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Introduction

Molecular beams have found wide application in science and technology [1, 2]. The subject of inves-
tigations of the parameters of gas streams conducted earlier has been, as a rule, the limiting angular dis~
tributions (directional diagrams) [3-14] observed at large distances from the source of the molecular beam.,
As the source one often takes either individual channels with cross sections of different shapes [3, 6] or
tightly packed blocks (packets) of such channels [4, 5, 7-14].

Two principal demands are imposed on molecular beams: high intensity and sharp directionality.
Sources in the form of packets of long channels allow one to obtain molecular beams satisfying these demands
without the use of additional collimating devices. The intensity of the molecular beam can be increased by
increasing the number of channels in the packet [4, 5, 9, 10], by decreasing the distance from the source to
the object [12], and by increasing the pressure in the source chamber [3-14] (i.e., in the volume from which
the gas enters the channels),

The intensity of a molecular beam is determined by the geometrical characteristics of the source and
the intensity of intermolecular collisions. The longer the channels in the source, the narrower the angular
distribution of the beam [3]. Because of this many investigations have been confined o the consideration of
long channels only [4, 5, 7, 13, 14].

An increase in the channel length leads to a decrease in the beam intensity. Investigations carried out
for chamnels of different lengths are interesting for this reason.

Increasing the pressure in the source chamber leads to an increase in the infensity of a molecular
beam, but its directionality is degraded [6] owing to effects of intermolecular collisions.

The purpose of the present work is to investigate the influence of the geometrical characteristics of
the source on the molecular beam. Therefore, molecular collisions are not taken into account (a free-
molecule mode of flow). In this case the main role is played by the conditions of the interaction of the mole-
cules with the walls of the source, i.e., the boundary conditions for the molecular distribution function. A
mathematical model of a multichannel source of a molecular beam is proposed which allows one to calculate
the gas parameters at any distances from the source.

A comparison with the results of [12] was made earlier [15], The incorreciness of such a comparison
was noted, since the influence of intermolecular collisions was considerable in the experiment of {12].

The authors of other investigations [4, 5, 7-11, 13, 14] have assumed that the angular distributions of
the molecular beams produced by one channel and by a block of such channels coincide. Such an assumption
is valid, as calculations show, only at large distances from the source in comparison with its size. The dis~
tance between the source and the detector was chosen arbitrarily.

Statement of the Problem

Let us consider the escape of a gas from a large volume through a packet of capillaries of radius r into
a vacuum, The gas density in the volume is n; and the temperature is T;. Henceforth we will use dimen~
sionless quantities, for which we take r, n;, h = vV2kTy/m, Ty, and nih"3 as the units of measurement of
distance, number density, velocity, temperature, and the distribution function, respectively, where k is Boltz~
mann's constant and m is the mass of a molecule, If the dimensional quantities are marked by the sub-
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Fig, 1

script zero then the relations [ = lo_/r and T = Ty/Ty, e.g., are valid for the dimensionless quantities, where
1 is distance and T is temperature., It is assumed that the gas in the volume is in equilibrium and its dis-
tribution function equals f;, i.e.,

fi = exp (—cAu-si,

Supose the gas flows without collisions between molecules through a packet of radius R composed of
identical cylindrical capillaries of length L (Fig. 1).

An increase in the number of capillaries in the packet leads to an increase in the size of the source.
A mathematical model of the system under consideration must be constructed using the methods of the kin-
etic theory of gases. The model must allow for the true sizes of both the individual capillaries and of the
entire packet,

Mathematical Model

We assume that the gas flows in the direction of the z axis (see Fig. 1), which coincides with the axis
of the packet of capillaries. Suppose the exit cross section of the packet, which is in the plane z = 0, emits
molecules having a known distribution function f, of the form [15]

F(9)
cos O

fz‘:'P
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where P is the coefficient of transparency of the source (the ratio of the area of the capillary openings in
the exit cross section of the packet to the entire cross sectionsl area); # is the angle between the axis of
the source and a ray s directed from some point on the source to the observation point M with the coordin-
ates p, z, and ¢ = 0; F(#) is the limiting angular distribution for a single capillary [16].

