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The plane scattering of a target acted upon by an external source of energy is considered 

analytically. The energy balance in the cluster during the scattering is obtained ignoring 
the loss due to radiation. 

The scattering of a plasma cluster in a vacuum when acted upon by an external flow of energy (a laser 
[i], electron beams [2], and relativistic electron beams [3-5]) has been investigated in many areas of modern 
experimental high-energy physics. Since experiments have been carried out on the dynamics of the scattering 
of a target a theoretical consideration of this process is now urgent. Many important problems in this area 
have been investigated numerically but it is also of interest to have rougher models which can be subjected to 
an analytical investigation. In this paper, unlike [6, 7], we consider the steady-state scattering of a plasma 
cluster analytically, and we use the "mean ion" approximation to calculate the thermodynamic functions. 

Model of the Interaction of an External Energy Source with a Plasma. It is convenient to distinguish 
three energy subsystems in a plasma cluster: free electrons, ions, and excited states of the ions (see [8]). 
Thermodynamic equilibrium inside these subsystems is established much more rapidly than heat exchange 
between the subsystems. Energy is evolved from the plasma due to different forms of radiation and is also 
converted into kinetic motion - scattering of the plasma cluster. A sketch showing the energy conversion in 
the plasma of a target is given in Fig. i. Below we will consider only scattering of a cluster without loss due 

to radiation. 

When the cluster is heated by a laser the energy of the external source is contributed to the free electrons. 
We will neglect the possibility of a non-Maxwellian "tail" of fast electrons occurring and we will assume that 
the imbedded energy is rapidly thermalized and is then redistributed between the subsystems. 

When an electron beam or a relativistic electron beam interacts with the plasma the energy of the beam 
is transferred mainly to the bound electrons, and then via recombination and deexcitation of the levels to the 
free electrons. We will take into account the value of the energy contribution by means of a parameter speci- 
fied from additional considerations. We will obtain some estimates by directing our attention to relativistic 

electron beams because of the large range of experimental work which has been carried out in this region. 

It can be assumed that slowing down of the fast electrons occurs with approximately the same cross- 
section for free and bound electrons. Then, the braking ability of a beam electron dE/dx is proportional to 

the total electron density ZN 

dE (1) 
- -  - -  ~ Z N  ( (~E ) . 

dx 

Here E is the energy of a beam electron;  Z, charge on the nucleus of the target  atoms;  N, density of the target  
nuclei; and ~, c r o s s - s e c t i o n  represent ing the energy loss;  the quantity <aE > should be averaged over the e lec-  
t ron t r a j ec to ry  (this problem has not yet been solved).* We will s ta r t  f rom the specified value of the energy 
contribution per  unit volume of the target  W (e rg / cm 3. sec),  in t e rms  of which it is easy  to express  the energy 
flux densi ty contributed to the ta rge t  q = Wx0, where x 0 is the initial thickness of the target .  It follows f rom 

(1) that 

*Experimental  data c lear ly  indicate that in h igh-cur ren t  beams the depth of penetration into the target  is con- 
s iderably less than the path of an individual electron.  This effect is obviously due to L a r m o r  rotation of the 
electrons in the magnetic field induced by the beam current  [3, 4]. 
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1. Sketch of  the  c o n v e r s i o n  of the e n e r g y  of an ex -  
t e rna l  source in a plasma cluster. 

q=i~ "4P~%xo~iNxl < aE>" 
dx e 

(2) 

Here j is the beam current density. For a rectilinear electron trajectory we can use the Bethe formula 

for the braking ability 

_ ,~3 2 2~e~ I n - -  f inca ~ 
< o'g >rect= (nlC2) 2 2 \ [ j ' 

where 7 = (i - V2/C 2)-I >> 1 ; and I is the ionization potential of the principal ions of the target. 

the specified value of q, we can define a certain effective flux density Jeff such that 

Starting from 

(2a) 
1 (oE)rear" q ~/~ffNx e 

Neglecting the logarithmic dependence on 7 and I (7 ~ 4 for e ~ 1 MeV and I ~ 50 eV) we provisionally obtain 
Jeff ~ 2"101~ q/ZNx. As an example for q ~ 1012 W/cm 2 (1019 erg/cm2"sec), N ~5"i022 cm -3, xo ~ 5"10 -4 cm, 

and Z ~ 80 [2-4], we obtain Jeff ~i08 A/cm2" Note that in this case 

/elf-- <~E> N10 2 . 
] <~E~ 'rect 

Only this value of Jeff can ensure the specified energy contribution to the target (i. e., absorption of the flux 

q in the foil thickness). 

