
which reduces to (2) with e = const. 

or 

0 (?u) = ]E + [or 80* at [ [~]v 87]S' (28) 

The equation of continuity of the total current [i] is 

~'o-7 r2 ]+~-~?-/- = 0 ,  (29) 

whose first integral is 

2~r 2 ] + ~ ]  (t). 

The sys tem (28) and (30) i s  c losed  by Ohm's law (1) and t h e  c o n d i t i o n  of  p o t e n t i a l i t y  
E = - - O ~ / O r .  I n t e g r a t i o n  of  t h i s  system i s  compl ica ted  by t h e  f a c t  t h a t  e and c depend on T 
( f o r  a s o l i d  i t  may be assumed t h a t  7 = c o n s t ) .  Equat ion  (27) d i f f e r s  from t h e  analogous 
r e l a t i o n  in [1] by a r e d e f i n i t i o n  of  t he  i n t e r n a l  energy and P o y n t i n g ' s  v e c t o r .  

I. 
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MEASUREMENT OF THE TOTAL SCATTERING CROSS SECTIONS OF INERT GASES 

IN THE RELATIVE ENERGY RANGE 7-17 eV 
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The description of collisional processes in rarefied gases requires information about 
the interaction potentials. Theoretical and experimental data have now been accumulated on 
the short-range intermolecular forces. The status of this field is reviewed in [1-4]. The 
chief results were obtained primarily from experiments on scattering of high-energy beams 
(E ~ i keV) by small angles (8 ~ 10 -2 rad) or from measurements of the attenuation of beams 
passing through a layer of scattering gas (gas target). Empirical values of the parameters 
in power-law and exponential potentials for different atomic and molecular gases are col- 
lected together in [i]. 

The region of moderate interaction energies (~i0 eV) has been less studied, since the 
question of producing monoenergetic neutral particle beams in the region i-i0 eu has yet 
to be resolved. In the last few years, problems for which reliable information about the 
interaction potentials in this energy range is required in order to obtain qualitative and 
quantitative results have appeared. They include the questions of the formation of the char- 
acteristic external atmosphere (CEA) around aircraft at high altitudes. One of the chief 
mechanisms for transport of pollutants to the sensitive elements of the environment in the 
formation of CEA are return flows, determined by collisions between the pollutant particles 
and the particles of the incident flow. 

In this case the problem reduces to summing the particle fluxes on the corresponding 
surface element dS of the body in the flow [5] dN = nmn2dcg=idxdS, etc., where n I and n 2 are 
the particle densities in the incident flow and the products of mass release from the struc- 
tural surfaces (as a result of desorption, degassing, sublimation, evaporation, etc.) in the 
volume element of the physical space dx, g~, = [v~--vll is the relative velocity of the colliding 
partidles (the index I refers to the particles in the incident flow and the index 2 refers to 
the mass-release particles); dc is the differential cross section for scattering into the 
solid angle d~, at which the element dS can be seen from the center of the volume dx. 

In the case of elastic-sphere molecules the differential scattering cross section in 
the coordinate system fixed to dS can be represented in the form 

Dnepropetrovsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, 
No. 4, pp. 28-32, July-August, 1988. Original article submitted May 5, 1987. 

482 0021-8944/88/2904-0482512.50 �9 1989 Plenum Publishing Corporation 



6 { i+t~c~ } l - - t ~ s i n  sv da = -~ • 2t~ cos v + V d~. ( 1 ) 

m~(ml + m2)[gc__J~. O is the total scattering cross section for spherical molecules; Here t~ -- mlm~ I g~1 I' 

is the angle between the velocity vector of the particle moving in the direction dS after 
the collision and the velocity vector of the center of mass g= (v~ + ~vl)/(l+~); ~ =m~/m~ is the 
mass ratio of particles of different classes; k = i, 2. 

Thus the return flows to the surfaces monitored depend directly on the total scattering 
cross section o. 

The kinetics of single-collision rarefied-gas flows is also studied in the problem of 
shielding optical systems of infrared space telescopes from contamination by condensing gas 
in the upper atmosphere, primarily, atomic oxygen [6]. The flow of oxygen atoms can be sig- 
nificantly attenuated by blowing noncondensing gases (Ne, He) over the inner surfaces of the 
telescopes. The effect of the differential transverse scattering cross sections of the in- 
jected and condensing gases on the process of formation of contaminants is analyzed in [6]. 

The question of the choice of model for the interaction of molecules is not simple, 
and often requires special intuition in order to obtain results acceptable for practical 
applications. The use of any model is justified, if in the absence of information about the 
collision cross sections of real molecules it gives plausible results and is not too cumber- 
some to use. In computational practice the hard-sphere model is simplest and most convenient. 
In this model the diameters of the molecule-spheres are determined, as a rule, from informa- 
tion about the temperature dependence of the coefficient of viscosity. One way to model the 
required temperature dependence of the coefficient of viscosity is to introduce the "pseudo- 
gas" model [7], in which it is assumed that the collision cross section is a function of the 
relative velocity g2i, while the collision itself occurs according to the law of hard spheres. 

