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One of the mos t  essent ia l  p a r a m e t e r s  in the investigation of s ingulari t ies  in molecule inter-- 
action with the surface  of a solid is the energy  accommodat ion  coefficient.  Data on the posi-  
tive ion accommodat ioncoef f i c ien t s  in the energy range  ~1-100  eV are  s ca r ce  [1], hence 
the value of a i is often taken close to one, although this condition is not satisfied in prac t ice  
for  the ma jo r i ty  of working gas e s .  In this paper we discuss  the resul tant  measu remen t s  of 
the value of a i  in a high-speed flow of rarified plasma.  

Experimental  investigations were per formed on a plasma gasdynamic apparatus in a ra re f ied  plasma flow 
generated by an acce l e ra to r  with e lect ronic  impact  ionization of the working body. The d iagram of such a 
source  is presented  in [2]. Nitrogen, argon,  krypton, xenon, and helium of elevated puri ty were  used as working 
gases .  

The work of the source was charac te r i zed  by the following pa rame te r s  : ~ 0 .1-8.0-A discharge  c u r -  
rent ,  - 1 2 0 - V  discharge  voltage re la t ive  to the working chamber  housing, and ~ 650-Oe maximum intensity of 
the magnetic  field at the center  on the source axis. 

An acce lera ted  ion s t r eam of intensity j oo ~' 1015-1017 ions/cm2" sec went into theworking chamber  in which 
the res idual  gas p r e s s u r e  was ~ 7" 10-7-1 �9 10 -6 mm Hg. Tae measurements  were pe r fo rmed  for  ~ 8.7- 10 -6- 
1.6" 10 -5 mm Hg working chamber  p r e s su re .  The magnetic field intensity at  the measuremen t  point did not 
exceed ~ 5 Oe. 

A flat the rmoanemomete r  probe in the fo rm of a 5 = 0 .12-mm di sk with a 3 .5 -mm-d iame te r  working su r -  
face to whose r e a r  were connected the cu r r en t  leads and the thermocouple was used to measure  the ion energy  
accomodat ion coefficients.  The side surface of the t ransducer ,  thermocouple,  and cu r ren t  supply elements  were 
insulated f rom contact  with the p lasma by a ce ramic  ~ b e .  Before per forming  the experiment ,  the t ransducer  
was f i r s t  cal ibrated in a thermos ta t  and the dependence T w = Tw(E) was determined,  where E is the the rmo-  
couple emf~ 

The energy balance equation for the working surface of such a t ransducer ,  oriented perpendicular ly  to the 
f r e e - s t r e a m  veloci ty vec tor ,  is writ ten in the form [3, 4] 

Q.  + Q~ + 3" -}-Asa (T~ - -  T~)  - -  Q, = 0 
or 

where 

A(zpu ~ S ~ -~ ~' --: 1 2 "~" -- l T'~ ) + Q" + J + Ae(~ (T~ - -  T~ ) - -  ~ - -  AKw = O, il) 

Q~ 7 ( •  rot v~o ;  

Q ~ - - - Q ~ = - ~ { ~ - t - ( z i ( W ~ + e l V i ) - y ~ •  } fr V ~ O. 

Evidently Q ~ = Qi + Qe for intermediate  potentials on the probe surface.  

Here Qn is the total quantity of heat  t r ans fe r r ed  to the probe by neutral  par t ic les  in unit t ime; Qa,  
quantity of heat t r ans f e r r ed  to the probe by the charged par t ic les  ; J, e lec t r ica l  heating energy;  A, surface area;  
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8) emiss ion  coeff ic ient ;  a, S te fan-Bol tzmarm constant ;  y, ra t io  between the specif ic  heats;  ~ = h i - ~  , d i f fer -  
ence between the ionization ene rgy  and the work function; Ti, secondary  emiss ion  coefficient;  To, working 
chamber  wall  t empera tu re ;  S=u~/Vn, veloci ty  ra t io ;  Kw, heat  conductivity coefficient;  p, gas p r e s s u r e ;  Tn, 
t empe ra tu r e  of the neu t ra l s ;  V, potential  d i f ference  run  through by the par t i c les  in the nea r - e l ec t rode  l aye r ;  
and ~, accommodat ion  coeff ic ient  of  the neutra ls .  

