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B E A M S  OF 

The underlying the ory is descr ibed for a method of diagnosing a hydrogen plasma by means of 
beams of he l iumatoms  of different energy.  The range of measured  density is 1014 to 1016 cm -3 
with a length of p lasma section probed ~ 10 cm. The highest accu racy(~  • 20%) is attained 
in the middle of the range~ The accuracy  in measuring e lectron tempera ture  f rom 10 to 
50 eV [s no worse than 10-30%. Higher t empera tures  can be determined with an accuracy  
of the same order .  Methods have been developed in recent  years  for active diagnosis of 
a h igh- tempera ture  p lasma using beams of fast  neutral  par t ic les  [1-5]. These methods,  
in spite of involving somewhat unwieldy apparatus,  promise  to permi t  the study of a p lasma 
in the range of pa rame te r s  difficult to investigate by traditional methods (probes, mic ro -  
wave equipment, and so on). In addition, they have re la t ively high timewise and spatial 
resolutions and are noncontact methods in prac t ice .  

1. The idea of p lasma diagnosis using beams of neutral  par t ic les  of the same type but having various 
energies  was descr ibed f i rs t ,  apparently,  in [1, 2]. While the c ros s  section for interaction between the 
probing par t ic les  and the ion, e lec t ron,  and neutral  components of the p lasma will vary strongly with change 
of beam energy,  the relative attenuation of beams as they pass  through the plasma can be used to determine 
the p lasma pa ramete r s :  ion density n i and density of neutral  atoms n o (more accurately ,  the thickness of 
the ion and neutral target :  N i = nil , N o = n0/, where l is the length of the probed section of the plasma),  and 
the e lectron temperature  T e. 

Fig. 1 shows the c ros s  section for interaction p rocesses  between helium atoms and the various com-  
ponents of a hydrogen p lasma as a function of beam energyo 

The c ros s  section for charged t ransfer  ~l(He + p - ~ H e  + + H) (curve 2) has been taken f rom [6, 7]. 
The stripping c ros s  section for the ion a 2 (curve 4) and for the atom a '  (curve 5) of hydrogen were obtained 
by extrapolating the data f rom [8] to the low-energy region,  and the resul ts  given are in good agreement  
with the data of [9]. 

The stripping c ross  section of a hydrogen molecule (curve 3), computed per  target  atom, lies some-  

what high [10] o 

The effective c ros s  sections for ionmation of helium atoms by e lec t rons  (a~ = <aev~> / Vo ) (Ve and 
v 0 are the velocities of the e lec t rons  and beam par t ic les)  having a Maxwellian velocity distribution were 
taken from [11]. Figure 1 shows these as a family of curves ,  l a -e ,cor responding  to the values Te = 350, 
200, 100, 50, and 20 eV, the ordinate here being a?10 j6 c m  2, and  not or'1017 as was shown for curves  2, .~ 

5o 

The quantity (a~ve} = / (Te), calculated by numerical  integration on the bas is  of data for the ionization 
c r o s s  section of the helium atom ae by an e lec t ron coll ision [12], was also given in [11]. It can be approxi-  
mated very  well by the express ion 
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Here (a~v~> is cm3/sec ,  kT e is in e rgs ,  Uieff = 1.5U i = 37 (eV), 
Ei is the exponential integral  function, and Uie ff is the effective ioni- 
zation potential of helium [1]. 

Figure 1 shows that the c ros s  sections for integration between 
the ion a = a  s + cr 2 and the neutral  p lasma component a '  increase  con- 
tinuously with increase  of beam energy,  while the c ross  section for 

ionization by electrons decreases. (Although the maximum charge-transfer cross section (r~ ~ 2.10 -IG cm 2 

is reached at a beam energy ~ I00 keV, it is reasonable in considering the method to restrict ourselves 

to an energy of 30 keV, since cumbersome apparatus is required to obtain beams of higher energy.) 

2. For simplicity we consider the case when the plasma is rotated in a rather strong magnetic field. 

If probing is pe r fo rmed  ac ros s  the field, the beam cur ren t  at the entrance I 0 and the exit I(/) of the p lasma 
formation region are related to the plasma pa rame te r s  as follows [1]: 

(2.1) 

f (l) = Io exp [-- ni (z + zi) l -- nov'l] 

We write this expression in the form 

Simplifying the notation somewhat,  we write Eq~ (2.1) for  three beams (k = a, b, c) 
as follows: 

N~(z~ + A~ (zeVe>) + Nozk' = B~ 

of different energy 

(2.2) 

Solving Eq~ (2.2) for Ni, No, and (aev~> , we obtain 

~a" 6b" ~c' Aa Ab Ac ~a % :~c 
Aa  Ab A c 6a 6 b 6 c 6 5" 

Ga P ~b r ~c r ~a t (3b' r t ~a" (3b" ~c t 

Ab Ac Aa Ab Ac Aa Ab Ac 

For  example,  we can consider  three beams with the following energies :  5, 15 and 30 keV. Assuming 
that all the c ros s  sections are given to an accuracy  of • 10%, in the numera tor  of the expression for(aeVe) 
we obtain 

B a(-O.51i.6)-[-B b(-0.2+0.47) +B e (0.i+ 0A2) 

The large error results from the almost identical proportional increase of the cross sections ~ and 

~' with increase of beam energy. It is clear that <%v~> and, therefore, T e cannot be obtained from this 
expression with the accuracy required in practice. 