In this paper we present the results of an experimental determination of the total cross 
section for scattering of a molecular beam with energy ~i0 eu by a gas target. The beam is 
produced by charge exchange of ions in the jet of an induction plasma accelerator with a 
magnetic nozzle, employed previously for aerodynamic measurements [8]. Measurements per- 
formed by the time-of-flight (phase) method showed that the accelerator gives a neutral flow 
of Ar, Kr, and Xe with energy E = 7-17 eV and intensity not less than N = i018 m-2-sec -I. 
This energy range for Ar atoms corresponds to a flow velocity v = 6-9 km/sec. 

The traditional method for determining total scattering cross sections experimentally 
is based on the measurement of the relative intensity of the beam passing through the target 
[I]. The experimental arrangement consists of the following. Let a monovelocity beam of 
particles pass through a gas target with thickness dx. If it is assumed that the flux den- 
sity of the particles in the beam equals N, then after passing through the layer dx its in- 
tensity will be N - dN. The relative change in the flux density is dN/N = ondx (n is the 
number density of target particles per unit volume). 

Integrating this equation we obtain 

N = No exp (--hall (2) 
where N o is the flux density of particles in the beam in the section x = 0, and N is the flux 
density in the section x = s The formula (2) shows that the total scattering cross section 
o can be measured experimentally, if N and N o have been measured, i.e., 

= O/nZ) In (No~N). (3) 

The experiment can be altered somewhat by measuring N O and N not in different sections, but 
rather in one and the same section of the jet s but with different pressures in the working 
chamber. Then N O is the flux density of particles in the section Z with a low pressure in 
the working chamber, when the average mean-free path length of the particles in the beam 
amongst the target particles X21 ~ s while N is the flux density in the section ~ with a 
pressure such that X12>~ s However, there are certain difficulties in making a reliable 
measurement of the intensity of the molecular beam with high particle concentrations in the 
working chamber. 

In this work we measured the total scattering cross sections of inert gas atoms not 
based on the loss of intensity, but rather based on the loss of momentum flux F0/F of the 
molecular beam traversing a distance s In this case the formula (3) has the form 
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= (l lnl)  In [(FolF) / (0)1 (4) 
[f(B) = KIK 2 is an instrumental function characterizing the efficiency with which the par- 
ticles scattered by an angle @ are recorded]. The coefficient K I takes into account the 
divergence of the flux, while K 2 takes intoaccount the finite dimensions of the detector, 
the scattering target, and the beam cross section. 

This approach has appreciable advantages over the above-described traditional method, 
since based on the total effect of the momentum loss the gas modeled by hard spheres is 
equivalent to a real gas [9]. This last remark enables using the results obtained for cal- 
culations. The total cross section a, appearing in (I), for the system of interacting gases 
under study should correspond to fixed interaction energies and can be taken from experiment. 

The experimental arrangement is shown in Fig. i, where i is the chamber of the source, 
2 is the magnetic nozzle, 4 is the particle collision, 7 is the boundary of the jet, and 9 is 
collisionless motion. Torsion balances 6 with a total-pressure attachment 5 installed on 
them, consisting of a hollow cone with a half-angle @c = 12~ and a base radius r c = 25 mm, 
were placed at a base distance s = 800 mm from the input diaphragm 3. In this case the at- 
tachment played the role of a detector. The radius of the core of the flow at the location 
of the attachment R c = 75 nun. The deflection of the balances ~0 was measured for a residual 
gas pressure of ~6"10 -4 Pa in the working chamber 8. Then the residual-gas pressure was in- 
creased by additional injection of gas, employed as the target, up to values of 3"10 -3 Pa in 
such a way that the mean-free path length of the particles in the beam on particles of the 
gas target would not be less than the baseline distance 

~1~ >~ l~ (5) 

and t h e  d e f l e c t i o n  o f  t h e  b a l a n c e s  ~ was measured  once  a g a i n .  I n  t h e  e n t i r e  s e r i e s  o f  ex -  
p e r i m e n t s  t h e  v a l u e  o f  k12 was measu red  i n  t h e  r a n g e  3E-5E.  

The p a r t i c l e  c o n c e n t r a t i o n  in  t h e  w o r k i n g  chamber was d e t e r m i n e d  f rom t h e  p r e s s u r e ,  
measu red  w i t h  t h e  h e l p  o f  a VIT-2  vacuum m e t e r .  The r a t i o  o f  t h e  q u a n t i t i e s  measured  by t h e  
b a l a n c e s  i s  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  l o s s  o f  momentum f l u x  when t h e  a c c e l e r a t e d  f l u x  i s  
s c a t t e r e d  by t h e  gas  t a r g e t  

Fo/F = ~oI~. (6)  

The i n d u c t i o n  a c c e l e r a t o r  o p e r a t e d  on a r g o n ,  and Ne, Ar ,  Kr ,  and Xe were  employed  as  t h e  gas 
target. 