Two c ha r a c t e r i s t i c s ,  the t empera tu re  T w-- Tw(V) and the c u r r e n t - v o l t a g e  IZ = IZ (V), a r e  r eco rded  in 
the expe r imen t  during opera t ion with the thermoanemometr ic_probes .  There a r e  aIways points with equal 
t empera tu re s  for di f ferent  probe potentials  TwA(V A < 0) = TwB(VB> 0) [4] on the t e m p e r a t e  cha rac te r i s t i c .  We 
obtain ~ = Qe B for such points f r om the ene rgy  balance equation, or  

na~ i? 
7" -', + ~ Og, + e IVal - Wx} = ~ (x + w ,  + e IWb 

This re la t ionship  pe rmi t s  the de terminat ion  of the ion energy  accommodat ion coefficient  ~i in the mater ia l  of 
the working sur face  of the t he rmoanemomet r i c  probe�9 

A r a c k  of t r ansduce r s  with working sur faces  fabr icated f rom different  mate r ia l s  was placed in a high- 
veloci ty  s t r e a m  of par t i a l ly  ionized, low-densi ty  gas. A thin cyl indr ical  probe fabricated f rom a 0 .09-mm 
d iamete r  and 4 .0- ram-long molybdenum whisker  was used to check the local values of the s t r e a m  working 
p a r a m e t e r s  and the t r ansducer  or ienta t ion re la t ive  to the s t r e am  veloci ty  vector  uoo~ The peak ion cu r r en t  
measu red  by such a p robe  during ro ta t ion around the horizontal  and ve r t i ca l  axes cor responds  to probe  
or ienta t ion  along the s t ream.  

The t r ansducer  working sur faces  cor responded  to the seventh c lass  of  puri ty.  Direct ly  before  p e r f o r m -  
Lug the measu remen t s ,  the t r ansduce r  working surfaces  were  exposed to the plasma flux, and subjected to 
forced  bombardment  by e lec t rons  at 200-250 V for 15-20 rain and heating to t empera~ t res  at which rup ture  of 
the probe ma te r i a l  does not occur .  The work function ~ of the pure metals  was determined by means of 
tabulated data [5], while data f rom [6, 7] were  used to es t imate  the secondary  emiss ion  coefficient  Yi. 

The cur ren t - -vo l tage  c h a r a c t e r i s t i c s  log Ie = f(V) had quite definite r ec t i l i nea r  sect ions.  This pe rmi t t ed  
de terminat ion  of the e lec t ron  t empera tu re  T e by the usual  method [8] (We=2kTe).  

The plasma potential  was de te rmined  by the second der ivat ive  method as well as f rom the e lec t ron  por -  
tion of the probe cha rac t e r i s t i c  cons t ructed  on a semi logar i thmic  scale.  This governed a sufficiently high 
accu r a c y  of the measu remen t s  of the s t r e am ion energy  W i t r a n s f e r r e d  to the p l a s m a - l a y e r  in ter face  surface  
by the par t ic les �9  The values  obtained a r e  in sa t i s fac to ry  ag reem en t  with the values W i found by using a mult i -  
e lec t rode  p robe -ana lyze r )  as well as with values  of W i calculated under the assumption that the acce le ra t ing  
potential  equals the di f ference between the anode potential  of the source  and the local potential  of the plasma 
~o0�9 The spread  in the values obtained for W i does not exceed �9 4.5%. 

