the channel length
can be due not only to nonisothermicity but also to other
factors. For example, the lateral surface of the channel
which is initially covered with a condensed phase at a
vapour pressure near its exit end less than the saturated
vapour pressure will be cleaned with time of condensate
layer. The given situation occurs in the problems of sub-
limation drying. The opposite case is realised when a part
of the lateral surface of the channel is covered with a film
of condensed phase on deposition of a substance from a
gas phase. One of the reasons for a change in the evapora-
tion intensity along the channel (capillary) length can be
the difference in the energy of the evaporation. For exam-
ple, in [55] it is shown that under certain conditions the
thickness of a polar liquid film covering the capillary sur-
face can undergo a discontinuous change, which leads to
a change in the evaporation energy. The nonisothermicity
of the channel walls may result in a situation where a part
of the channel surface is covered with a condensate layer
and the other part is free of it. Moreover, relationship
between the covered and uncovered parts, which in turn
determines both the channel conductance and the angular
distribution of the molecules outgoing from the channel,
depends on the temperature drop along the channel [45].

For the density of a flux of the molecules escaping from
the lateral surface of a cylindrical channel (I+), neglecting a
change in the channel geometry due to substance evapora-
tion or deposition on the channel walls fully covered with
condensate, we can write the following equation [36]:

Iþ ¼ jþ ð1� acÞ

�
Z 1

0

IþK1ðjx� x0jÞdx0 þ Nð0ÞKðxÞ þ Nð1ÞKð1� xÞ
� �

;

ð1Þ

where x is the dimensionless coordinate directed along the
channel axis (x = X/L); N(0) and N(1) are the densities of
the fluxes of molecules entering into the channel at x = 0
and x = 1, and ac is the condensation coefficient (which fur-
ther is assumed to be equal to the evaporation coefficient);
usually in physical deposition ac is considered to be temper-
ature-independent. The functions K and K1 in Eq. (1) char-
acterise the probabilities of the transition of molecules
from one surface element to another (in what follows the
spatial distribution of molecules both entering into the
channel and escaping from its surface will be considered
corresponding to the cosine law). Their values for the cylin-
drical channel are determined as [9,36]

KðxÞ ¼ l2x2 þ 2

2ðl2x2 þ 4Þ1=2
� l

2
x; K1ðxÞ ¼ �

dKðxÞ
dx

. ð2Þ

The temperature dependence of the flux density of evap-
orating molecules j can be represented in the form [36]

j ¼ acA exp � Q
RgT

� �
¼ B exp � Q

RgT

� �
; ð3Þ

where factors A and B are assumed to be constants because
of their weak dependence on the temperature.



V.V. Levdansky et al. / International Journal of Heat and Mass Transfer 49 (2006) 2356–2365 2359
We consider the case where a temperature change along
the channel looks like

T ¼ T 0 1þ T 1 � T 0

T 0

x
� �

¼ T 0ð1þ exÞ; ð4Þ

where T0 and T1 are the temperatures of the channel walls
at x = 0 and x = 1, respectively, and e = (T1 � T0)/T0.
When |e|� 1, Eq. (3) can be written as

j ¼ j0 exp
eQ

RgT 0

x
� �

¼ j0 expfsxg; ð5Þ

where s = eQ/(RgT0) and j0 is the value of j at x = 0.
When the function K(x) is approximated by exponential

function [20–22]

KðxÞ ¼ 1

2
expf�xlg ð6Þ

and with allowance for the relationship between the func-
tions K1 and K Eq. (1) can be solved analytically.

We consider the free-molecular flow in a channel with
phase transformations on its lateral surface. Double differ-
entiation of Eq. (1), subject to Eqs. (5) and (6), and the sub-
sequent combination of the resulting equation with the
initial one allow us to pass from the integral equation to
a differential one whose solution for s2 5 acl

2 has the form
[36,39]

Iþ ¼ a1 expfcxg þ a2 expf�cxg þ b

s2 � acl
2

expfsxg; ð7Þ

where b = j0(s2 � l2). Solution of Eq. (1) for s2 = acl
2 is

Iþ ¼ a01 expfcxg þ a02 expf�cxg þ b
2s

x expfsxg. ð8Þ

The constants a1, a2, a01, and a02 are determined on sub-
stitution of the corresponding solutions into the initial inte-
gral equation.

