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The cons ide rab le  reduct ion in the t h e r m a l  conductivity and in the r a t e  of longitudinal expansion of p l a sma  
ill m u l t i p l e - m i r r o r  magnet ic  t r aps  [1] makes  such s y s t e m s  v e r y  p romis ing  f r o m  the point of view of t h e r m a l l y  
insulat ing a dense p l a s m a  along the magnet ic  f ield in a t he rmonuc l ea r  r e a c t o r .  The behavior  of the p l a sma  in 
m u l t i p l e - m i r r o r  t r a p s  can be qual i ta t ively  desc r ibed  with the aid of equations of gasdynamic  type, der ived in 
[2, 3]. The val id i ty  of these  equations has been conf i rmed  exper imen ta l ly  on setups with an alkal i  p l a sma  [4, 
5]. 

A p r e s s i n g  p r o b l e m  in devices  of the next genera t ion with a deu te r ium or d e u t e r i u m - t r i t i u m  p l a sma  is 
the m e a s u r e m e n t  of the output of neu t rons  f r o m  the p l a sma  (p r imar i ly  for  diagnostic  purposes) .  In this con- 
nect ion the question a r i s e s  of finding the re la t ionsh ip  between the neutron output and the mac roscop i c  p a r a m -  
e t e r s  of the p l a sma .  

In ins ta l la t ions  of the type in quest ion,  this p r o b l e m  has  the following dis t inct ive fea ture .  The s y s t e m  of 
gasdynamic  equations [1-3] c o r r e c t l y  desc r ibes  the dis tr ibut ion function of pa r t i c l e s  whose mean f r ee  path k is 
s m a l l  compa red  with the length of the instal la t ion L. In cases  of p rac t i ca l  in teres t  this condition is sa t i s f ied  
for  the main rm~tss of the pa r t i c l e s  of the p la sma;  however ,  as is well  known (see [6], for example) ,  the main 
contr ibut ion to the neut ron output at not too high p l a sma  t e m p e r a t u r e s  f r  ~ 40-50 keV) comes  f r o m  the high- 
ene rgy  ',tails,, of  the dis t r ibut ion functions.  Now the mean f r ee  path i nc rea se s  rap id ly  with t e m p e r a t u r e ;  ac -  
cordingly,  in o rde r  to find the neut ron  output, it may happen that we r equ i r e  to know the dis tr ibut ion function at 
energ ies  e for  which k (e) > L and where ,  consequently,  the r e su l t s  obtained in [1-3] cannot be util ized. 

The a i m  of the work  r e p o r t e d  he re*  was to find the dis tr ibut ion functions in the range  of energ ies  for 
which X (~) > L. 

] .  A s y m p t o t i c  B e h a v i o r  o f  D i s t r i b u t i o n  F u n c t i o n  

in  D e u t e r i u m  o r  D e u t e r i u m - P l a s m a  

Par t i c l e s  with Z (e ) /k<<L leave  the insta l la t ion in a diffusion manner ,  exper ienc ing  many  col l is ions.  For  
these  pa r t i c l e s  the dis t r ibut ion function is c lose  to Maxwellian. In the range  of energ ies  for  which k ( e ) A  >>L, 
the efflux of pa r t i c l e s  into the loss  cone of the instal lat ion begins to play an impor tan t  ro le  in the fo rmat ion  of 
the dis tr ibut ion function in addition to Coulomb col l is ions.  As is well  known, Coulomb col l is ions resu l t ,  f i r s t  
of all ,  in an influx of pa r t i c l e s  into the h igh-energy  region due to the diffusion of the pa r t i c les  in veloci ty  space  
and, secondly,  in a r e t u r n  flow of pa r t i c l e s  to the l ow-ene rgy  region due to the fo r ce  of dynamic f r ic t ion that a 
pa r t i c le  moving in the med ium exper iences .  Under s t e ady - s t a t e  conditions in an unbounded p l a sma  without any 
l o s se s ,  the equal i ty between these  two fluxes mainta ins  in a dynamic manner  the Maxweltian distr ibution func-  
tion of the pa r t i c l e s .  The addi t ional  efflux of pa r t i c les  into the loss  cone in m u l t i p l e - m i r r o r  t r aps  r e su l t s ,  
evidently,  in the d is tor t ion of this function. We obtain below the asympto t ic  f o r m  of the dis tr ibut ion function 
for  deuter ium and t r i t i um  nuclei  in the reg ion  of energ ies  for  which k ( r  > L. 