The r e su l t s  of measur ing  the accommodat ion  coefficients  of He +, N +, Ar +, Kr +) Xe + for u~ ~ 10 km/sec 
on molybdenum a re  p resen ted  in Fig. 1. The dark  points a r e  the resu l t s  of this se r i e s  of measu remen t s ,  the 
open c i r c l e s  for  He + a r e  r e su l t s  f r om [9], for  N2+ a r e  data f r o m  [10], for  Ar +, Kr +, and Xe + a r e  resu l t s  f rom 
[9], for  N + a r e  data f rom [10], for  Ar +, Kr +, and Xe + a re  r e su l t s  f rom [9, 11], and data f rom [11] taking account 
of a co r r ec t ion  for  a tomizat ion a r e  denoted for  Xe + by a tr iangle.  The spread  in the values of ~i for different  
s e r i e s  of m e a su r emen t s  is shown in Fig. 1. The data p resen ted  indicate sa t i s fac tory  ag reement  between 
r e su l t s  of  measur ing  ~i in Mo pe r fo rmed  by independentmethods .  It should be noted that the points on the 
curve  Tw= Tw(V) were  se lec ted  in the de terminat ion  of ~i such that e IV A ] <<W i. 

Figure  2 i l lus t ra tes  the nature  of the change in ~i of the Ar + ions in pure  metals  with the growth of the 
t a rge t  a tomic weight M for uoo ~ 10 and 25 km/sec .  For  u~  ~" 10 km/sec  (curve 1) the t r iangle  denotes data 
p resen ted  in [12]) while for  uoo~, 25 km/sec  (curve 2), the open c i r c l e s  a r e  r e su l t s  of measurement s  f rom 
[9) 11]. 
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The r e su l t s  of measu r ing  a i for N +, Kr +, and Xe + ions a r e  shown in Fig. 3 for u~  ~ 10 km/sec .  For N2 + 
(curve 1) the rhombi  denote the computed values  of the accommodat ion  coeff icients  of the N 2 molecule  in 
Fe(~N2 ~, 0.838 for u ~  7.0 km/sec)  and Mo (a  N2~ 0.682 for  u ~ ,  10 km/sec)  [10]. The computed va lues  of  the 
a c c o m e o d a t i o n  coeff ic ient  of the ni t rogen molec•176 on the sur face  of s i lve r  aN2 ~ 0.66 and the resu!Lts of 
measu r ing  a ~ 2 ~  0.78 on pol ished s i l ve r  for  u~ - 3.7 [13] should be added her~ g The dark  t r i ang les  for  K r  + 
(curve 2) and the open c i r c l e s  for  Xe + (curve 3) a re  the data f rom [11], the open t r i ang les  for  Xe + a re  the r e su l t s  
f rom [11] with the c o r r e c t i o n  for  a tomizat ion  taken into account.  The p robe  sur face  t e m p e r a t u r e  in the m e a -  
su r emen t  of (~ i was  T w - 304-318~ 

The r e su l t s  obtained a r e  in s a t i s f ac to ry  a g r e e m e n t  with the data of o ther  papers .  The spread  in the 
m e a s u r e d  values of a i does not exceed 7.5%. The diminution in a i  with the growth in the t a rge t  a tomic  weight 
M is c h a r a c t e r i s t i c  for the data p resen ted .  
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W A K E  S T R U C T U R E  I N  H I G H - S P E E D  F L O W  

O F  A R A R E F I E D  P L A S M A  O V E R  A B O D Y  

S .  I .  A n i s i m o v ,  Y u .  V .  M e d v e d e v ,  
a n d  L. P .  P i t a e v s k i i  