The analytical expression obtained for I+ makes it pos-
sible to analyse a number of the problems related to calcu-
lation of the resulting flux of molecules both escaping from
the channel and condensing on its lateral surface. In addi-
tion, a knowledge of the value of I+ allows one to find the
angular distribution of the molecules outgoing from the
channel.

3. The resulting flux of the molecules outgoing from a

channel with evaporating walls

For a number of problems of chemical technology (in
particular, in drying processes), calculation of the resulting
flux of the molecules outgoing from a capillary-porous body
is a highly urgent problem. We consider this problem on a
model of a single cylindrical capillary in which a free-molec-
ular regime of vapour flow is realised. For the density of a
flux of the molecules escaping from the cylindrical channel
(capillary) with evaporating lateral and bottom surfaces
under the condition of vacuum near the exit section
(N(1) = 0), the following expression can be written [39]:
N 0 ¼ Iþ0 K2ð1Þ þ 2l
Z 1

0

IþKð1� xÞdx. ð9Þ

Here, K2(x) is related to K(x) as

dK2

dx
¼ �2lK ð10Þ

and the density of the flux of molecules outgoing from the
evaporating bottom ðIþ0 Þ that is supposed to be flat has the
form (in what follows, the radial distribution of the mole-
cules escaping from the bottom is neglected):

Iþ0 ¼ j0 þ 2lð1� acÞ
Z 1

0

IþðxÞKðxÞdx; ð11Þ

where j0 is the density of a flux of the molecules evaporat-
ing from the bottom.

Substitution of the solution for I+ (which can be
obtained by the above-described method) allows us to find
the value of N 0. Thus, e.g., when ac = 1 and s2

5 l2, for
evaporation into vacuum (N(1) = 0), Eqs. (5), (9), and
(11) yield

N 0 ¼ j0 expf�lg 1þ l
sþ l

ðexpfsþ lg � 1Þ
� �

. ð12Þ
4. Uniform deposition of a substance on the inside surface

of a cylindrical channel

The problems of controlling substance deposition from
a gas phase emerge in a number of fields of new chemical
technology, in particular, in deposition of thin films as well
as in the problems of surface doping by a definite compo-
nent to change the physicochemical properties of materials.
In some cases (for example, in the technology of produc-
tion of microelectronics elements), it is necessary to imple-
ment the prescribed distribution of film thickness over a
substrate. Here, the internal problems of the deposition,
when a source of the deposited substance cannot be placed
inside the system (e.g., in substance deposition on the lat-
eral surface of a narrow channel), are the most complex
and least studied ones. Here, the process of deposition
can be controlled only by changing the pressure of the
deposited substance vapours near the channel ends and
the temperature distribution along the channel wall. Sub-
stance deposition on the walls of the channel can lead to
blocking of the latter resulting in the deterioration of the
progress of a technological process (for example, in the
processes of substance separation on gas filtration in por-
ous bodies as well as in drying processes). On the other
hand, in the technology of production of microelectronics
workpieces, the questions arise which are related to filling
channels of different shapes with a definite substance [56].
In a number of cases, the process of filling is realised by
substance deposition from a gas phase under the condition
of a free-molecular gas flow regime in channels. It should
be noted that in nonisothermal case, the channels (pores)
will be ‘‘overgrown’’ more intensively near the ends that



Fig. 1. Geometrical scheme of substance deposition in a cylindrical
channel (symmetrical case) for deposition stages in an isothermal channel
with cavity formation (a–c) and uniform deposition (d).
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extend into a gas phase, in which deposited particles are
present. This can lead to complete blockage of the channel
with formation of a cavity inside channel (Fig. 1). This
problem is directly related to the problem of coating the
inside surface of channels with a uniform layer of sub-
stance. This is due to the fact that otherwise cavities can
appear in the filler and this deteriorates the quality of the
articles produced. As noted in [56], deposition of coatings
with a set distribution of the thickness (in particular, depo-
sition of uniform coatings) is a necessary condition to carry
out some important manipulations in production of micro-
electronics elements.

