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Capture  of gas pa r t i c l e s  is usual ly  cons idered  under  the assumpt ion  that  col l is ions with su r face  a toms 
occur  aga ins t  a background of one -d imens iona l  s t e a d y - s t a t e  potent ial  a t t rac t ion ,  due to col lect ive in terac t ion  
effects .  If  the d i rec t  re f lec t ion  f r o m  a solid wall  is independent of the p r e s e n c e  of a su r face  potential ,  then the 
total  sca t t e r ing  function can eas i ly  be e x p r e s s e d  as a function of the sca t t e r ing  with the field absent  [11. 

Capture  occu r s  if  the gas  pa r t i c l e  energy ,  following col l i s ion with the su r face  a toms ,  is less  than the 
depth of  the potent ia l  well  E D. Following f r o m  the one -d imens iona l  na ture  of the a t t r ac t ive  potential ,  the 
poss ib i l i ty  of cap tu re  is de te rmined  only by the pa r t i c l e  ene rgy  along the n o r m a l  E l  =E cos 2 0rD, where  0rD 
is the angle of re f l ec t ion  f r o m  a su r face  e lement .  If E•  ED < E, the par t i c le  is called a skip pa r t i c l e  or  a 
s emicap tu red  par t i c le .  Such par t i c les  a r e  r e f l ec ted  f r o m  the potent ia l  b a r r i e r  and exper ience  mult iple col l i -  
sions with the body sur face .  

When one ca lcu la tes  capk t re  probabi l i ty  one usual ly  ignores  the di f ference between cap~tred  and skip 
a t o m s .  In pa r t i cu l a r ,  i t  is conventional  to cons ider  that  these and other  a toms  fly out f r o m  the a t t r ac t ive  zone 
in accordance  with the diffusion law a t  the su r face  t e m p e r a t u r e .  

However ,  i t  should be noted that  omit t ing the ef fec t  of s emicap tu red  a toms f r o m  the calculat ion in theo-  
r e t i c a l  models  can lead to a contradic t ion with expe r imen ta l  data for  la rge  energ ies  of  the incident flow and 
high angles  of incidence.  This contradic t ion mani fes t s  i t se l f  pa r t i cu l a r l y  c l e a r l y  in the r a t h e r  wide dis t r ibut ion 
obtained f r o m  cube theory  [2]. If tangential  momen tum is conse rved  in col l is ion of a gas pa r t i c l e  with an 
osci l la t ing smooth  cube the r e s u l t  is that  the cap tu re  probabi l i ty  depends only on E.L =Ei  cos20i, where  0i is the 
angle of  incidence.  In other  words ,  for  a r b i t r a r y  la rge  ene rgy  E f  of  the incident flow one finds an angle of  

�9 incidence 0i where  al l  the gas pa r t i c l e s  will  be captured  with an overwhelming  �9 probabi l i ty  (the ef fec t  of  p a r t i -  
cle ene rgy  becomes  a r b i t r a r i l y  smal l .  This r e su l t ,  which does not make sense  f r o m  the physica l  viewpoint,  is 
not conf i rmed  by expe r imen ta l  data,  which indicates  that  the cap ture  coeff ic ient  P t  does not exceed 30-50% as a 
function of the angle of incidence,  and for l a rge  energ ies  the re  a r e  no cap tures  for any value 0i [3, 4]. 

If  one models  the su r face  as a m a s s  of nonrelated harmonic  osc i l l a to r s ,  osci l la t ing along the normal ,  
one finds the following expres s ion  for the cap ture  probabi l i ty  [3]: 

E i COS 2 0.  t/2 

where /~= m a / m s ,  ma ,  ms  a r e  the m a s s e s  of  the gas and su r face  a toms ;  and Ts is the su r face  t empera tu re .  