As calculations show, the proposed model gives the exact limiting angular distribution F(#) at dis-
tances considerably greater than the size of the packet, The condifion of conservation of total flux is satis-
fied, i.e., the integral over the angular distribution of the particles equals the total flux of particles through
‘the packet of capillaries, In addition, the dependence of the distribution function f, on the velocity ¢ in the
form exp (—c?) is exact in the free-molecule mode of flow under consideration. It should be noted that the
accuracy of the results is determined by the quantity P, which should be close to unity (.., P2 1), If
intermolecular collisions are absent, then it follows from the Boltzmann equation that the distribution func-
tion of the molecules is conserved along the flight trajectory of the molecules, Consequently, the function f,
assigned in the plane of the exit cross section of the packet is the same at any point in the region of gas flow
outside the packet,

. Thus, the distribution function f(4#) = f,(#) of the molecules is known, and to obtain the calculating
equations we can use definitions of the macroscopic quantities through the distribution function

.n(l, u, 7) =j'f(1, e ﬂ“—g—“—‘z—) de, @

where n is the number density; u is the average velocity; T is the gas temperature; f is the distribution
function of the molecules.
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Integration in velocity space in (1) is rather complicated, since it is difficult to determine the limits
of integration of the dimensionless absolute velocity ¢ over the components. It is far simpler to determine
them in a coordinate system coinciding with ¢ at the exit cross section of the source [15, 17, 18], i.e.,
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where s? = z2 + p? + p}—2ppscosp, and & = arc cos (z/s).

Because of the axial symmetry of the gas flow, the macroscopic parameters do not depend on the angle
¢ . Therefore, it is sufficient to determine their values in the quadrant x0z (see Fig, 1). In accordance with
Eq. (2), the flux components nu, and nuy in the axial and radial directions are calculated from the equation

111
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For purposes of simplification of notation, Eqs. (2) and (3) represent systems of equations for the de-
termination of three (density, total flux, and temperature) and two (x and z components of the fotal flux) pa~
rameters of the molecular beam, respectively,

As a rule, the principal result in an investigation of molecular beams is the determination of the an-
gular distribution ofthe beam of molecules emerging from the source,

Fy(8) = nu(6)/nu(0), I, = const,

where ¢ is the angle between the axis of the source and the ray I (see Fig. 1); nu(g) is the component of
the total molecular flux in the direction of the ray I; I, is the distance from the center of the exit cross sec-
tion of the packet to the observation point,

Simple geometrical relations lead to the following expression for nu(g):
nu(0) = nucos{p, — 0), ¢, =arctg (u,/u,), u= l/u?c 4 ul.
The calculations of F;(¢) were made by an ALGOL program compiled on an M-222 computer., The av-

erage time needed to calculate the macroscopic parameters (2) of the gas at one point of the flow field is
about 10 sec, Some of the results of the calculations are presented in Figs. 2 and 3.

Experimental Technique

In the experiment we used two packets of capillaries, or so~called capillary sieves, having a trans-
mittance of 87%, a radius Ry = (0.278 + 0.001) cm, andalength L;= 7.70 and 14.29 cm, respectively, con-
sisting of bundles of thin-walled glass capillaries obtained by baking them with subsequent drawing, The
relative lengths of the packets were L = 153 and 283, where L = Ly/r, Dimensional quantities are marked
by a zero subscript,

To compare the experimental data with theoretical calculations it was necessary to determine the geo-
metrical dimensions of the capillaries, primarily the capillary diameter. For this we used the results of
measurements of the total fluxes of molecules in the viscous mode of gas flow in capillaries, where, as is
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known, the Poiseuille equation is valid for the description of gas flow. The average number of capillaries
in a packet was computed from a photograph of a cross section. of the capillary sieve and proved to equal

N = 2254, The calculated value of the capillary radius (the so-called hydraulic radius) and its standard de-
viation were r = (5.05 £ 0.07) *107% em,