The problems of chemical deposition from a gas phase in
half-closed channels were considered in [56–58]. It was
shown, in particular, that uniformity of the deposited layer
thickness increases on decrease in the coefficient ar which
characterises the probability of a heterogeneous chemical
reaction on collision of a reactant molecule with a wall (a
change in ar along the channel was not considered in the
works mentioned, which corresponded to the isothermicity
of the channel wall). In [59], the problem of chemical depo-
sition was investigated for a half-closed channel with reali-
sation of a linear temperature distribution along the
channel wall. It was shown that a temperature change along
the channel wall can result in both more uniform deposition
of a substance on the walls and optimisation of filling the
channel with a certain substance.

Below we consider the problem of uniform deposition of
substance from a gas phase on the lateral surface of a cylin-
drical channel, open at both ends, with a free-molecular
regime of a gas flow in it [50–54]. The cases of both physical
and chemical deposition of molecules on the lateral surface
of the channel are analysed.

The problem is considered in a quasi-stationary approx-
imation. It is supposed that before the beginning of the
process of deposition the entire lateral surface of the chan-
nel has already been covered with a layer of a solid conden-
sate (i.e., the process of formation of a solid film on the
substrate surface is not considered). The film thickness is
taken to be substantially less than the channel radius
throughout the entire process, so that the change in the
probability of the transition of molecules from one element
of the surface to another due to the growth of the conden-
sate layer can be neglected. The rate of the growth of the
layer thickness v is defined as

v ¼ dh
dt
¼ n�1J ; ð13Þ

where J is the density of the resulting flux of molecules into
the condensate and n is the number of molecules in a unit
volume of the condensate supposed to be constant.

The density J of the flux of the molecules deposited in
the vicinity of a point x of the lateral surface of the channel
is found from the equations [53]

J ¼ a
Z 1

0

ðjþ IÞK1ðjx� x0jÞdx0 þ Nð0ÞKðxÞ
�

þNð1ÞKð1� xÞ
�
� j; ð14Þ

I ¼ ð1� aÞ
Z 1

0

ðjþ IÞK1ðjx� x0jÞdx0 þ Nð0ÞKðxÞ
�

þNð1ÞKð1� xÞ
�
; ð15Þ

where I is the density of the flux of molecules elastically
reflected from the surface of the condensed phase.

In physical deposition, a is the condensation coefficient ac

(frequently, the value of ac is assumed equal to unity). In
chemical deposition, if a heterogeneous chemical reaction
is described by a one-stage scheme, the coefficient a = ar

characterises the probability of a reaction on collision of a
reagent molecule with the surface, as a result of which a mol-
ecule-product of the reaction passes into the condensed
phase. This coefficient is equal to the ratio of the number
of reacted molecules to the number of the molecules that col-
lided with the surface. The evaporation of molecules from
the condensate formed on chemical deposition in a number
of cases is insignificant and can be neglected.

By analogy with [60] we consider that the molecules of
the initial gas-reactant collide with a heated surface, and
this is accompanied by a reaction that leads to formation
of a solid phase (s) and gas molecules (g):

ABc ðgÞ ! A ðsÞ þ cB ðgÞ. ð16Þ
As an example of such a reaction we can refer to pyro-

lytic deposition of Ni in decomposition of Ni(CO)4 [60]

NiðCOÞ4 ðgÞ ! Ni ðsÞ þ 4CO ðgÞ ð17Þ

The temperature dependence of the coefficient ar in the
one-stage approximation (without regard for the residence
of a molecule in the intermediate state of physical adsorp-
tion) for the first order reaction can be represented as
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ar ¼ a0r expf�Qr=ðRgT Þg; ð18Þ
where Qr is the energy of a chemical reaction and the pre-
exponential factor is supposed to be constant.