Analysis of the other expressions also shows that the presence of a relatively large number of cross 

sections with an average error of • 10% makes it impossible to use these to determine N i andN o with the 
required accuracy. 

Thus, we can conclude that, with the accuracy  of the measured  c r o s s  sections (+10%), the th ree -beam 
method is not suitable in pract ice  for determining three pa rame te r s  of the plasma.  

3. We consider  the ease of a highly-ionized p lasma in which attenuation of the beams in the neutral  
gas can be neglected, i .e. ,  

NoZ k" 
N~ (% + A~ <%~J) "~ i 
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Hence, 

N i 6 ' 

N-o> ~ ~ _ ~  ~k -}- A k  <~eve > 

F o r  T e = 10 eV and beams  with e n e r g i e s  of 5 and 30 keV, the quan- 
t i ty  a has the values 0.056 and 0.17, r e s p e c t i v e l y .  Thus,  we can conclude 
that  for Te ~ 10 eV, even with Ni/N 0 ~ 1 ( i .e . ,  with a degree  of p l a s m a  
ionizat ion of fi ~ 0.5), we can neglect  at tenuat ion of the beams  in the neut ra l  
gas .  

Solving the two equations in Eq. (2.2) in this case  for  N i and (aeVe> 
we obtain 

o $ g /O  z Z J o 

T e  , e v  A a B b ~ ' A b B a  ~ --- B 

Fig. 2 Ni - -  A a 6  b -  Ab6 a <6eVe} - -  ~'~'"" b~a A a B  b - -  A b B  a 

4. F igure  1 shows that  the most  accu ra t e  method is that  in which b e a m s  with marked ly  d i f ferent  
e n e r g i e s  a r e  used.  The re fo re ,  we cons ide r  f rom now on two b e a m s  with e n e r g i e s  5 and 30 keV, r e s p e c -  
t ive ly .  In this  case  we obtain 

N~-  Bb-- 0'408"~ 1 0 - 8 . 1 8  (~ ' <~e~o> = ~.t,1 -- 0 .~ , ,o / ,~  (,o / Bb-- 0.07) ,0~ I :m~) 

In pe r fo r ming  an e r r o r  ana lys i s  of these e x p r e s s i o n s ,  we cons ide r  that  c r o s s  sec t ions  a t and~ 2 have 
been m e a s u r e d  with an a c c u r a c y  of • 10%, while the a c c u r a c y  of the r a t i o s  I0/I(l ) is  no worse  than 5%. 

The r e l a t i ve  e r r o r  in densi ty  m e a s u r e m e n t  is  then given by the equation 

5 N  i 0 855-i015 

f rom which i t  can be seen that  the e r r o r  does not exceed  50% for  N i > 2"1015 cm -2. 

The a c c u r a c y  in de te rmin ing  the value of <oeve> in the range of N i f rom 1015 to 10 t7 em -2 va r i e s  
roughly  f rom 45 to 20%. Assuming  it  to average  30%, and using Eq. (1.1),we can ca lcula te  the coeff ic ients  
• for  the a c c u r a c y  in de te rmin ing  the e l ec t ron  t e m p e r a t u r e  T e .  F igure  2 shows that the r e l a t ive  e r r o r  
in de te rmin ing  T e v a r i e s  f rom 10 to 30% with i n c r e a s e  of Te f rom 10 to 50 eV. The e r r o r  i n c r e a s e s  
sha rp ly  for l a r g e r  values  of the t e m p e r a t u r e ,  and for  T e > 50 eV it can be de t e rmined  in p r ac t i ce  only to 

o r d e r s  of magni tude.  

5. In the ca lcu la t ions  no account  was taken of beam at tenuat ion due to e l a s t i c  s ca t t e r ing  of the probing 
p a r t i c l e s  by the p l a s m a  ions .  By making the angular  a p e r t u r e  0 of the neu t ra l  p a r t i c l e  de tec to r  la rge  
enough, we can min imize  this  effect .  F o r  a rough e s t i m a t e  of the min imum angular  a p e r t u r e  0 ,  we can 
use the fo rmula  for  the effect ive  s ca t t e r i ng  c r o s s  sect ion a s with a s p h e r i c a l l y  s y m m e t r i c  in te rac t ion  
potent ia l  (of the fo rm U = C / r  n) for  the col l id ing p a r t i c l e s  [13]. If we use an in te rac t ion  potent ia l  U(He + 
H +) in the ca lcu la t ion ,  eva lua ted  using the well-known s e m i e m p i r i c a l  ru le  [14] 

UA, = VUAAIU.~ 

the condi t ions (r s < (q for  a beam of hel ium a toms with ene rgy  5 keV will be sa t i s f i ed  with a de tec to r  angular  
a p e r t u r e  of 0 ~ 6 ~ . (The in te rac t ion  potent ia l  U (He + He) was taken f rom [15].) Although the calcula t ion 
here  is  nonr igorous  and c l e a r l y  gives a h i g h r e s u l t , i t  is  neve r the l e s s  useful  s ince i t  at  l eas t  shows the o r d e r  
of magnitude of the min imum de tec tor  angular  a p e r t u r e .  

