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I n t r o d u c t i o n  

Molecular beams have found wide application in science and technology [1, 2]. The subject Of inves- 
tigations of the parameters  of gas s t reams conducted ea r l i e r  has been, as a ru le ,  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 ei ther  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  character is t ics  of the source and 
the intensity of intermolecular  collisions. The longer the channels in the source, the nar rower  the angular 
distribution of the beam [3]. Because of this many investigations have been confined to 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 car r ied  out 
fo r  channels of different lengths are interesting for this reason.  

Increasing the pressure  in the source chamber leads to an increase in the intensity 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  character is t ics  of 
the source on the molecular  beam. Therefore ,  molecular  collisions are not taken into account (a f ree -  
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 resul ts  of [12] was made e a r l i e r  [15]. The incorrectness  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 arbi t rar i ly .  

S t a t e m e n t  o f  t h e  P r o b l e m  

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 i and the temperature  is Tlo Henceforth we will use dimen- 
sionless quantities, for  which we take r ,  n~, h = ~f2kTJm,  T1, and r~h -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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script zero then the relations l = l o / r  a n d  T = T0/T l, e.g., are valid for the dimensionless quantities, where 
l is  distance and T is temperature.  It is assumed that the gas in the volume is in equilibrium and its dis-  
tribution function equals fi, i.e., 

�9 ~ exp (--c~-)n-3/2. 

Supose the gas flows without collisions between molecules through a packet of radius 1R 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- 
eric theory of gases.  The model must allow for the true sizes of both the individual capillaries and of the 
entire packet. 

M a t h e m a t i c a l  M o d e l  

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 f2 of the form [15] 

p F(~) 
h := ~ I1, 

where P is the coefficient of transparency of the source (the ratio of the area of the capillary openings in 
the exi t  cross section of the packet to the entire cress  sectionsl area); J is the angl6 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 = 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 condition of conservation of total flux is saris- 
fled, i .e.,  the integral over the angular distribution of the particles equals the total flux of particles through 
the packet of capiilaries~ In addition, the dependence of the distribution function f2 on the velocity c in the 
form exp (-c 2) 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 (i,e., P ~ 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 f2 
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(J) = f2(J) 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 ~ r ) =  ] t ,c,  3 (1) 

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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In tegra t ion  in ve loc i ty  space  in (1) is  r a t h e r  compl ica ted ,  s ince i t  i s  difficult to de te rmine  the l imi t s  
of  in tegra t ion  of the d imens ion less  absolute ve loc i ty  o o v e r  the components .  I t  i s  f a r  s i m p l e r  to de te rmine  
them in a coordinate  s y s t e m  coinciding with c at the exi t  c r o s s  sect ion of the source  [15, 17, 18], i .e . ,  

~ R c o  

~. ~ (2) 
0 0  0 

w h e r e  s 2= z 2+  p2 + p ~ _ 2 p p l c o s ~ l ,  and ~ =  a r c  cos  (z /s ) .  

Because  of the axial  s y m m e t r y  of the gas  flow, the m a c r o s c o p i c  p a r a m e t e r s  do not depend on the a~.gle 
~o. T h e r e f o r e ,  i t  i s  sufficient  to de t e rmine  t he i r  va lues  in the quadrant  x0z (see Fig .  1), In accordance  with 
Eq.  (2), the flux components  nu z and nu x in the axial  and rad ia l  d i rec t ions  a re  calcula ted f r o m  the equation 

g R  

, p, (3) 
0 0 

F o r  pu rpose s  of s impl i f i ca t ion  of notation,  Eqs .  (2) and (3) r e p r e s e n t  s y s t e m s  of equations fo r  the de-  
t e r m i n a t i o n  of t h ree  (density,  to ta l  flux, and t e m p e r a t u r e )  and two (x and z components  of the to ta l  flux) p a -  
r a m e t e r s  of the m o l e c u l a r  b e a m ,  r e s pec t i ve l y .  

As a ru le ,  the p r inc ipa l  r e s u l t  in an inves t iga t ion  of m o l e c u l a r  b e a m s  is  the de te rmina t ion  of the an-  
g u l a r d i s t r i b u t i o n o f t h e  beam of mo lecu l e s  e m e r g i n g  f r o m  the source ,  

Fi(O ) = nu(O)/nu(O), 12 = const, 

where  0 is  the angle between the axis  of the source  and the r a y  l (see Fig.  1); nu(0) is  the component  of 
the to ta l  m o l e c u l a r  flux in the d i rec t ion  of the r a y  l; /2 is  the dis tance f rom the cen te r  of the exi t  c r o s s  s e c -  
t ion of the packet  to the obse rva t ion  point .  