According  to [1-3] a p l a s m a  is confined mos t  ef fec t ively  when the following two conditions a r e  sat isf ied:  
:t) The l eng tho fan  individual m i r r o r  ce l l  l is of o rde r  k (T)/k;  2) the length of the m i r r o r  (i.e., the length of the 

*In ca se s  when the m i r r o r  r a t i o  k -  H m a x / H m i  n is l a rge  compa red  with unity, the c r i t e r ion  of appl icabi l i ty  of 
the gasdynamic . app roach  is that  k ( e ) / k  < L [and not ~, (~) < L], which will be taken into account below. 
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reg ion  where  the magnet ic  f ie ld v a r i e s  f r o m  Hmi n to Hmax) is much l e s s  than l*. We a s s u m e  below that  these  
conditions a r e  sa t i s f ied ,  so that  in pa r t i cu la r  the m i r r o r  length can be neglected c o m p a r e d  with the cel l  length. 

The densi ty  n and the t e m p e r a t u r e  T (which c h a r a c t e r i z e  the main m a s s  of p l a s m a  par t ic les )  can be r e -  
garded  as known functions of the coordinates  and t ime:  They can be found within the f r a m e w o r k  of the gas -  
dynamic equations of [2, 3]. Since the fal l  in e l ec t ros t a t i c  potential  over  the length of an individual m i r r o r  cel l  
does not exceed (T /e ) ( / /L ) ,  the effect  of the e lec t r i c  f ield on the motion of pa r t i c l e s  with ene rgy  e>>T can be 
neglected.  It  is meaningful  to r e s t r i c t  the d iscuss ion  only to that reg ion  of energ ies  of pa r t i c l e s  with ~ ( e ) /k  > 
L in which the dis t r ibut ion functions at each moment  of t i m e  manage  to adjust  t hemse lves  in n and  T. For  
pa r t i c les  with g r e a t e r  e n e r g i e s ,  the f o r m  of the dis t r ibut ion functions is de te rmined  by p r e s c r i b i n g  t hem at  the 
initial moment  of t ime  and by the r a t e  of the subsequent  decay  of this s ta te .  Ins ta l la t ions  in which this group of 
pa r t i c l e s  makes  the main  contr ibut ion to the neut ron  output a r e  of l i t t le in te res t  f r o m  the p rac t i ca l  point of 
view. In this  manner ,  the t ime  de r iva t ive  of the dis t r ibut ion function can be dropped f r o m  the kinet ic  equations;  
in the f inal  r e su l t  the dependence on t ime  en te r s  only  p a r a m e t r i c a l l y ,  through the functions n(t) and T(t). 

Under the above conditions ( s t eady-s ta te  p rob lem,  s m a l l n e s s  of e l ec t r i c  f ield,  un i form magnet ic  f ield in 
space  between m i r r o r s ) ,  the following equation can be wr i t ten  for  the dis t r ibut ion function of pa r t i c l e s  of 
spec ies  a : 

:E sto~ {l~, h }  = 0 ,  
b 

where  S tab  is the col l is ion in tegra l  between pa r t i c l e s  of spec ie s  a and spec ies  b [7]; fa and fb a r e  the r e s p e c -  
t ive  dis t r ibut ion functions.  R e m e m b e r i n g  that  the ion ve loc i ty  in the cons idered  r ange  of ene rg ies  T << e<< 
T ( m a / m e )  (where m a is the m a s s  of an ion of spec ies  a ; m e is the e l ec t ron  mass ) ,  the col l is ion in tegra l  can be 
brought  to the following s imp le  f o r m :  

~Stab 2nAe,~ ,~, 2 me{ ! 0 ( t din\ 
= ~,,3 Z., ebnb ~'~b "~" ~ -  2fa Jr "~- "EE ) "{ - 

b "'*a~Ta b 

:_,:) , ,  , + , , ~176  �9 "t- 2v3l+'+v= -~ v, sine ~o ~-#j = 0 ;  (1.1) 