At sufficiently low temperature drops along the channel
and allowance for (4), for the quantity ar we can write the
expression which is analogous to Eq. (5):

arðxÞ ¼ arð0Þ expfsrxg; ð19Þ
where sr = Qre/(RgT0) and ar(0) is the value of ar at x = 0.

We consider that the molecules which appear as a result
of the reaction do not influence the deposition process.
Using the exponential approximation of the functions K

and K1, from Eqs. (14) and (15) it is possible to find the
conditions necessary for uniform deposition of a substance
on the lateral surface of the channel.

In physical deposition (j 5 0, ac = const), the require-
ment of the uniformity of deposition along the channel
length in the symmetrical case (N(0) = N(1) = N) is
reduced to the following condition of distribution of the
flux density of evaporating molecules along the channel
[53]:

j ¼ acC
N
C
� l

2
� l2

2
xð1� xÞ

� �
� C; ð20Þ

where C = nv = J = const is the value of the resulting flux
of molecules into the condensate which is constant along
the channel. It follows from (20) that for uniform deposi-
tion the flux density of evaporating molecules should
change in a certain way along the channel, with the value
of j at the channel ends being larger than at the centre.

In chemical deposition in a cylindrical channel, the solu-
tion of Eqs. (14) and (15) by means of the above-mentioned
exponential approximation of K(x) and K1(x), neglecting
the reevaporation of molecules from the condensate under
the symmetrical conditions (when the flux densities of reac-
tant molecules Nr are the same at both ends of the chan-
nel), the condition of uniform deposition results in the
following dependence of ar on the coordinate x [53]:

ar ¼
N r

C
� l

2
� l2xð1� xÞ

2

� ��1

. ð21Þ

It is seen from Eq. (21) that for uniform deposition the
value of ar must be higher at the channel centre than
at the ends, which, with allowance for Eq. (18), reduces
to the need for the maintenance of higher temperature of
the surface at the central part of the channel.

Thus, the foregoing shows that in both physical and
chemical deposition, the uniformity of coating the inside
surface of the channel with deposited substance under the
specified conditions may be realised by a changing the
value of j or ar along the channel, which in turn is achieved
by creating the necessary temperature distribution along
the channel wall. With allowance for Eqs. (3), (14), (15)
and (18), for the temperature distribution needed to obtain
uniform coating along the channel length in physical and
chemical deposition under the symmetrical conditions for
the flux densities of the molecules entering the channel
through its ends, we can obtain the following expressions
[50–52]:

T ¼ Q

Rg ln
acC½N=C � l=2� l2xð1� xÞ=2� � C

B

� ��1
; ð22Þ

T ¼ Qr

Rg ln a0r½N r=C � l=2� l2xð1� xÞ=2�
� 	 . ð23Þ

It is seen from Eqs. (22) and (23) that a value of T decreases
with Q and Qr. We note that in uniform deposition the
assumption of small layer thickness can be eliminated in
principle because the geometry of the channel does not
change (only its radius undergoes a change). The law of a
change with time in the radius Rs of the channel formed
by the deposited layer of a solid substance has the form

Rs ¼ Rs0 � hðtÞ; ð24Þ
where h(t) is the thickness of the condensate layer that
changes with time and Rs0 is the initial radius of the chan-
nel the walls of which represent the condensate layer.

It follows from Eqs. (22)–(24) that, in the general case,
to attain uniform deposition at large enough thickness of
the deposited layer the temperature should change accord-
ing to a certain law, not only with coordinate but also with
time. Here, in physical deposition the temperature at the
channel ends must be higher than at its centre, whereas
in chemical deposition quite the reverse is true. Eqs. (23)
and (24) also yield limitations on the maximum rate of sub-
stance deposition which depends on the ratio of the length
of the channel to its radius. The higher this value, the less
can be the rate of deposition.

In [50], the case of physical deposition is considered,
where the quantity J is the function of the coordinate
(i.e., substance deposition along the channel follows a cer-
tain law).