A c o m p a r i s o n  of the expe r imen ta l  data of [3] on sca t t e r ing  of p o t a s s i u m  a toms by a s emic rys t a l l i ne  
tungsten su r f ace  with the r e s u l t  of  the cube theory ,  as in Fig. 1, shows that  the cap ture  probabi l i ty  is descr ibed  
s a t i s f ac to r i l y  by Eq. (1) only for smal l  incidence angle of the a tomic  beam.  The m e a s u r e d  r e su l t s  of [3] a r e  
shown in Fig. 1 by points 1'  for  0 i=16.5 ~ and by 4 '  for  0i=75 ~ and the cube model  data,  Eq. (1), a r e  i l lus t ra ted  
by cu rves  lW-4  w for  incidence angles 16.5; 45; 60; 75 ~ r e spec t ive ly .  

A genera l i za t ion  of cube theory ,  to al low for  loss  of  tangent ia l  momen tum in coll is ions between the gas 
and the su r face ,  was  proposed  in [5], where  the su r face  was buil t  up of pa r t i a l ly  shaded spher i ca l  spheres .  In 
[4] cap ture  was studied under  the assumpt ion  that  the adsorbed  a tom in te rac t s  with a diatomic molecu la r  s u r -  
face.  

In this pape r  the non-one-d imens iona l  in terac t ion  is taken into account  by modeling the body sur face  with 
a r a n d o m  field with some fluctuation in s lope.  It takes into account  the following fac tors :  1) l a r g e - s c a l e  
roughness ;  2) a t o m i c - s c a l e  roughness ;  3) the effect  of skip a toms .  

One mus t  desc r ibe  the su r face  s ta t i s t i ca l ly  because  of the t h r ee -d imens iona l  s t ruc tu re  of the c rys ta l l ine  
la t t ice  and the t e m p e r a t u r e  fluctuations of the solid su r face  a toms .  According to an e s t ima t e  in [3], the 
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average  amplitude of thermal  oscil lat ions is 0.6 A, which is quite comparable  with the radius of the tungsten 
a tom (Rw ~- 1.35 A). For  actual surfaces  a typical roughness has dimensions which a re  appreciably  grea te r  
than the interatomic distances in the solid, and the l a rge - sca l e  s tat is t ical  nonuniformity may serve  to s imulate 
the polycrys ta l l ine  surface s t ruc ture .  

We shall consider  f i r s t  the case where the nonuniformities a re  much larger  than the constant  of a c rys ta l -  
line lattice. We assume that the cube model is valid only locally, i.e., for ref lect ion of atoms f rom a pa r t  of 
the surface  smal l  compared  with the size of the nonuniformity. The direct ion of the collective a t t ract ion forces  
acting on the incident gas a tom and of repuls ion f rom the osc i l la tory  cube is determined by the local normal  to 
the surface.  As a specific example of surface  roughness  we choose a random field created with tile help of 
spec t ra l  decomposit ion [6]. 

Typical  resu l t s  of calculations per formed by the d i rec t  numer ica l  modeling method of [6, 7] are  shown 
in Fig. 1, and compared  with cube theory and the measured  data of [3]. The capture probabili ty Pt was caI -  
culated as the average  of 10,000 tr ials  (the numer ica l  resu l t s  in Fig. 1 a r e  denoted by points 1-4 for incidence 
angle 16.5; 45; 60; 75 ~ respect ively) .  T h e  depth of the potential well E D = 2.3 eV, the mass  rat io p= 0.21, and 
the body tempera ture  T S = 1200~ correspond to sca t ter ing of potass ium atoms at a tungsten surface under the 
exper imental  conditions of [3]. The roughness slope is a free pa ramete r  in the model considered.  The ca l -  
culated data in Fig. 1 were  obtained for ~ = <tg2~p> 2/2 = L w h e r e  ~ is the random slope angle of the surface 
element.  The presence  of l a rge - sca l e  fluctuations considerably  a l ters  the angular dependence of the capture 
coefficient.  However, the model assumed for interact ion descr ibes  the behavior of Pt with respec t  to energy 
only qualitatively, and needs further  ref inement.  The roughness increases  the encounter angle of the incident 
a tom with the surface e lement  in the case of normal  incidence, and dec reases  it for glancing t ra jec tor ies .  Here 
the capture  probabil i ty for fast  par t ic les  remains  unreal is t ical ly  high. One cannot bring Pt close to the e x p e r i  
mental  data in the region of high atomic beam energies  Ei by varying a. 