Simple  g e o m e t r i c a l  re la t ions  lead to the following e x p r e s s i o n  fo r  nu(0): 
2 1~u (0) = nu  cos (~2 --  0), 9~- = arotg (u~/uz), u = V ux -i- u~. 

The calcula t ions  of FI(0) were  made  by an ALGOL p r o g r a m  compi led  on an NI-222 compu te r .  The av-  
e r a g e  t ime  needed to ca lcula te  the m a c r o s c o p i c  p a r a m e t e r s  (2) of the gas  at  one point of the flow field is  
about 10 sec .  Some of the r e s u l t s  of the calcula t ions  a re  p r e sen t ed  in F igs .  2 and 3. 

E x p e r i m e n t a l  T e c h n i q u e  

In the e x p e r i m e n t  we used  two packe ts  of c ap i l l a r i e s ,  o r  so -ca l l ed  cap i l l a ry  s i e v e s ,  having a t r a n s -  
m i t t a n c e o f  87%, a rad ius  R 0 = (0.278 �9 0.001) cm,  anda leng th  L 0 = 7.70 and 14.29 cm,  r e spec t ive ly ,  con- 
s i s t ing  of bundles of th in-wal led  g l a s s  cap i l l a r i e s  obtained by baking them with subsequent  drawing.  The 
r e l a t ive  lengths of the packe t s  we re  L = 153 and 283, where  L = L0/ r .  DLmensional quant i t ies  a re  m a r k e d  
by  a ze ro  subsc r ip t .  

To c o m p a r e  the expe r imen ta l  data  with t heo re t i ca l  ca lcula t ions  i t  was  n e c e s s a r y  to de te rmine  the geo -  
m e t r i c a l  d imens ions  of the c a p i l l a r i e s ,  p r i m a r i l y  the c a p i l l a r y  d i a m e t e r .  F o r  th is  we used  the r e s u l t s  of 
m e a s u r e m e n t s  of the to ta l  f luxes  of mo lecu l e s  in the v i scous  mode  of gas  flow in cap i l l a r i e s ,  where ,  as  is  
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known, the Poiseui l le  equation is  valid fo r  the descr ip t ion o f g a s  flow. The average  number  of capi l la r ies  
in a p a c k e t w a s  computed f rom a photograph of a c r o s s  sect ion of the c a p i U a r y s i e v e  and proved  to equal 
N = 2254, The calculated value of the cap i l l a ry  radius  (the so-ca l led  hydraul ic  radius) and i ts  s tandard de-  
viat ion were~ r = (5.05 �9 0.07) �9 10 -3 cm.  

The angular  dis tr ibut ions (directional  diagrams)  of the mo lecu l a r  beams fo rmed  by the packets  of cap ,  
iUar ies  were  invest igated on an exper imenta l  instal lat ion desc r ibed  in [19]. In exper iments  on the study of 
the dependence of the shape of the di rect ional  d iagram of a beam on the distance between the source  and the 
de tec tor  i t  is  n e c e s s a r y  to provide a constant  solid angle through which the ent rance  opening of the de tec tor  
is  seen f rom the source .  The re fo r e ,  in the exper iments  we used different  adapters  fo r  the de tec tor ,  chosen 
in such a way that  the ra t io  of the d i ame te r  of the ent rance  opening of the de tec tor  channel to the distance 
f rom the source  to the de tec tor  remained  constant  and equal to  0~ F r o m  these  considerat ions  we chose 
the dis tances  between the source  and the de tec to r  as l0 = 17.9., 5.60, and 1.55 cm.  