Earlier, the one-stage scheme was used to describe a het-
erogeneous chemical reaction (without regard for the resi-
dence of a reactant molecule in an intermediate adsorbed
state). In a two-stage scheme of a heterogeneous chemical
reaction, the process of adsorption of reactant molecules
on the phase transition surface is taken into account. Here,
with small surface coverage by adsorbed molecules, the fol-
lowing equation can be obtained for temperature distribu-
tion along the channel wall that is required for uniform
substance deposition with neglect of reevaporation of mol-
ecules deposited [54]

T ðxÞ ¼ Qr � Qd

Rg ln kr0

kd0
b N r

C � l
2
� l2xð1�xÞ

2


 �
� 1

h in o . ð25Þ

where kd0 and kr0 are the pre-exponential factors for the
constants of the rates of desorption and chemical reaction
which are supposed to be constant and b is the sticking
coefficient of reactant molecules.

Fig. 2 shows the distributions of the dimensionless tem-
perature T 0(x) = T(x)/(|Qr � Qd|/Rg) along the channel
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which lead to uniform chemical deposition for the cases of
Qr < Qd and Qr > Qd. In the former case the values of
parameters kd0/kr0 and b used in [61] are taken: kd0/kr0 =
600 and b = 0.36 (in [61], the value of Qd � Qr was
assumed to be equal to 3.8 kcal/mol). For Qr > Qd, the
values kd0/kr0 = 1 and b = 1 are taken. It is seen from
Fig. 2 that in this case the function T 0(x) has a maximum
at the channel centre and for Qr < Qd it is characterised
by a minimum.

The foregoing shows that the temperature distribution
that is necessary for uniform chemical deposition of a sub-
stance in a channel depends substantially on relationship
between the energy of activation of a heterogeneous chem-
ical reaction and the energy of desorption of nonreacted
reactant molecules, and it can be characterised by both
maximum and minimum at different relationships between
Qr and Qd. However, in the one-stage approach (without
regard for molecule residence in the intermediate state of
physical adsorption), the temperature distribution leading
to uniform chemical deposition along the channel is char-
acterised only by a maximum [52].

It should be noted that the temperature profile along the
wall of a thin channel disposed in a plate depends on the
source of heating and the properties of the material in
which the channel is located [53]. For example, during
heating of the plate which is opaque relative to incident
radiation, the temperature distribution in it is linear. But
when radiation absorption can be considered uniform over
the plate volume, the maximum temperature is reached at
the plate centre (such a situation can take place during
action of microwave radiation). In the general case, the
temperature distribution depends on the absorption coeffi-
cient. This, in principle, allows one to control the tempera-
ture profile along the channel and, correspondingly, the
distribution of thickness of a deposited film by changing
the wavelength of incident radiation on which the adsorp-
tion coefficient depends. Such a control, in particular, can
be realised by frequency-changed radiation sources.
We note that sufficiently uniform coatings on the chan-
nel walls can be obtained also in the simplest case of a lin-
ear temperature profile. As indicated above, the case of
chemical deposition in a half-closed cylindrical channel
with a free-molecular regime of gas flow for a linear tem-
perature distribution along the wall was considered in
[59]. Below we discuss the case of physical deposition in a
cylindrical channel open at both ends with the condensa-
tion coefficient equal to unity and linear temperature distri-
bution along the channel. Here, for the dimensionless
density of the resulting flux of molecules onto the channel
wall J 0 = J/j0 with the exponential approximation of func-
tions K and K1 and s2 5 l2 we obtain

J 0 ¼ 1

2

Nð0Þ
j0

expf�xlgþ1

2

Nð1Þ
j0

expf�ð1� xÞlg�expfsxg

þ l½expf�xlgðl� sÞþexpfs� lð1�xÞgðsþ lÞ�2lexpfsxg�
2ðs2� l2Þ

.