~1 $" (me~V2 e'ne ~ "  2 I V ' 2  ma 
= 3 V ~ \ ~ a a /  ~ ,  e2" m," 8~ -'- Z., ebnb l . . ,  ebrtb--mb , (1.2) 

where  v is m e a s u r e d  in units of VT~, ---- ~/2TIma, and the p r i m e s  at the summat ion  signs indicate that  the s u m -  
mat ion is c a r r i e d  out only over  ions (electrons a r e  excluded f r o m  the summation) .  The second t e r m  in the 
cur ly  b r acke t s  desc r ibes  the col l is ions of ions with e l ec t rons  (the p l a sma  is a s s u m e d  i so the rma l ,  T e =T i =T,  
which is val id for  suff icient ly long p l a s m a  bunches [2]). 

The boundary  conditions for  Eq. (1.1) have the f o r m  

.f,,Io=o.=o; /,,(v)l,=~.=f,,o; .f,,(v)lo_,,,,--,-o. 
The f i r s t  of these  co r r e sponds  to the reduct ion to ze ro  of the dis tr ibut ion functions of fas t  ions on the boundary 
of the loss  cone 0 = 00---- arcsin yHmax/Hmtn, in the second  the quantity v 0 is chosen so that  ), (v0)/k ~ L (this 
au tomat ica l ly  means  that  v 0 >>1); the s ignif icance of the th i rd  is obvious.  

At the point v =v 0 a t rans i t ion  occurs  f r o m  the Maxwellian dis t r ibut ion function obtaining in the reg ion  
v < v 0 to a dis t r ibut ion function tha t  d iminishes  m o r e  rap id ly  in the region v > v 0. A p r e c i s e  de te rmina t ion  of 
f(v 0) would involve solving the p r o b l e m  in the t rans i t ion  reg ion  v ~ v 0 with all the attendant ma themat i ca l  dif- 
f icult ies .  However ,  it is c l ea r  f r o m  the outset  that  at v =v 0 the dis tr ibut ion function is not too different  f r o m  
Maxwellian; accordingly ,  we shal l  a s s u m e  f(v a) t o b e  known and equal to the value of the Maxwellian d i s t r ibu-  
tion function at this point. As a r e s u l t  of this approx imat ion ,  the obtained solution will be valid,  c o r r e e t t o a  
ce r t a in  n u m e r i c a l  mul t ip l ie r  of the o rde r  of unity. 

Equation (1.1) p e r m i t s  separa t ion  of va r i ab l e s ,  and we r e p r e s e n t  i ts  solution in the f o r m  

fa = ~ AmRm (~.," O) Q., (u) (1.3) 

Rra(ttm, 0)= F( i -V4~m-~ i  i-rV4~trn ~-i I ) 4 ; 4 ; -T;  cos20 , 

* The use of .point,, m i r r o r s  of this so r t  is advantageous in that  only smal l  amounts  of magnet ic  energy  a r e  
r equ i r ed  to produce them.  
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where  F is the h y p e r g e o m e t r i e  function, defined as in [8]. The eigenvalues # m  a r e  de te rmined  f r o m  the bound- 
a r y  condition R m ( # m ,  0a) =0,  and the coeff ic ients  of the expansion have the f o r m  

A m 

~--0o 'g--Oo 

i" f~oRmsin0d0/ ~ R ~ s i n O d O .  
6. 6. 

At l a rge  m i r r o r  r a t i o s  k >>1 the functions R m ( # m ,  0) a r e  l i t t le  different  f r o m  the Legendre  polynomials  
of degree  2m for  all  0 except  f o r  n a r r o w  regions  at  the points  0 = 0, 7r, while t h e  Prn a r e  e lose to the values  
2m(2m +1) for  m = l ,  2, 3, . . . .  F o r  m = 0 the f i r s t  t e r m  of the expans iono f#  0 with r e s p e c t t o k h a s t h e  f o r m  

~o = 2/In k, Bo(~to, 0) = t - -  In sin~0/lnk. (1.4) 

Numer i ca l ly ,  exp res s ion  (1.4) is a good approx imat ion  of #0 up to values  of k ~2. For  example ,  the value P0=2 
c o r r e s p o n d s  to the solution R0(#0 , 0) given by the a s soc ia t ed  Legendre  polynomial  of the f i r s t  degree :  

t t + cos 0 
Bo (1~o, 0) = 1 ~ -~- cos 0 tn i _ ~ ;  

he re  k, found fi:om the condition R0(#0 , 00) =0, equals 2.8, which is in good a g r e e m e n t  with (1.4). 