Thermodynamic Functions of the Plasma. To describe the hydrodynamic motion of a plasma it is neces- 

sary to obtain the relationship between its macroscopic parameters such as the electron temperature Te, ion 

temperature T, electron density Ne, internal energy per unit volume ein, and pressure P. We will start by 

considering the ionization state. We will determine the density of the most represented ions. We will assume 

that in view of the high density of the solid target local thermodynamic equilibrium occurs for the most repre- 

sented ions, i. e., the Saha distribution for the ion multiplicities and the Boltzmann distribution for the excited 

states of the ions. This assumption is natural when the target is heated by a laser. When using this assump- 

tion when the target is heated with a relativistic electron beam it is necessary for the following conditions to 

be satisfied: 

a) the presence of ionization by a beam of fast electrons should not displace the ionization equilibrium 

of the main ions, i.e., 

(3) 
1 . ion ~ , 

~k = - -  Jeff oh (L0) <<ShN~, 
e 

aion whe re  v k (sec -1) is the r a t e  of ionizat ion of  ion k by b e a m  e l ec t rons ;  k , ioniza t ion  c r o s s - s e c t i o n ;  E0, e n e r g y  
of the fas t  e l e c t r o n s ;  Sk(E0), r a t e  cons tan t  of p l a s m a  ionizat ion by Maxwel l ian e l ec t rons ;  and k ~ k m,  cha rge  
of the m a i n  p l a s m a  ions;  

b) the equ i l i b r ium with r e s p e c t  to  ioniza t ion  mul t ip l ic i t i es  should not be d i s tu rbed  due to  s c a t t e r i n g  

ShN~ x_ )) 1, k N k m ; (3a) 
V 
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c) r a d i a t i o n a l  t r a n s i t i o n s  should  have  no e f fec t  on the  B o l t z m a n n  d i s t r i b u t i o n  of the  popu la t ions  of the  
e x c i t e d  s t a t e s  of  the  m o s t  r e p r e s e n t e d  ions ,  i . e . ,  

Ne) ) Ahn/Vhn, k "~" k m (3b) 

fo r  a l l  the  l e v e l s  n; A n (see  -1) andV~ (era 3 �9 s e c  - l)  a r e  the  p r o b a b i l i t y  and r a t e  c o n s t a n t  of the  r a d i a t i o n a l  and 
c o l l i s i o n a l  d e c a y  of  the  l e v e l  n,  r e s p e c t i v e l y .  

To c a l c u l a t e  the  t h e r m o d y n a m i c  funct ions  of the  p l a s m a  we wi l l  a s s u m e  tha t  cond i t ions  (3) a r e  s a t i s f i e d ,  
and we wi l l  d e m o n s t r a t e  t h e i r  c o r r e c t n e s s  l a t e r  by  m e a n s  of  s p e c i f i c  e s t i m a t e s .  

The Saha d i s t r i b u t i o n  of the  ions  with r e s p e c t  to the  m u l t i p l i c i t i e s  h a s  the  form* 

N~Nh_i _ Sk_i 6. 102iT~/2 exp ( - -  lh/Te), (4) 
Nh [3h 

w h e r e  flk (cm6" sec-a)  is  the  r a t e  c o n s t a n t  of t r i p l e  r e c o m b i n a t i o n  of the  ions  on e l e c t r o n s .  F u r t h e r ,  f o r  c o n -  
v e n i e n c e ,  we wi l l  a p p r o x i m a t e  t he  i o n i z a t i o n  e n e r g y  of the  ion K by  the  f o r m u l a  I k = A ( Z ,  k) k 2, w h e r e  A(Z ,  k) ,  
eV is  an a d j u s t i n g  c o n s t a n t  (Z is the  c h a r g e  of the  nuc leus  of  t he  ions) .  With  th i s  m u l t i p l i c i t y  the  m o s t  r e p r e -  

s en t ed  ion (where  N k ~ Nk_ ~ , Ne ~ kmN) can  be  e s t i m a t e d  f r o m  the  equa t ion  

km ~ [T_~ ln ( 6.1021T~/2111/2~m ~ /J ~ ~ - ~  T~/2" (5) 

