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Equations of mass  exchange in c losed  h igh-vacuum s y s t e m s  a r e  obtained on the bas i s  of the 
analogy between p r o c e s s e s  of t r a n s f e r  of mo lecu l a r  p a r t i c l e s  in a highly r a r e f i e d  gas and 
p r o c e s s e s  of rad ia t ion .  

The. wide application of high-vacuum systems in different areas of science and technology requires 
the development of analytical methods for the study of their functional characteristics and particularly the 
mass transfer characteristics. 

A high-vacuum system consits of an enclosed volume filled with a highly rarefied gas (Kn >> 1) and 
bounded by surfaces at which there exists a heterogeneous field of temperatures and partial pressures. 
The processes of mass exchange in such systems are closely connected with irreversible processes of 
transfer of mass, energy, and momentum based on the respective fundamental conservation laws. 

The realization of transfer processes in a highly rarefied gas is accomplished through the interac- 
tion of the free-molecular flux with the surfaces bounding the vacuum space. Either the reflection of the 
moleclar particles from the surface or the sorption of these particles by the surface occurs in this case. 
The exchange of mass, energy, and momentum between the molecular flux and the surface is character- 
ized by the appropriate coefficients of exchange (accomodation) C~m, ~e, and ~p and of reflection R. 

For the determination of the macroscopic characteristics of the interaction of a free-molecular flux 
with a surface there are kinetic equations for the distribution function f(u, r, T), which represents the 
probability density of the number of particles with velocity u at the point of space with radius vector r at 
the time T, with allowance for the boundary conditions at the solid surface. As was shown in [1], however, 
owing to the reflections of the particles during their interaction with the boundary in a closed system the 
distribution function f(u, r, r) is connected not only with the initial distribution function or with the distri- 
bution function at one point of the surface but also with the distribution function at infinitely many points 
of the surfaces of the system. A distribution function of this type and the kinetic equations based on it are 
extremely complicated and very laborious for solution in engineering practice and moreover they have so 
far been obtained only for the simplest geometries, such as for two parallel plates [2]. 

For an analysis of the process of mass transfer in a real high-vacuum system bounded by a finite 
number of surfaces we will use the analogy between the transfer laws of molecular particles and of radia- 
tion in a highly rarefied gas (diathermal medium). For the radiation in this case one can start from cor- 
puscular concepts, considering the radiation as a flux of photons. 

It was shown in [3] that the macroscopic equations of mass transfer in a rarefied gas and the macro- 
scopic equations of radiation transfer in a diatherma[ medium have a single foundation: the microscopic 
Boltzmann equations for a gas and for photons. Therefore, with certain assumptions for the molecular 
particles it appears to be possible to use the solutions and method of analysis of the macroscopic radiation 
equations for the solution and analysis of the macroscopic equations of mass transfer. 

For subsequent considerations we will assume that incident and reflected molecular fluxes having a 
Maxwell distribution interact with any surface of the high-vacuum system. The molecular fluxes generated 
(desorbed) by the surface are distributed in accordance with Lambert's law. The mean velocities, kinetic 
energy, and momentum of the particles correspond to the temperature of the surface. 
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Let us take the su r face  densi ty  of the molecu la r  flux as the de te rmin ing  phys icoenerge t ic  p a r a m e t e r  
of the m a s s  t r a n s f e r .  In this case  the p rope r  (desorbed), incident, re f lec ted ,  and absorbed  molecu la r  flux 
densi t ies  a r e  interconnected by the genera l ized  re la t ionships  for  the densi t ies  of the effect ive and resu l tan t  
mo lecu l a r  fluxes [4, 5] 

M e =Mp + M r = Mp+ R.M s, M t = Mp--.Ma== Mp- -B , M s, R + B---- 1, (1) 

where  R and B a r e  genera l ized  sorpt ion  c h a r a c t e r i s t i c s  of the su r face .  