UDC 533.9 

In the s tudy of qual i ta t ive f ea tu re s  of flow of a r a r e f i e d  p l a s m a  ove r  bodies in ionospheric  
a e r o d y n a m i c s ,  the p r o b l e m  of flow behind a two-d imens iona l  plate  is often cons idered .  The 
formula t ion  of this p r o b l e m  and its  r e l a t ion  to flow o v e r  r e a l  objects  was cons idered  in 
detai l  in [1]. This model  p r o b l e m  has been  analyzed in a number  of paper s  using two main 
app roaches :  desc r ip t ion  of the flow with the help of the s imi l a r i t y  solution found in [2, 3], 
and numer i ca l  solut ion of the equations of p l a s m a  motion [4-7]. A r ev i ew  o f  the main 
r e su l t s  obtained by the two methods can be found in [1, 6]. This paper  gives a numer i ca l  
solution of the p r o b l e m  of t r a n s v e r s e  superson ic  flow ove r  a f lat  plate.  The p l a s m a  is 
a s s u m e d  to be co t l i s ion less  and is desc r ibed  by the kinetic equation with a s e l f - cons i s t en t  
field. The p a r t i c l e - i n - c e l l  method is used to solve the kinetic equation. In con t ra s t  with 
m o s t  n u m e r i c a l  calcula t ions  p rev ious ly  p e r f o r m e d  [4-6], the p re sen t  paper  cons iders  the 
case ,  of  g r e a t e r  p r ac t i ca l  in t e res t ,  of flow ove r  a body whose dimension g is much g r e a t e r  
than the Debye rad ius  D i in the unper turbed  p l a sma .  P rac t i ca l l y  all  the known r e su l t s  for this  
ca se  have been obtained using the s i m i l a r i t y  solution [2, 3], which is not valid,  however ,  in the 
en t i re  reg ion  of unper tu rbed  flow, and the re fo re  does not give a comple te  solution to the p rob -  
l em.  Individual numer i ca l  calculat ions (see [7]) do not add much to the s imi l a r i t y  ana lys i s ,  
s ince they r e f e r  to a v e r y  na r row  range  of the flow p a r a m e t e r s .  The main emphas i s  in the 
p r e sen t  paper  is the study of wake s t r u c t u r e  behind a f lat  plate and p l a s m a  instabi l i ty  in the 
wake. The computat ions  were  p e r f o r m e d  in a wide range  of var ia t ion  of the r a t io  ~ = Te/Ti,  
and one can follow the p r o c e s s e s  of ion acce le ra t ion ,  in terac t ion  of the acce le ra t ed  group of 
ions with the p l a s m a ,  development  of b e a m - t y p e  ins tabi l i ty  [1, 8], and format ion and decay of 
the turbulent  wake. The quali tat ive wake s t r u c t u r e  fea tures  d iscussed  below a r e  a lso  found, 
of course ,  in p l a s m a  flow ove r  ac tual  t h ree -d imens iona l  bodies.  

1. The formula t ion  of the p r o b l e m  adopted he re  was d i scussed  in detail  in [11. We consider  s t eady- s t a t e  
p l a s m a  flow nea r  a two-d imens iona l  p la te .  The p l a s m a  veloc i ty  V far  f r o m  the p la te  is d i rec ted  normal  to it 

and sa t i s f i es  the inequali t ies  
VTe/m~ << Y << ~'rTelme. (1.1) 

The f i r s t  inequali ty indicates  that  the flow is superson ic .  Behind the plate a cy l indr ica l  region r e m a i n s  f ree  
f r o m  ions,  with a c r o s s  sect ion equal  to the plate  a r ea .  In this reg ion ,  as in vacuum,  the p l a sma  expands.  In a 
coordinate  s y s t e m  in which the p l a s m a  is a t  r e s t  far  f rom the bodys the filling up of the cyl indr ica l  cavi ty  is an 
uns teady p r o c e s s  which a c c u r a t e l y  c o r r e s p o n d s  to f ree  expansion of a p l a sma  into vacuum [2, 3, 9] until co l -  
l is ion o c c u r s  between the two pa r t i c l e  fluxes reach ing  the cavi ty  f rom opposite d i rec t ions .  In the coordinate  
s y s t e m  fixed in the body, the flow is s t e a d y - s t a t e  and is a superpos i t ion  of a t r a n s v e r s e  expansion and a longi-  
tudinal dr i f t  with ve loc i ty  V. Thus,  the wake s t ruc tu re  in succes s ive  c r o s s  sect ions  a t  d i f ferent  d is tances  z 
f r o m  the plate  c o r r e s p o n d s  to succes s ive  s tages  of  uns teady filling of the cavi ty  by the p l a sma .  One flow is 
obtained f r o m  the o ther  by the subst i tut ion z - - V t .  This analogy,  which is well known f rom hypersonic  a e r o -  
dynamics  [10], and is d i scussed  in detai l  in [1, 5], is used ex tens ive ly  in the calculat ions below. 
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