Th i s  e x p r e s s i o n  ho lds  a p p r o x i m a t e l y  in t he  r e g i o n  10 < T e  < 200 eV and 1020 _< N e _< 1022 c m  -3. B e a r i n g  in 
mind r e l a t i o n  (3) and P i t a e v ' s  equa t ion  [9] f o r  the  r a t e  of t r i p l e  r e c o m b i n a t i o n  of an e l e c t r o n ,  we  ob t a in  the  

r e l a x a t i o n  r a t e s  f o r  the  ions  k ~ k m 

13k Sk -~ ~ V2 (8) Ne ~ 107k~n/Te "~ �9 10-27Te 3. 
(6) 

Considering the plasma scattering foil as an ideal mediuml characterized by a "mean charge" k ~k m, 
we can write approximate equations for the thermodynamic functions of the plasma. The thermal energy E T 

of unit volume 

(6a) 
3 (N~T~ -k NT) ~ 3 ]//--~ NT~/2. Er = -~  

V A 

We wi l l  c a l c u l a t e  the  i on i za t i on  e n e r g y  of the  p l a s m a  

z h 

k=o ~'=o 

16 ~ MT3/2 Ak'2 ) f'~" - ~  - . . . . .  

in which  c a s e  the  t o t a l  i n t e r n a l  e n e r g y  is  

(6b) 

Ein ---- ET -k Eio n ~ - -  2 5 3 ] , ~  NT~/Z,~, 1,6.10 -lz ~25 1//~ NT3/2 [erg/era3] 

and 

Te [eV] = 1.78"107 (A)l/3(Ein/N)2/3" (6c) 

The p r e s s u r e  of  the  p l a s m a  
(6d) 

P : (NeT~ + NT) ~ 2 ~ NT~/~. 

* In p r a c t i c a l  f o r m u l a s  the  e n e r g y  c h a r a c t e r i s t i c s  of  the  ions  and e l e c t r o n s ,  mad a l s o  the  t e m p e r a t u r e s ,  a r e  
m e a s u r e d  in eV,  whi l e  the  r e m a i n i n g  quan t i t i e s  (where  th i s  is  not  s t a t ed )  a r e  in cgs  un i t s .  

A p l a s m a  of  s o l i d - s t a t e  d e n s i t y  wi th  t e m p e r a t u r e - T  c ~ 3 eV,  as  e s t i m a t e s  u s i n g  the  r e l a t i o n  Nei d << 3 .1020 .  
( T e / k m )  ~ show,  i s  non idea l .  H o w e v e r ,  in a t i m e  th ~ 10 -8 s e c  t he  p l a s m a  is  h e a t e d  ( s ee  t he  p a r a g r a p h  en t i t l ed  " M o d e l  
of p l a s m a  s c a t t e r i n g "  ) up to  T e ~ 3 eV and is  s c a t t e  red  to  a dens  i ty  Ne ~ 1022 C m-3,  a t  which  i t  can  be  r e g a r d e d  as  an  
i d e a l  gas  (Nei d ~ 1022 cm-3) .  The  m a i n  e n e r g y  of  the  e x t e r n a l  s o u r c e  in a t i m e  T >> t h is  i n t r o d u c e d  t h e r e f o r e  into an 

i d e a l  p l a s m a .  
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ha the estimates (6) we took into account the fact that N e ~kmN , kmT e ->- T. 
capacity of the plasma depends on the temperature 

= ( OEiI1 / = 25 /-2- 

In these approximations the heat 

(7) 

Equa t ions  (3) and (6) a r e  of c o u r s e  on ly  s a t i s f i e d  if  t he  p l a s m a  ions  a r e  not  c o m p l e t e l y  s t r i p p e d ,  i . e . ,  km < Z. 

We wi l l  now c o n s i d e r  the  i n t e r e s t i n g  p r a c t i c a l  c a s e  of s m a l l  Z when the m o s t  r e p r e s e n t a t i v e  ions a r e  
c o m p l e t e l y  ion ized  a l m o s t  f r o m  the  beg inn ing  of the  a c t i o n  of  the  e x t e r n a l  pu l s e .  Then Ne ~ ZN and 

E T ~  -~3 (ZT~+ T ) N  ,'-, 23 ZNT~, E i o n ~ N h l ,  (8) 

3 
Ein ~ NAI  + ~ NZT~, (8a) 

where Al is the total ionization energy of atom Z, and 

P ~ ZNTe. (8b) 

It can be seen that in this case the temperature dependence of the heat capacity of the plasma disappears. 