We will solve the p rob lem of m a s s  t r a n s f e r  under  conditions of a highly r~ref ied  gas on the bas i s  of 
the in tegral  equations of radia t ion t r a n s f e r .  These  equations give a sufficiently s t r i c t  analyt ical  d e s c r i p -  
tion of the t r a n s f e r  p r o c e s s .  The approx ima te  methods of solving these  equations (general ized zonal me th -  
ods [5, 6]) for  closed s y s t e m s  bounded by a finite number  of su r f aces  (zones) with constant  (continuous) and 
with cons tan t -d i sc re t e  optical (sorpt ion--desorpt ion)  and energy  cha rac t e r i s t i c s  p e r m i t  one: to take into 
account the physical  na ture  of the phenomena;  to de t e rmine  not only the cha r ac t e r i s t i c s  of the radia t ion 
(mass emission)  field averaged  over  the individual zones but a lso  the local cha rac t e r i s t i c s ;  to use the 
exist ing analyt ical  express ions  for  the local and ave rage  angular  radia t ion t r a n s f e r  coeff icients .  

Let us consider  a closed s y s t e m  filled with a r a r e f i ed  gas and bounded by a sufficiently smooth s u r -  
face F at all  pa r t s  of which the m a s s  emiss ion  densi ty  field is given. 

The m a s s  exchange in such a closed s y s t e m  can be desc r ibed  with sufficient  a ccu racy  by the in tegral  
equation 

Me(P ) -- !l,l~ (P) -~ 7~ (P) f M,~(N) K (P, N) dFN, (2) 
'F 

where  K(P, N) = cos |  cos |  2 is the kernel  of Eq. (2) and PEF,  N~F.  

Depending on the formulat ion of the p rob lem the genera l ized  function Mot (P) re f lec t s  the p rope r  or  
the resul tan t  m a s s  emiss ion  field. 

The solution of Eq. (2) has the fo rm 

Me(P) = M~ (P) q- R (P) .i M~ (N) F (P, N) dFu. (3) 
F 

Here  the r e so lven t  r(P, N) of the kerne l  K(P, N) al lows for  mult iple  ref lect ions  of the pa r t i c les  of 
the mo lecu l a r  flux f rom the su r f aces  of the s y s t e m  and is de te rmined  f rom the integral  equation 

F (P, N) = K (P, N) + .( R (Q) K (P, Q) F (Q, N) dFQ. (4) 
F 

If the boundary su r f ace  F is given in the fo rm of a se t  of homogeneous sorp t ion- -desorp t ion  zones 
n 

s Fn = Fi and if R(Pi) ~ Ri and Mot(P i) --* Moei a r e  given in the fo rm of s tepwise  functions for each i - th  
i = l  

zone, where  i = 1, 9. . . . . .  n, then Eq. (2) for  the se t  of su r faces  takes the fo rm 
n 

Me(Pi) ---- M~+ Ri ~_~ S Me(P~) K (P,, Nj)dFNi. (5) 
i=i Fj 

We can write the solution of this system of equations with allowance for multiple reflections of the 
particles of the molecular flux from the surfaces Fn in the form 

M~(P,) = M~,+ R, ~ M~j ~ r (P~, N~) dF,~1. (6) 
i:=l Fj 

The integral  i" F (P~. Nj)dFgi r e p r e s e n t s  the reso tven t  angular  t r a n s f e r  coefficient  ~(Pi ,  Fj) a s o r p -  

t i on - -geomet r i ca l  indicator ,  which by analogy with [5] takes  into account the geomet r i ca l  p rope r t i e s  of its 
su r faces ,  and mult iple  ref lec t ions  at the boundary.  

The reso lven t  (local or  average)  angular  t r a n s f e r  coefficient is de te rmined  by calculat ing the m a t r i x  
F(Pi ,  N i) of the resolvent ,  de te rmined  by the s y s t e m  of equations 

F (P,, Nf) = K (P,, N~) + ~ Ra .I K (P,, Q~) F (Qa, N~) dFQ~. (7) 
/z=l F k 

The analytical solution of (7) comes down to the determination of the sum of an infinite converging 
functional series.  An approximate method of determining the resolvent angular transfer coefficients 
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exists [6], according to which (7) is approximated by a finite sys tem of a lgebraic  equations 
n 

(P~, Fj) = ~ (P~, F~) -~- ~ R~%j~ (N~, F0, (8) 
:e==l 

where j =1,  2, . . . ,  n; i = 1 ,  2 . . . . .  n. 

Here the geometr ieaI  (local or  average} angular  t r ans fe r  coefficients ~ a re  determined on the basis 
of well-kno~xm rules  [5] or  f rom the resul ts  of probIems of radiation t r ans fe r  solved ear l ie r  for sys tems 
of specific geomet r ies .  