We note that  the e igenvalues  # m  d e c r e a s e  monotonical ly  with inc reas ing  k. It is a lso  known that  the 
l imi t ing  value of P m  as  k--* ~o is 2m(2m +1), which means  that for  a r b i t r a r y  k the inequali ty Pm > 2m(2m +1) 
lmlds for  all  m [this r e l a t ionsh ip  is ut i l ized below when es t imat ing  the  magni tudes of t e r m s  with different  m in 
expansion (1.3) ]. 

The functions Qm(v) sa t i s fy  the equation 

d t l dQ m d 

with boundary  condit ions Qm(v0) = 1, Qm(~)  = 0. 

The las t  t e r m  in (1.5) co r r e sponds  to the leakage of pa r t i c l e s  into the loss  cone. Without this t e r m  the 
solution of (1.5) sa t i s fy ing  the boundary  conditions would be the Maxwelltan function. When leakage is taken 
into account  the dis t r ibut ion function will,  c l ea r ly ,  fai l  off m o r e  rap id ly  than Maxwellian, i .e . ,  Qm(v) has the 
f o r m  

where  qm(v0) =1; dqm/dv  < 0. 

Qra -.-= qm(v) e , 

Inse r t ing  the solution in the f o r m  (1.6) into (1.5) gives  

l 
t "4- Tv2 -- 6iv t d'Zqra �9 - 2 '  + 61v3 dqm ItmS~ = O. 

v dv~ t ~ 51v3 dv v (t "4- 6iv ~) qm 

(1 .6 )  

The condition v >>1 means  that  in the coeff icient  of dqm/dv  the t e r m  1/2v 2 can be neglected compa red  with unity 
and the t e r m  6 iv neglec ted  c o m p a r e d  with 5 iv 3, which gives 

t d2q m 2 dqm ItmSU 
�9 v dv~ dv v (t + 6xv 3) qm = O. (1.7) 

Fo r  a deu te r ium or  d e u t e r i u m - t r i t i u m  p l a sma  ~ 1 ~ 10-2, 62~ 1. Thus,  for  m i r r o r  r a t i o s  not too c lose  
to unity (k - 1 ~ 1), the l as t  t e r m  in Eq. (1.7) contains for  the f i r s t  few m the sma l l  mul t ip l ie r  

~lm(v) = ~,~&!v(~ + 5~v ~) (v > Vo >> i). (1.s) 

If this  mul t ip l ie r  we re  equal to ze ro ,  one of the two l inea r ly  independent solut ions of (1.7) would be a constant;  
the effect  of tim f ini teness  of ~?m is to make this solution slowly decreas ing .  It is r ead i ly  shown that  this solu-  
tion can be sought neglect ing the f i r s t  t e r m  in (1.7), i .e . ,  wr i t ing  (1.7) in the f o r m  

dqm _ ~m~2 
dv 2v (i t ~tv a) tim' 

whence,  ut i l izing the boundary  conditions qm(v0)=1,  we obtain 

f V3 ~kltm62 / .... \ It m.6z 
q~ (v),= / ~o | - ~ -  f~ • o ~ - ~ -  

(1.9)  
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The second l inear ly  independent solution of Eq. (1.7) is r ap id ly  (exponentially) increas ing  and must  be dis-  
carded.  

Since # m  > 2m(2m +1) it follows that qm(v) dec rea se s  rapidly  with increas ing  m. Accordingly,  when 
calculat ing the neut ron output, only the f i r s t  one or two t e r m s  need be re ta ined  in (1.3). 