It follows from these results that the internal energy and the pressure are proportional P -~ (6/25)Ein. 
This effect considerably simplifies the consideration of the problem. For example, multiplying the equation 
of motion by the velocity v = dx/dt, we obtain a useful expression relating the kinetic energy Eki n = M0v2/2 
and the internal energy 

1 dEin 6 1 dx (9) 

Ein dt 25 x dt 

ha o r d e r  to  show the  e f fec t  of  r a d i a t i o n  on the  d y n a m i c s  of  the  s c a t t e r i n g  we w i l l  c o n s i d e r  two l i m i t i n g  
c a s e s :  s c a t t e r i n g  wi thout  r a d i a t i o n  l o s s e s  and s c a t t e r i n g  wi th  vo lume  l o s s e s  wi thout  r e a b s o r p t i o n .  

P l a s m a  S c a t t e r i n g  Model .  1. I n i t i a l  E q u a t i o n s .  C o n s i d e r  p lane  s c a t t e r i n g  of a t a r g e t  s u b j e c t  to  the  a c -  
t ion  of a v o l u m e  s o u r c e  of e n e r g y  d i s s i p a t i o n .  The v o l u m e  n a t u r e  of the  e n e r g y  d i s s i p a t i o n  in the  c a s e  of a 
r e l a t i v i s t i c  e l e c t r o n  b e a m  is e n s u r e d  both  due  to  the  path  of the  e l e c t r o n s  in the  dep th  of the t a r g e t ,  and due  to 
the  e l e c t r o n  t h e r m a l  c o n d u c t i v i t y ,  wh i l e  in the  c a s e  of  a l a s e r  i t  is  s o l e l y  due to  t h e r m a l  c o n d u c t i v i t y ,  as  has  
a l r e a d y  b e e n  d i s c u s s e d  in the  l i t e r a t u r e  [1]. A s s u m i n g  tha t  t h e t a r g e t  is  f a i r l y  th in  we wi l l  a s s u m e  tha t  a l l  the  
physical quantities are uniform over the thickness of the target. In this approximation scattering of the cluster 
will be described by the following equations: 

( ~  v z (10) 
~ dv d Mo -~  -t- ~in = q - -  qrad" p, Nx = Mo, Mo -~ -  = P, - ~ -  

H e r e  p is  the  m a s s  of  the  h e a v y  p a r t i c l e ;  M = ~Nx, ~I 0 = PN0x0, E in  = E inx  , s u r f a c e  d e n s i t y  of the  i n t e r n a l  
e n e r g y ;  N o , N, i n i t i a l  and c u r r e n t  v a l u e s  of the  d e n s i t y  of the  t a r g e t  m a t e r i a l ;  q r a d  = Q r a d  x,  f lux  d e n s i t y  of  
the  r a d i a t i o n  f r o m  the  p l a s m a ;  Q r a d '  t o t a l  r a d i a t i o n a l  l o s s e s  f r o m  uni t  vo lume ;  x,  c o o r d i n a t e ;  and t ,  t i m e .  
In (10) we have  a l s o  a s s u m e d  tha t  

2. Scattering without Radiation. 
S y s t e m  (10) t a k e s  the  f o r m  

OP/Ox ~ P/x: (11) 

We wi l l  put q = qs t s ,  w h e r e  qs and s a r e  c e r t a i n  c o n s t a n t s ,  and q r a d  = 0. 

-2~ ~n - ~  - - V - + E i n  = q f .  

We wi l l  s e e k  a s t e a d y - s t a t e  s o l u t i o n  in the  f o r m  of p o w e r  r e l a t i o n s  xoot  ~, E in  c~ t3. 
c h o s e n  so  tha t  the  t i m e  d e p e n d e n c e s  of  the  l e f t  and r i g h t  s i d e s  in  (12) a r e  the  s a m e .  
w h e n 2 c ~ - 2  = 3 ,  t 3 - 1 =  s .  

(i2) 

The  c o n s t a n t s  a and fl a r e  
This  cond i t ion  is  s a t i s f i e d  

H e n c e ,  fi= s + 1,  a = (s + 3 ) /2 .  H e n c e ,  the  s t e a d y - s t a t e  so lu t i ons  a r e  
s-l-3 

E~n = est s+l , x = yst -V-, (13) 
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where e s and Ys are given by the equations 

24 Mo(sq- 1)(s + 3)y~ = e , - ~ ,  

whence we obtain 

1 ~ 2 qs ( 1 4 )  -gMo(s+ 31 v, + ~ = s - - & Y  ' 

e s 25 a8 = ' , g , =  [12qJ(14s+ 17)(s+ 3)(s + l)"Mo] 1/2 . (15) 
(28s + 34) 

From thei r  physical meaning the quantities qs, es, and Ys are  positive. Consequently, the region of possible 
values of s for the s teady-s ta te  solutions is limited by the condition s > - 1 .  