The numer ica l  investigations have shown that the above nature of the dependence of capture coefficient on 
0i and E i is re ta ined even when one allows for roughness at  the atomic level. One of the causes for Pt be ing  

�9 \ 

overes t imated  is the inco r rec t  assumption that the capture event in t e rms  of energy occurs  in the direct ion of 
the force field, without allowance being made for skip atoms.  

In order  to es t imate  the effect  of semicapt~re  and a tomic - sca le  roughness we assume the following in ter -  
action scheme.  The solid surface  is built up as a two-dimensional  random function. The at t ract ive field, 
modeled by a rec tangular  potential well, will be considered as acting in a direct ion normal  to the average s u r -  
face level. The incident flow atom, reaching a pa r t  of the surface with a local normal  n, collides with a s u r -  
face atom. The coll ision is postulated to be smooth, and the change in momentum occurs  in the direction n 

2U on ~ -- i 

where Von, v m a re  the velocity components of the gas par t ic le  along the local normal ,  before and after the col-  
lision; and Uon is the random veloci ty of the sur face  atom with d i sper s ion : ( kTs /ms )V2  , describing thermal  
oscil lat ions at  t empera ture  T s. We note that af ter  ref lect ion f rom the surface element,  the gas a tom may 
experience repeated collisions with the surface  before departing over the boundary of the force field. 

A par t ic le  is regarded  as captured if its total energy  E <ED, and as semicaptures  if E• < ED <E, where 
E .  =Ecos20rD and 0rD is the angle of ref lect ion f rom the surface element. The t ra jec tor ies  of the semi -  
captured atoms are  tracked until they t rans fe r  to the c lass  of captured or  scat tered part icles .  The surface is 
modeled as plane tetragons with random slope [7]. 
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Figure  2 shows the cap ture  probabi l i ty  for K a toms  on a W sur face ,  computed for  ~ = 0.2 (the notation is 
t h e  s a m e  as in Fig. 1). The r e l a t ive  number  of a toms  ~,  leaving the a t t r a c t i o n z o n e  a f t e r  N-fold ref lec t ion  
f r o m  the potent ia l  b a r r i e r  is shown in Fig. 3 (1 -- e i=75  ~ E i = 4  eV, 2 - 0i=75 ~ E i=12  eV). The lack of a g r e e -  
men t  with e x p e r i m e n t a l d a t a  in the h igh-energy  reg ion  is e l iminated  by taking account  of  skip a toms ,  which 
have a high e scape  probabi l i ty  because  of  the f luctuations in the ve loc i ty  vec to r  direct ion.  Even for an energy  
of E i NE D the f rac t ion  of s emicap tu red  a toms  is subs tant ia l ;  e .g . ,  for an inclined incidence of a h igh-energy  
b e a m  with Ei>>E D about  40% of the sca t t e r ed  a toms  exper ience  mult iple coll is ions with the sur face ,  without 
exit ing f r o m  the a t t r ac t ive  field. Semicap tu re  followed by e ject ion is not accompanied  by re laxa t ion  of the 
t rans la t ion  ene rgy  of the a tom,  s ince the t ime  spent  by an a tom in the semicap tu red  s ta te  (according to the 
data of  Fig. 3) exceeds  the col l is ion t ime with an individual lat t ice a tom by no more  than an o rder  of magni-  
tude, and is e s t ima ted  to be 10-14-10 -t3 sec .  The l i fe t ime of a fully captured  a tom measu red  in [3] was 10 -4 sec .  

F igure  4 shows the numer i ca l  r e s u l t s  for sca t t e r ing  of sodium a toms  on a tungsten su r face  (#= 0.125, 
~= 0.2, and points 1 and 2 co r re spond  to Incidence angles  of  10 and 70~ The expe r imen ta l  data of  [4] for cap-  
ture  of Na on a W su r f ace  (110) for  the s a m e  incidence angles a r e  indicated by points 1 '  and 2 ' .  By analyzing 
the expe r imen t s  in [4] we obtain the value for  the depth of the potent ial  well  ED=2.6  eV, which was used in the 
calculat ions.  