ð26Þ

This expression for J 0 makes it possible to estimate
the character of a change in the resulting flux along the
channel with different relationships between the values of
s, l, N(0)/j0 and N(1)/j0 in the case where initially there is
a layer of the deposited substance on the channel surface.
In particular, this analysis enables one to clarify whether
the entire lateral surface of the channel will be covered with
deposited substance during condensation. Fig. 3 shows an
example of the dependence of J 0 on the parameters N(0)/j0,
N(1)/j0 and s at l = 3. As follows from the figure, a temper-
ature change along the channel wall (even in the considered
simplest case of a linear temperature distribution along the
channel) can substantially improve the uniformity of
substance deposition.

We note that in physical deposition, to obtain a more
uniform layer of substance along the channel length, it is
necessary that the temperature of the lateral surface should
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decrease in the direction toward the section facing the
region with a lower pressure of the deposited gas. In chem-
ical deposition, the same purpose may be achieved if the
temperature is increased in the direction toward the chan-
nel section that faces the region with a lower pressure of
the gas-reactant.

An analysis of substance deposition on the lateral sur-
face of a channel can appear to be useful both for the
above-mentioned technology of production of microelec-
tronics elements and in realisation of ‘‘healing’’ microleak-
ages formed in a wall that separates the region of low
pressure from that with a relatively high pressure of a
gas. By depositing the molecules of a certain substance,
which enter from the region of higher pressure, on the lat-
eral surface of a microleakage (channel), it is possible to
‘‘heal’’ the given microleakage by filling it with the sub-
stance deposited. Here, a choice of the deposition method
(and correspondingly of the substance deposited) will
depend, in particular, on the temperature of the wall which
contains a microleakage.

5. Angular distribution of molecules outgoing from a
nonisothermal channel with evaporating inside surface

and their deposition on a flat substrate

Earlier the problems of a free-molecular flow of a gas in a
cylindrical channel with phase transformations or heteroge-
neous chemical reactions on its inner surface were consid-
ered. Also of interest is the question of spatial distribution
of the particles outgoing from such a channel. This problem
is of current interest in connection with the problem of con-
trol of the spatial distribution of molecular beams as well as
of substance deposition from a gas phase (in particular, of
vacuum deposition of thin films) [62]. In [41–49], the ques-
tion of the dependence of the spatial distribution of a molec-
ular (or atomic) beam on a temperature drop along the
cylindrical channel was discussed in the case of evaporation
(sublimation)–condensation processes on the lateral surface
and the bottom of the channel. The ratio between the inten-
sity of the flux of molecules leaving the channel at an angle h
to its axis and the intensity at h = 0 that characterises the
spatial distribution of the molecular beam can be written
as [27]

f ðhÞ ¼ W ðhÞ cos h; ð27Þ
where the function W is expressed as follows:

W ðhÞ ¼ 4l
pIþ0

Z tg h
2

0

IþðxÞð1� l2n2Þ1=2 dn

þ 1� 2

p
arcsin uþ uð1� u2Þ1=2
h i

at h 6 arctg
2

l
;

ð28Þ

W ðhÞ ¼ 4l
pIþ0

Z 1
l

0

IþðxÞð1� l2n2Þ1=2 dn for h > arctg
2

l
.

ð29Þ
Here, as previously, x = X/L is the dimensionless coordi-
nate reckoned from the bottom assumed to be flat. The
quantities n and u are defined as n = [(1 � x)tgh]/2 and
u = [ltgh]/2. The terms outside the integral correspond to
the molecules straight-flying from the bottom to the chan-
nel exit without collisions with the walls.

Thus, to find the spatial distribution of the molecules
outgoing from the channel, it is necessary to know the dis-
tribution of the density of the flux of particles leaving the
lateral surface of the channel which is described by Eq.
(1). It follows from Eqs. 1 and (27)–(29) that the spatial
distribution of escaping molecules depends on the dimen-
sionless parameters u and l and on the condensation
(evaporation) coefficient ac.