A s u m m a r y  table of analytical dependences of geometr ieai  angular t r ans fe r  coefficients for the su r -  
faces of the most  common geomet r ies  in high-vacuum sys tems  is presented in [7]. 

It m.ust be noted that in addition to the weIl-known rec iproca l  relat ions the resotvent  angular mass  
t r ans fe r  coefficients a re  interconnected by an additional re la t ion based on the law of conservat ion of mass :  

"~ ~,~btl~ := 1, where k == 1, 2, .. n. (9) 

Finally, the sys tem of equations (6) with allowance for (8) is converted to the form 

Me(Pi) --  Ri [~. M,~jq~ (Pi, Ft~) =/1I~i, (10) 
i=1 

w h e r e k  =1,  2 . . . . .  n; i = 1, 2 . . . .  , n. 

The general ized function Mai,  as indicated ear l ier ,  has the form 

M~, IMpi, R~ = 1, (11} 
~  !--Mti, Re 1 - - B  i. 

In mass  t r ans fe r  problems the Ihnction Mpi charac te r i zes  the mass  flux density generated by the i- th 
surface  of the high-vacuum sys tem due to the independent p rocesses  of desorption from the surface  and 
diffusion of gas par t ic les  f rom the volume of the solid, evaporation or sputtering of atoms from the surface 
of the solid, and the penetrat ion of molecular  par t ic les  through the surface bounding the vacuum space.  

The p rocesses  enumerated a re  determined by the t empera tu re  of the surface,  the physicoenerget ic  
pa ramete r s  of the par t ic les  of the external medium, and by the proper t ies ,  composition, and s t ruc ture  of 
the solid. Since there does not yet exist a single general ized charac te r i s t ic  of the mass  emiss ion of ma-  
ter ia ls  in a high vacuum at different t empera tures  and other conditions, experimental  average  cha rac te r -  
is t ics for each p rocess  a re  used as a rule to est imate the desorption molecular  fluxes, for  example, of 
the type 

Mp, r,-= Mp<0,-~ Aexp ( - - ~ - )  , (12) 

where Mp(0) is the initial (at T = 300~ desorption flux; A and C are  experimental  coefficients for  the 
specific mater ia ls ,  t empera tures ,  and p r e s s u r e s .  

Surfaces with equal and uniformly distr ibuted charac te r i s t i cs  Mpi wilt be called isodesorption su r -  
faces.  

Unfortunately, at present  there are  only a few reports  available in which data an the desorption pro-  
per t ies  of the mater ia ls  of high-vacuum sys tems a re  sys temat ized.  

The function Mti represents  the resul tant  molecular  flux density and is determined in accordance  
with (1), where Mai charac te r i zes  the absorpt ivi ty of the i- th surface,  determined by the p rocesses  of ad- 
s o r p t i o n -  ehemisorpt ion or condensation of the molec la r  par t ic les .  

The proport ionali ty coefficient Bi in mass  exchange problems depends on the physicochemical  and 
thermodynamic  proper t ies  of the surface  and is the sticking probabili ty ~i for the case of interaction of 
gas par t ic les  with the surface  and is the condensation coefficient a Ti for the case of the interaction of con- 
densing (vapor) par t ic les .  For  quas i - su r faces  joining the evacuated space with the evacuation elements 
the pa r ame te r  Bi charac te r i zes  the capture coefficient @. 

We should note that surfaces  with equal and uniformly distributed values of >i and c~ Ti will be con- 
s idered as isosorpt ion surfaces .  
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Fig.  1. D i a g r a m  of a cy l indr ica l  evacua t ion  eell with 
so rb ing  wal l s :  1) q u a s i - s u r f a c e ;  2; 3) so rb ing  s u r f a c e .  

Fig. 2. Dependence  of e f fec t ive  cap tu re  coeff ic ient  | 
of a cy l ind r i ca l  evacua t ion  cell  on its r e l a t i ve  depth ~o v 
and the s t ick ing  probab i l i ty  # of the so rb ing  wal l s .  