6. Hel ium has two metas t ab le  s t a t e s ,  2tS and 23S, whose l i f e t imes  a re  fa r  l o n g e r  than the t ime of 
f l ight  of the a tom through the region  of p l a s m a  format ion  in the ac tual  expe r imen t .  The c r o s s  sec t ions  for 
s t r ipp ing  and ionizat ion by an e l ec t ron  beam for  hel ium in a metas tab le  s ta te  must  be l a r g e r  than the c o r -  
responding  value for hel ium in the ground s ta te ,  and t he re fo re ,  if there  is  an apprec iab le  f rac t ion  of m e t a -  
s table  hel ium a toms  in the probing  beam,  it wil l  be the main fac tor  in de te rmining  beam at tenuat ion.  Since 
this  f rac t ion  is  usua l ly  not known, the whole method r e q u i r e s  a compara t ive  check.  
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We give the maximum values of the cross sections for excitation if* of metastable states [16] and 
for ionization ffi of the helium atoms, existing mainly in the ground state [12] and in metastable states, due 
to electron collisions. The last two cross sections were computed by the Dravin formula [17], which gives 
the correct order of magnitude of the cross section: 

o* (2iS) ~ * (28S) zi  ( iS)  ~i (2iS) ~i (23S) 

m a x ~  []k 2] = 0 . 0 4 5  0 .06 i  0 . 4  32.7 22.7 (6ol) 
U [eV] : 33 20.6 t26 t4  16 

The last  column of Eqo (6ol) shows the e lectron energy values corresponding to these c ross  sect ions.  
It can be seen f rom Eq. (6.1) that the contribution to beam attenuation result ing f rom excitation of meta-  
stable states of helium by p lasma elect rons  (with subsequentionization) cannot be appreciable,  compared  
to the contribution result ing f rom helium ionization by e lec t rons  from the ground state.  

7. The random e r r o r  result ing f rom instability in operation of the p lasma equipment canbe decreased 
appreciably by conducting simultaneous probing with two helium beams of different energy,  fotlowed by 
ionization in a stripping chamber  and separat ion in a magnetic analyzer  for recording purposes [18]o 

The random e r r o r  also increases  due to s tat is t ical  fluctuations of beam intensity. We calculate the 
minimum equivalent cur ren t  of a beam of energy  5 keV, so that the stat is t ical  fluctuations should not exceed 
1%. If the resolving time of the electronic recording c i rcui t  is ~-~ 0~ #sec ,  in that time interval N = I~-/e 
par t ic les  will be recorded  (e is the e lectron charge) .  

The relat ive fluctuations are then given by 1/x/'-N. F rom the inequality 4"E'/F< 10 .2 we obtain the 
resu l t  that the recording  beam cur ren t  should be no less than 0.01 #A. Taking into account that only part ia l  
convers ion of the neutral  beam into an ion beam ( ~ 10 -2) occurs  in the stripping chamber ,  we can conclude 
that the equivalent cur ren t  of the p r i m a r y  neutral  beam should be of the order  i # A. 

8. The lower density l imit  of this method is given by the least  relative attenuation of beams passing 
through the p lasma which can be observed.  

Let this attenuation be 5%. Then 

5. t0 -~ 
rain N i ~ max (~  + A~ <aeVe >) 

Thus, 

min  N i ~ .  5. t014cm-2 for T e = 10eV, m i n  N i ~ 1014cm -2 for T e = 350 eV 

However, the accuracy  in the density measurements  is low. The upper l imit in density is more in- 
definite~ It is usually given by the value of density above which elast ic  and inelastic scat ter ing of the beams 
by par t ic les  of the target  can no longer be neglected.  If the angular aperture  of the detector is ~ 6 deg, this 
density value lies in the neighborhood of ~ 1017 cm -2. 

The lower l imit of temperature can be taken as T e = 10 eV, at which a hydrogen p lasma is a l ready 
quite well ionized, so that attenuation of the beam in the neutral  gas can be neglected.  

The choice of an upper tempera ture  limit depends onthe measurement  accuracy  requi rement  (Fig. 2). 

The resolut ion time of the method is given by the time of flight through the p lasma of the slowest 
probe par t ic les .  Thus, for a path length of ~ 10 cm, with a 5-keV beam, it is about 0.2 # sec .  

In conclusion, we note that, following appropriate  relat ive verif ication,  the above method for plasma 
diagnosis can be an effective technique for investigating a hydrogen plasma of re la t ively  high density 
(1014 to 1016 cm-3). 
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