In the region v >> v 0 the main contribution to f a c l e a r l y c o m e s  f r o m t h e  t e r m  of expansion (1.3) w i t h m = 0 .  

l ~ o  ~ ~ As v -+  ~o, q0(v) approaches  the l imit  \ ~ )  . Numer ica l ly , th i s  quantity d i f fers  appreciably  f r o m  unity 0niy 

fo r  re la t ive ly  s m a l l  values  of the m i r r o r  ra t io  k ~ 3 [for k =2.8, /~0 =2, taking v 0 = 1, we obtain q0(v)v - .  ~ -~ 1/5; 
s ince the output of neutrons  f rom the plasma iS propor t ional  to the square  of fa this sor t  of depletion of fa in 
the reg ion  v > v a can lead to an apprec iable  drop in the neut ron output]. F o r  k >>3, fa is approximated wel l  by 
the Maxwellian function a lmost  eve rywhere  in veloci ty  space  except  for  the loss  cone. 

2 .  A s y m p t o t i c  B e h a v i o r  o f  D i s t r i b u t i o n  F u n c t i o n s  

o f  D e u t e r ! u m  a n d  T r i t i u m  N u c l e i  in  P l a s m a  

w i t h  I m p u r i t i e s  in  t h e  F o r m  o f  M u l t i p l y  C h a r g e d  I o n s  

The use of multiply charged ions to improve plasma confinement  in m u l t i p l e - m i r r o r  t raps  is suggested 
in [9]. It is well known that the sca t te r ing  c r o s s  sect ion for  par t i c les  over  angles increases  in proport ion to 
the squares  of the charges  of the par t i c les ,  with the r e su l t  that even smal l  admixtures  of multiply charged 
ionsna/Z2<< n z <<na/Z (Z is the multiplici ty of the charge of the ions; n z  is the i r  concentrat ion) can con- 
s iderab ly  reduce  the m e a n  f r ee  path of deuter ium and t r i t i um par t ic les  and slow down the r a t e  of diffusion 
leakage of p lasma along the device.  However,  the fact  that fa becomes  isotropic  more  rapidly  has a marked  
effect on the f o r m  of the distr ibution functions of D and T in mu l t i p l e -mi r ro r  t raps  with ~ (~)/k > L. 

Indeed, the inc rease  in the r a t e  of sca t te r ing  of D and T par t ic les  over  angle leads,  in the region ~ ( s  
k > L, to a m or e  rapid  leakage of pa r t i c les  into the loss  cone compared  with the case  of a D - T  plasma without 
impuri t ies .  Since, on the other  hand, the p resence  in the plasma of an admixture  of multiply charged ions with 
n z  << na /Z  has no significant effect  on the p rocess  of diffusion of the par t i c les  over  energy in veloci ty  space,  
this inc rease  in the leakage of par t i c les  c lea r ly  leads to a more  rapid  fall  of fa with increas ing v. 

Formal ly ,  the p re sence  in the plasma of mult iply charged ion impuri t ies  with n a / Z  ~ <<n z << n a / Z c o r r e -  
sponds in the equations to a value of 5 2>>1 [see (1.2)]. Of main in teres t  when es t imat ing fa is the behavior  of 
q0(v). Approximation (1.9) for  q0(v) is valid so long as the inequality q0(v0) <<1, where  T0(V) is given by formula  
(1.8), holds. F o r  a p lasma with la rge  impuri ty  concentra t ions  n Z this condition is violated,  and in a ce r ta in  
range  of veloci t ies  v > v 0 we have that ~ 0(v) >>1. In o rde r  to find the asymptot ic  behavior  of q0(v) in th is  case ,  
we inser t  q0(v) in the f o r m  q0(v) =exp[-h0(v)]  in (1.7). Retaining only t e r m s  quadrat ic  in h(v), we obtain 

t 
(h' (v)) ~ = ~t08 s ~ ,  

h (v)  = " i t  +,s.,,,:'i '/:+" 
+-),o 

Inthe region ~ 0(v) << 1, q0(v) coincides with (1.9) c o r r e c t  to a numer ica l  factor .  