The angular distributions (divectional diagrams) of the molecular beams formed by the packets of cap-
illaries were investigated on an experimental installation described in [19]. In experiments on the study of
the dependence of the shape of the directional diagram of a beam on the distance between the source and the
detector it is necessary to provide a constant solid angle through which the entrance opening of the detector
is seen from the source, Therefore, in the experiments we used different adapters for the detector, chosen
in such a way that the ratio of the diameter of the entrance opening of the detector channel to the distance
from the source to the detector remained constant and equal to 0.02. From these considerations we chose
the distances between the source and the detector as [, = 17.2, 5.60, and 1,55 cm,

Discussion of Results

In Fig, 2 we present an experimental directional diagram of a hydrogen molecular beam formed by a
capillary sieve with a length L = 283 for the case of a distance I, = 17.2 cm between the detector and the
source in the free-molecule mode of H, flow (Knudsen number Kn = 310); directional diagramsof molecular
beams calculated from the equations presented above for packets of capillaries with lengths L = 153 and 283
are also presented here for comparison (curves 2 and 1, respectively). As is seen, the experimental points
are located somewhat higher than the theoretical curve, which is evidently connected with the fact that a
free-molecule mode of gas flow, both along a diameter and along the length of a capillary, was presumed in
the theoretical calculations, But in the experiment a free-molecule mode of gas flow along the length of the
channel is not guaranteed,

From experimentation on the formation of molecular beams by single chammels (see [20], for example)
it is known that with an increase in the channel length one observes narrowing of the beam, which is charac-
terized by the half-width of the angular distribution, determined by the size of the angle ¢ at which the inten-
sity is equal to half the intensity at the beam axis, It is seen from Fig. 2 that an increase in the length of the
capillary sieve by almost two times does not give a significant difference in the half-width of the directional
diagram of the beam. At the same time, the intensity of the molecular beam decreases in inverse proportion
to the increase in the length of the packet owing to the increase in the resistance of the packet.

An analysis of the theoretical solution shows that the narrow directionality of a molecular beam is de-~
termined mainly by the ratio of the length of a capillary to its radius, while the beam intensity is determined
by the distance between the detector and the source. At large distances, when I >> R, L, it follows from
[3, 6, 15] that the molecular flux at an angle ¢ to the axis is calculated from the equation

P

mu @) = nu = 2 — P (O), tew F10) =F O), @

where F(0) is the limiting ahgular distribution for a single capillary with the same values of L and r as
those in the packet of capillaries. From the obvious equalities

PaR,

=PR*=N

ar
and Eq. (4) we find that the beam intensity nu(6) is proportional to the number N of capillaries in the packet.

We can estimate the distance at which one observes the same limiting angular distribution F(¢) for
both a packet and a single capillary, As a calculation example we took a source with the parameters R =
10, L = 10, and P = 0,8, In the cases of 7= 10, 100, 1000, and 10,000 the ratio [[F;(6) -—F(@)-]/Fige)]qoo%
was 100, 22, 2, and 0,2%, respectively. Consequently, at distances I comparable with the dimensions
R and L of the source it is incorrect to use Eq. (4) to determine the flux. Calculations show that a packet
of capillaries can be considered as a point source at distances I > (40-50)R.

The dependence of the shape of the directional diagram (or the angular distribution F;(6)) on the dis-
tance I between the source and the detector for a capillary with L = 153 is shown in Fig. 3. Here the theo-
retical curves 2-4 and the experimental points, obtained in the free-molecule limit (Kn ~ 100), correspond
to distances I, = 17.2, 5.60, and 1.55 cm. Curve 1 is the limiting diagram F(g) for a single capillary with
the same parameters L and r as for the capillary sieve, As is seen, with an increase in 7, the directional
diagram essentially narrows down to the limiting one.
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Thus, the satisfactory agreement of the experimental and theoretical results shows that the chosen
mathematical model is entirely correct in describing the dependence of the shape of the directional diagram
on the distance between the detector and a multichannel source of limited size, It is shown that the use of
the angular distribution is incorrect at small distances from the source in comparison with its size,
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