When ac = 1, there is no need to solve the integral equa-
tion. Here, for s� 1 Eqs. (28) and (29) yield

W ðhÞ ¼ 1þ 2s
p

uð1� u2Þ1=2 þ arcsin u
h

þ 2

3u
fð1� u2Þ3=2 � 1g

i
at h 6 arctg

2

l
; ð30Þ

W ðhÞ ¼ 1þ s 1� 4

3pu

� �
for h > arctg

2

l
. ð31Þ

It follows from Eqs. (27), (30), and (31) that at ac = 1 in
an isothermal case (s = 0) we have W(h) = 1 for all angles
h, which corresponds to the fulfillment of the cosine law for
the particles escaping from the channel. When ac 5 1 and
s 5 0, the spatial distribution is found by numerical
integration in Eqs. (28) and (29) with the use of the approx-
imate analytic solution of Eq. (1) obtained by the above-
mentioned method [49]. For the case where evaporation
occurs only on the bottom, W(h) is determined by the
expression presented in [21].

It follows from the results of calculation of the spatial
distribution of the molecular beam outgoing from the
channel with an evaporating lateral surface that a change
in the temperature drop along the surface can result in
beams which can be both narrower as compared with the
isothermal case and wider as well as the beams character-
ised by a maximum at a certain value of the angle h
[41,49]. Here, the influence of the temperature drop on
the spatial distribution manifested more strongly for larger
values of the condensation coefficient.

A knowledge of the angular distribution of the vapour
molecules outgoing from the channel with an evaporating
surface allows one to calculate also the process of deposi-
tion of vapour molecules on a flat substrate located perpen-
dicularly to the channel axis provided that the distance
from the channel exit section to the substrate is much larger
than the channel radius. Under the specified condition, the
source of molecules can be considered as a certain effective
point source with the spatial distribution of molecules cor-
responding to that for a cylindrical channel [32]. Such a
representation allows one to find the flux of molecules inci-
dent on the substrate surface element characterised by the
angle h, which in turn enables one to calculate the distribu-
tion of film thickness over the substrate. It is shown in [49]
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that, in principle, the process of deposition of molecules on
the substrate can be controlled by a change in the temper-
ature distribution along the channel wall. This provides a
way of obtaining both uniform enough coatings over a cer-
tain range of the radial coordinate and coatings character-
ised by a maximum in thickness.

The point source approximation fails if the substrate is
located close enough to the channel exit. In this case, a more
general method of calculation should be used when the film
thickness distribution is determined not only by an angle at
which particles escape from the channel but also by the
coordinate of the element of lateral surface from which they
escape. Based on the above-mentioned general method of
calculation, an analysis of deposition of the molecules, leav-
ing the channel with an evaporating lateral surface, on a flat
substrate for arbitrary ratios between the distance from the
channel exit section to the substrate and the channel radius
was conducted [41,49]. It was shown that for sufficiently
large values of the ratio, the given method leads to the
results approaching those obtained by the above method
of an equivalent point source.

Thus, by changing the temperature along the channel
with an evaporating inside surface it is possible to influence
the distribution of the condensate film thickness over the
substrate. It should be noted that, if the evaporation of mol-
ecules from the substrate is taken into account, the rate of
substance deposition is determined by a difference between
the densities of the fluxes of the condensing and evaporating
molecules. Here the possibility of controlling the process of
substance deposition on the substrate both due to the tem-
perature change along the channel with an evaporating sur-
face and creation of a temperature profile on the deposition
surface appears. We note that the considered method of
controlling the process of vacuum deposition allows one
to obtain the substance layers with different kinds of radial
nonuniformity.

6. Conclusions

A review of the works on free-molecular flows in cylin-
drical channels with both impermeable surfaces and phys-
icochemical transformations on the lateral surface of a
channel is presented. Consideration is given to the prob-
lems of flow in nonisothermal channels with evaporating
surfaces. The problems of uniform deposition of a sub-
stance on the lateral surface of a channel with both physi-
cal and chemical deposition are analysed. The possibility of
controlling the spatial distribution of the molecular beam
escaping from the cylindrical channel with an evaporating
lateral surface is discussed. The problem of deposition of
these molecules on a flat substrate placed normally to the
channel axis near the exit section is also considered.
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