The instrumental function appearing in the expression (4) was found by means of a direct 
Monte Carlo numerical simulation of the process of scattering of particles in the jet by par- 
ticles in the target with subsequent use of the iteration method to solve Eq. (4). The prob- 
lem was solved on the basis of the theory of "first molecular collisions" [9]. Particles of 
the beam, traversing a distance E without collisions, as well as particles of both classes 
singly scattered over this distance were separated amongst the particles recorded by the 
attachment. The characteristic Knudsen number Knij= n2a12rc/2 for the particles - taking 
into account (5) - fell into the range 50-80. In this case subsequent collisions of the 
scattered particles with particles of the background gas can be neglected [9]. 
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TABLE I. Interaction of a 
System of Particles 

Interacting' 
system of 
particles 

Ar--Ne 
Ar--Ar 
Ar--Kr 
Ar--Xe 

o.10~o ' ~ 2  

i7 
25 
30 
32 

0.o.t0~ ' ~2  

3i 
42 

50 

58 

The numerical modeling algorithm for determining the coefficients K I and K 2 consists of 
the following. The particles start in the plane of the output section of the diaphragm with 
radius RD, separating the working chamber from the source chamber (see Fig. I). It is pre- 
sumed that the flux corresponds to flow from a spherical source with a pole at the point O. 

The coordinates of the starting point r i, ~i evolve according to the formulas r i = 
R Dtan ~i/tan ~0, ~ = 2~+i, where cos ~ = ~ (i ~- cos ~'0) q- cos ~0; ~,: ~+i are random numbers dis- 
tributed uniformly over the interval [0, i]. 

We denote by the index i the particles of the beam and by the index 2 the particles of 
the background gas. Then the probability density for the mean-free path p of a beam particle 
amongst particles in the gaseous target in the working chamber is given by the relation 

P (p) = ( l /~sl )  exp (--P/~12). ( 7 )  

Here XI= = i/n2c12 is the mean-free path length of beam particles amongst particles in the 
gaseous target; olz is the scattering cross section sought for particles of different classes. 
For the zeroth-order approximation we take the scattering cross section for the gas at rest 
0o2 = v[(D l + D2)/2] 2 (D 1 and D 2 are the nominal diameters of the spherical molecules). The 
coordinate of the point of collision along the corresponding stream line is determined ac- 
cording to the probability density (7) from the formula p, =--~121n ~+=. If the collision 
occurred at a distance less than s then the velocities of the collision partners are deter- 
mined at the point determined by the radius vector Pi (it is assumed that the particles of 
the background gas are at rest, i.e., v2=0): v~=v I -- 2M 2 (VlKl~) K12 , v~----"2M I (viKm) K1~ , 
where M I = ml/(m I + m2) and M 2 = m2/(m ~ + m2) are the reduced masses of the colliding par- 
ticles; K12 is the unit vector of the line of centers of the colliding particles, and its 
direction is given by the angles ~ and ~ and is determined from the formulas sin wi := ~-~+~, 

In all cases of particles striking the surface of the attachment the molecular proper- 
ties carried by them were summed. After a series of tests i = I,...,L was performed, the 
coefficients K I and K2 for one iteration cycle were determined from the relations 

Lo L i 

IQ ~=~ ~=~ �9 ( 8 )  
----- L1 L 0 

E E 
j = l  i = 1  

K, = (P, + P= + PJP'o. (9) 

Here Vlx is the axial component of the velocity of the molecular beam; P0 and PI are the 
momenta transferred by the beam particles, traversing a distance s without collision in the 
free molecular regime and in the presence of the background gas; P2 and P3 are the momenta 
transferred by the collision partners: 

L o L I 

eo = E + = E + 
i=l i=i 

L~ L 3 
r r r r 

E + = E + 
i = l  i = l  

(i0) 

In the expressions (8) and (I0) L 0 and L l are the number of particles traversing a distance 
s without collision; L 2 and L a are the number of particles of both classes reaching the at- 
tachment after collisions. In the summation of the momentum fluxes in (i0) it was assumed 
that the particles reaching the inner surface of the attachment are reflected diffusely with 
a Maxwellian velocity distribution v w with a temperature T w = 300 K. The statistical error 
in the calculations did not exceed 2% for a total number of tests L = 10 s . 
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After expression (6) is substituted into (4), taking into account (8) and (9), the value 
of the total scattering cross section at the first section at the first iteration was deter- 
mined and the process of collision of the beam particles with the particles of the gas target 
was played out again. As the calculation showed, 3-4 iterations were sufficient for the pro- 
cess to converge. 

The values of the total cross sections o for scattering by different gases, found in the 
experiment, are given in Table i; they are approximately 1.5-2 times smaller than the corre- 
sponding values o 0 for the gas at rest, which corresponds to the essence of the phenomenon. 
The nominal molecular diameters for different gases for calculating o 0 were taken from [i0]. 

As an example we shall compare the results obtained with the results of calculations 
based on Sutherland's formula. In our case the energy of the molecules in the beam E ~ I0 
eV, which corresponds to a gas temperature T ~ l0 s K. For these temperatures Sutherland's 
formula has the form [ii] o = o0273/(273 + C). For argon C = 142 and o 0 = 1.5o. Thus the 
data in Table i agree well with the values found from Sutherland's formula in the limit T + ~. 
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