F rom (13) and (9) we have the following ratio of the kinetic energy and the internal energy of the plasma 
in the s teady-s ta te  mode: 

"Ekin / E'in = 3(s + 3)/25(s + 1). (16) 

The t ime dependence of the p lasma tempera ture  follows f rom relation (6c) Ein ~ T ~  2. Hence, 

[ 3. lOmqs - -  )2/3 2(S+I) 

= I(28  + V r iovj. 
(17) 

We will introduce the instant of t ime t o such that when t = t o the coordinate takes the initial values x(to) = 
x 0. Then 

s+3 2(s+I ) 

X =  XO \ to ] \-~o ] , T , =  Teo , 

S + 3  

where E0 = e t s+l s 0 , x 0 = ysto - y - ,  etc. We will assume the initial size of the plasma x0 to be specified and we 
will express  the other  quantities in t e rms  of it: 

2 I 

t o = ( X o l / ~ ) ~ - 4 $ ( ( 1 4 s + l T ' ( s + 3 ' ( s + l ' )  74~ 
12 

E'-'0 -- 25q, t~+l, 
28s + 34 

Te ~ 3" ] OiZq, 12/3t o 3 
(28s+3 1.6 ~o 

The quantity t o represents  the t ime taken for a r b i t r a r y  initial p a r a m e ~ r s  to reach the s teady-s ta te  mode. 
We can show this by considering the relaxation of small  deviations 5x and 5Ein f rom solutions (13). In fact,  
we obtain f rom (12) 

y ~  (20) 6 
+ Gn = 0, x a x + x 6 x  = 25 ~ 0  ' 

where x(t) is given by Eqs. (13), (15). Equations (20) can be converted to the form 

5 x +  24 s + 3 t _ i 6 x + ( S + 3 ) ( s + l ) t _ 2 5 x = O "  
25 8 4 

The charac te r i s t ic  relaxation t ime is s imply a quantity of the o rde r  of the sca t te r ing  t ime t. At the ini- 
tial instant t ~ t o when x ~ x  0, and consequently t o represents  the relaxation t ime of the initial pa ramete r s  to 
the values specified by Eqs. (19). 

Consider  the sca t ter ing of a ta rge t  of light atoms.  For  a large value of the energy contribution and 
small  Z of the target  atoms the p lasma,  during prac t ica l ly  the whole t ime during which the external  source  
acts ,  consists  of bare  nuclei and free e lectrons.  Using the thermodynamic  functions of such a p lasma (9) and 
ignoring the losses  due to radiation, we obtain 
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2 ~ M"~x2 ~ t~+ I (21) 
' - -  - -  N o A I .  ~o~ = - 2  Ei~' - 2 - -  T E ~  = q~ ~ + 1 

Here Ein = (3/2)Px, where NoAI is the total ionization energy of the target atoms. The characteristic total- 

ionization time tt'~ [ N~ (s-~ 1) 11/'+I. When t >> t I it is easy to show that the solutions of (21) have the same 
S+3 \ qs / 

f o r m :  X = y s t  2 , E i n =  ~s tS+ l .  We  h a v e  f o r Y s  and  k s 

3q~ , ~ (22) 
~ - -  , g~ = [ 4 q j ( s  "w 1)(s + 3)(2s + 3)3//0] 1/2 

2 (2s + 3) 

F r o m  (9) we obtain the following relation between Eki n and Ein: 

E k i n / E i n  = (s + 3)/3(s + 1). (23) 

Hence, for a constant external flux q = q0 (s = 0), 9/(25 + 9) of the total energy contribution is converted 
into kinetic energy of motion of a cluster with large atomic weight, while 25/34 is converted into internal energy 
of the cluster. For scattering under these conditions 3/(3 +3) = 0.5 of the total energy contribution is converted 

into energy of motion of a cluster of light atoms, while the remaining part of the energy goes into heating and 

ionizing the cluster. 

The dependence of the energy contribution on time has a considerable effect on the energy distribution 
between the different subsystems. It can be seen from (16) that when s is reduced the fraction of the kinetic 
energy increases. When s >> 1 the kinetic energy is ~ 12% of the total internal energy of the plasma; for s = 0, 

Ekin/Ein v 27%; for an energy contribution that falls with time (s < 0), it is obviously possible to have a mode 

in which the plasma is accelerated with weak heating (Ekin/Ein >> 1 as s ~-i). 
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