D i s c u s s i o n  o f  R e s u l t s  

In Fig.  2 we p r e sen t  an exper imen ta l  d i rect ional  d iagram of a hydrogen mo lecu l a r  beam formed  by a 
cap i l l a ry  sieve with a length L = 983 fo r  the case  of a distance l0 = 17.9. cm between the de tec tor  and the 
source  in the f r e e -mo lecu l e  mode of t/2 f low (Knudsen number  Kn = 310); d i rect ional  d iagrams of molecu la r  
beams  calculated f rom the equations p re sen t ed  above fo r  packets  of capi l la r ies  with lengths L -- 153 and 283 
a re  also p resen ted  he r e  fo r  compar i son  (curves 9. and 1, respect ively)  o As is  seen,  the exper imenta l  points 
a re  located somewhat  h igher  than the theore t i ca l  curve ,  which is  evidently connected with the fact  that a 
f r e e - m o l e c u l e  mode  of gas flow, both along a d i am e te r  and along the length of a capi l lary ,  was p resumed  in 
the theore t ica l  calculat ions ,  But in the exper imen t  a f r ee -mo lecu l e  mode of gas flow along the length of the 
channel is  not guaranteed .  

F r o m  exper imenta t ion  on the fo rmat ion  of mo lecu l a r  beams  by s t ~ l e  channels (see [20], fo r  example) 
i t  i s  known that  with an inc rease  in the channel length one obse rves  narrowing of the beam,  which is  cha rac -  
t e r i z e d  by the half-width of the angular  dis tr ibut ion,  de te rmined  by the size of the angle 0 at which the inten-  
s i ty  is  equal to half  the intensi ty  at the beam axis .  It  is  seen f rom Fig.  9. that  an inc rease  in the length of the 
cap i l l a ry  steve by nlrnost two t imes  does not  give a significant di f ference in the half-width of the direct ional  
d iagram of the beam~ At the same t ime ,  the in tens i ty  of the molecu la r  beam d ec rea se s  in inverse  propor t ion  
to  the inc rease  in the length of the packet  owing to the inc rease  in the res i s tance  of the packet~ 

An analysis  of the theore t i ca l  solution shows that  the na r row di rec t ional i ty  of a mo lecu l a r  beam is de-  
t e rmined  main ly  by the  ra t io  of the length of a cap i l la ry  to i ts  rad ius ,  while the beam intensi ty  i s  de termined 
by the distance between the de tec to r  and the source .  At la rge  d is tances ,  when l >> R, L,  i t  follows f rom 
[3, 6, 15] that  the mo lecu l a r  flux at an angle 0 to the axis is  calculated f rom the equation 

p R ~ 
n , ~  ( 0 )  - -  n u  --  9q /~  z" F (0), i .e.,  Fs (0) = F (0L (4) 

w her e  F(0) is  the Umiting angular  dis t r ibut ion fo r  a single cap i l l a ry  with the same values  of L and r as 
those  in the packet  of cap i l l a r i e s .  F r o m  the obvious equal! t ies  

P~R~ = p//~ = N 
.~r" 

and Eq.  (4) we find that  the beam in tens i ty  nu(0) is  propor t iona l  to the number  N of capi l la r ies  in the packet .  

We can es t imate  the distance at which one obse rves  the same l imit ing angular  distr ibution F(0) fo r  
both a packet  and a single capi l lary .  As a calculat ion example we took a source  with the p a r a m e t e r s  1~ -- 
10, L =  10, and P =  0.8. I n t h e  cases  of l = 10, 100, 1000, and 10,000 the ra t io  [ [F l (0 ) -F(0) ] /FI !0 ) ]*100% 
was 100, 22, 2, and 0.2%, respec t ive ly .  Consequently,  at d is tances  I comparable  with the dimensions 
tt and L of the source  i t  i s  i n c o r r e c t  te  use Eq.  (4) r de te rmine  the flux. Calculations show that  a packet  
of capi l la r ies  can be cons idered  as a point source  at disfmnces l ~ (40-50)1R. 

The dependence of the shape of the d i rec t ional  d iagram (or the angular  dis tr ibut ion Fi(0)) on the d i s -  
tance l beeween the source  and the de t ec t e r  fo r  a cap i l la ry  with L = 153 is shown in Fig~ 3. Here  the theo-  
re t i ca l  cu rves  2-4 and the exper imenta l  points ,  obtained in the f r ee -mo lecu l e  l imi t  (Kn ~ 100), co r respond  
to dis tances  l0 = 17.2, 5.60, and 1.55 cm.  Curve 1 is  the l imit ing diagram F(0) fo r  a single capi l la ry  with 
the same p a r a m e t e r s  L and r as f o r  the capi l la ry  s ieve .  As is  seen,  with an inc rease  in l0 the direct ional  
d iagram essent ia l ly  na r rows  down to the l imit ing one. 

550 



Thus, the sat isfactory 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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