In this manner ,  in a p lasma with multiply charged ion impuri t ies  nz >> na /Z  2 for  installations with not 
too large  m i r r o r  ra t ios  k (such that /~0 5 :~/6 =5 2/3 In k ~ 1), a s t rong depletion of fa may be observed  compared  
with the Maxwellian function at la rge  par t ic le  energies  s >>T and a sharp  fall  in neutron output may occur .  

Let us es t imate  the veloci ty  f r o m  which the distr ibution function s t a r t s ,  in the t rans i t ion region ~, (~ ) /k  ~ 
L, to drop compared  with Maxwellian. The r a t e  at which fa falls off due to diffusion leakage of plasma along 
the coordinate is given by 

Ofa/Ot ~. --DO2]a/Os ~ 

with a diffusion coefficient  D= (~, (a)/k~)v, while .the r a t e  at which it is r e s t o r e d  due to the diffusion of par t ic les  
over  energy in veloci ty  space is given by 

-~- ~ 6~Z, (T) v-~" av2'" 
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Compar ing  the f i r s t  and second r a t e s  gives v 1 -~ ~ ~l/~(Lk/h (T))l/aVT a .  The fact  that v 1 must  c l ea r ly  sa t i s fy  
the inequali ty ~, (vl)/k < L impl ies  that  fa is c lose  to the Maxwellian function in a lmos t  the ent i re  region ~ (~ ) /  
k ~ L for  concent ra t ions  n z < (Lk/?, (T))I /Zaa/Z 9-. 
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N U M E R I C A L  E V A L U A T I O N  O F  

B Y  I O N S  I N  A P L A N A R  D I O D E  

D I O D E  G A P  B R I D G I N G  

G.  V. S t u p a k o v  UDC 533.932.12 

To obtain powerful  e lec t ron  b e a m s  the so -ca l l ed  p lanar  diodes,  in which the cathode as well  as the anode 
a r e  disks of rad ius  R exceeding cons iderab ly  the gap a between the e l ec t rodes ,  a r e  often used. If the se l f -  
magnet ic  f ield of the b e a m  can be ignored (for example ,  when the diode is in a s t rong  externa l  magnet ic  field), 
then the motion of the e lec t rons  in the diode is one-d imens iona l .  The p rob l em of de te rmin ing  the s ta t ionary  
cu r r en t  pass ing  through such diode in the non.relativist ic case  is eas i ly  solved,  the cor responding  dependence 
being given by the wel l -known "3/2  ru le . "  This  solution can be ex tended  to r e l a t iv i s t i c  potentials  [1]; m o r e -  
over ,  the ion emi s s i on  f r o m  the anode can also be included [2]. It is a s sumed  again that the diode cu r ren t  is 
t ime- independent .  In this a r t i c l e  r e s u l t s  of numer  ical computat ions of the nons ta t ionary  e lec t ron-d iode  o p e r a -  
tion in a s ta te  iLn which the diode gap is filled by ions emit ted  f r o m  the anode a r e  given.  The case  of ion e m i s -  
,~ion of one type,  as well  as the cases  in which ions a re  emit ted  with different  m a s s e s ,  is studied. 

1. F o r m u l a t i o n  o f  t h e  P r o b l e m  

The anode p l a s m a  which a r i s e s  as a r e su l t  of diode opera t ion is a sou rce  of ions emit ted into the diode 
gap. The dis t inct ive t ime  sca le  T of the p rob lem is the durat ion of ion t r ans i t  between the e lec t rodes  a, T ,~ 
a(M/e%) 1/~, where  ~p 0 is the potential  d i f ference  between the cathode and the anode; M is the ion m a s s  (ions 
a re  r e g a r d e d  as  singly charged) .  It is of in te res t  to ana lyze  the t imes  t ~ z when the p rob lem is essen t ia l ly  
nons ta t ionary  (~he t ime  t is counted f r o m  the s t a r t  of  the ion emiss ion) .  For  t >> ~ the diode opera tes  in a 
:stationary manner  with an incoming flow of e lec t rons  and ions; in the la t ter  case  the r e su l t s  of [2] become  ap-  
pl icable.  It is a s s um ed  that in the per iod of t ime  which is shor t  compared  with ~ a sufficiently dense p l a sma  
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