S u m m a r y  data on the s t ick ing  probabi l i t i es  (condensat ion coeff ic ients)  of d i f fe ren t  ga se s  at  d i f fe ren t  
t e m p e r a t u r e s  of the m o l e c u l a r  p a r t i c l e s  and s u r f a c e s  a r e  p r e s e n t e d  in [7]. 

It follows f r o m  (1) and (10) that  the local  dens i ty  of the incident  m o l e c u l a r  flux is d e t e r m i n e d  by the 
equat ion 

n 

Ms(P~) = Me(P ~)-Mpi V = ~ Mpjff)(P~, Fh), (13) 
Ri 

i = l ,  2 . . . . .  n; k = l ,  2 . . . . . .  n. 

Although Eqs.  (10), (11), and (13) a r e  wr i t t en  fo r  a homogeneous  gas  they can eas i ly  be g e n e r a l i z e d  
to the case  of a m i x t u r e  of g a s e s .  

The solut ion of the s y s t e m  of Eqs .  (10) and (13) and the subsequent  ana lys i s  make  it poss ib le  to  ob- 
Lain a qual i ta t ive  and quant i ta t ive  p i c t u r e  of the d i s t r ibu t ion  of m o l e c u l a r  f luxes in a h igh -vacuum s y s t e m .  
As a r e su l t  one can d e t e r m i n e  the cap tu re  coeff ic ients  and evacuat ion  r a t e s  of d i f fe ren t  ga se s ,  the fields 
of pa r t i a l  p r e s s u r e s  a long the length and over  c r o s s  sec t ions  of the s y s t e m ,  the p r e s s u r e  of any gas  at  
any point  of the s u r f a c e  of the s y s t e m  which is diff icult  to  r e a c h  fo r  m e a s u r e m e n t  by sca l ing  the expe r i -  
men ta l ly  obtained r e s u l t s ,  and the op t imum g e o m e t r y  of the s y s t e m  provid ing  for  its h ighes t  e f f ic iency.  

As an example  we will  show the d e t e r m i n a t i o n  of the cap tu re  coeff ic ient  fo r  a cy l indr ica l  evacuat ion  
cell with so rb ing  wal ls ,  a d i a g r a m  of which is p r e s e n t e d  in Fig.  1. 

The ef fec t ive  cap tu re  coeff ic ient  of the cel l  is d e t e r m i n e d  as the ra t io  of the m o l e c u l a r  flux abso rbed  
by the cell  to the m o l e c u l a r  flux incident  on the  cell  th rough  the q u a s i - s u r f a c e  (1), i . e . ,  

~/av (14) 
Ov= " ~ s  1 , 

w h e r e  

In a c c o r d a n c e  with (13) 

3 3 

Ma,, = ~ ~ai= ~ M~iA, ~; Ms~ = Msx.A. (1~) 
i ~ 2  i ~ 2  

MSi = Msl(1)il. (16) 

Af t e r  t r a n s f o r m a t i o n s  using the d i m e n s i o n l e s s  depth oJ V = L /R  and a s s u m i n g  that  the s u r f a c e s  of the 
cel l  a r e  only so rb ing  and i so so rp t i on  s u r f a c e s ,  i . e . ,  /z i :--/a = const ,  and do not g e n e r a t e  m o l e c u l a r  f luxes,  
we obtain 

@v = ~ (2r176 + (IL.1). (17) 
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We determine the values of 4~21 and ~)31 f rom (8), construct ing a mat r ix  of equations for ~)ik and 
solving it on a computer  for different values of t~ and to v. The resul ts  of the calculation are  shown in 
Fig. 2. It follows f rom the graph that for an evacuation cell with sorbing walls (tq = ~) there  always 
exists the relationship 

0 v>~whenco v>O, 0 v=~t when~v=O, 

which, as we will show inthe future, is of pr ime value in the planning and operation of high-vacuum sys -  
tems.  
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NOTATION 

molecular flux density, mole/era 2 "sec; 
molecular flux, mole/see; 
Knuds en number; 
surface,  em2; 
reflection coefficient; 
number of zones in system; 
absolute temperature, ~ 
effective capture coefficient; 
relative depth. 

S u b s c r i p t s  

s incident; 
e effective; 
t resultant;  
a absorbed;  
p proper ;  
r reflected;  
v evacuation cell. 

1~ 

2. 

3. 

4. 

5. 
6. 
7. 
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