When Na and K a toms  a r e  re f l ec ted  f r o m  a tungsten su r face  they exper ience  comple te  ionization, a s s o -  
ciated with the com pa ra t i ve l y  la rge  value of  the a t t rac t ion  potential .  A cons ide rab le  di f ference was noted in [4] 
in the capture  probabi l i ty  for  s ca t t e r ing  on a s e m i c r y s t a l l i n e  su r face  and on a monocrys ta l .  The model used 
al lows us to desc r ibe  the expe r imen ta l  r e s u l t s  using a chosen p a r a m e t e r  ~, descr ib ing  the sur face  s t ruc tu re .  
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R E L A T I V I S T I C  E L E C T R O N  B E A M  W I T H  A 

D E G R E E  OF C H A R G E  N E U T R A L I Z A T I O N  

V A R I A B L E  

A.  V.  Z h a r i n o v ,  D.  N. N o v i c h k o v ,  UDC 533.951 
a n d  A.  S. C h i k h a c h e v  

A ra the r  large number  of  theoret ical  papers  have appeared on the s teady states of re la t iv is t ic  beams 
which are  uniform along the axis (cf. reviews [1, 2]), but under actual  experimental  conditions the degree of 
charge  neutral izat ion of a beam may va ry  cons iderably  along the tube axis.  In quasis ta t ionary and s ta t ionary  
sys tems  the ion density may va ry  appreciably  along the length when there  a re  longitudinal sinks [3]. In addi-  
tion, a number of papers  (e.g., [4]) consider  the focusing of beams in a guide tube by a p r e s s u r e  gradient  along 
the beam. Thus, it is interest ing to consider  the equil ibrium state of a beam for a var iable  degree of charge  
neutral izat ion along the tube through which a quasis teady beam is propagated. 

We assume that a beam with a cu r r en t  I is injected along the axis of a metal  tube of length 21, with a 
density of neutral  par t ic les  n0(z). The ion density ni(z) a r i s ing  as a resu l t  of ionization will also vary .  For 
s impl ic i ty  we assume that the beam is na r row enough so that we can consider  no, n i, and ne, independent of the 
radius p. We denote the charac te r i s t i c  scale of the nonuniformity of the n i distribution by 5, where l ~ L. 

We assume that the density of neutral  a toms,  and consequently the ion density, is maximum at  z = 0 
( - L -  z -  < L). By assumpt ion the state of the beam var ies  f rom nearly forcef ree  at the ends of  the tube toward 
quasineutral ,  but the conditions for quasineutral i ty  and fo rce - f r ee  motion are  not satisfied exactly (ne > ni 
ne/Y 2, where ~ is the rat io of the total energy of  an e lec t ron to its r e s t  energy).  Under these conditions it is 
requi red  to find the cha rac te r i s t i c s  of an axially symmet r i c  beam (ne(z), ni(z), and T(z)), taking account  of the 
effect  of sel f - f ie lds  on the motion of beam par t ic les .  

If v if the veloci ty  of an e lect ron,  and E and H are  the intensities of the e lec t r ic  and magnetic fields, the 
equation of motion of an e lec t ron can be writ ten in the form 

where e and m are  the charge and mass  of the e lect ron,  and c is the velocity of light. 

We use the adiabatic approximation to solve (1) ; i .e.,  we assume that E, H, and ~/vary slowly along the 
axis of the tube. Then we can set  E z ~ 0. 

The project ion of (1) along the direct ion of the radius p of  a cyl indr ical  coordinate sys tem gives 

The field components Ep and H 0 a re  Ep= 2vep(ni - he) and H 0 =-2~epneflz, where he(z) is the e lectron 
density in the beam, flz =Vz/C, and v z is the average  longitudinal veloci ty of the e lect rons .  Then (2) can be 
writ ten in the fo rm 
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