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In experiments on creation and maintenance of a high-temperature plasma of hydrogen iso- 
topes an important parameter is the concentration of neutral atoms n a and molecules n m in 
the volume occupied by the plasma. The quantities na, n m determine the energy loss in the 
plasma connected with charge exchange of rapid ions with molecules and especially hydrogen 
atoms. 

Recently studies have appeared on measurement of the spatia ! profile na(r) , based on 
resonant scattering of vacuum ultraviolet by hydrogen atoms in the ground state [i] and on 
quasiresonant scattering of laser light by excited atoms [2]. Both methods require addi- 
tional measurements and calculations to determine the populations of various atomic states 
in the plasma. Moreover, these methods do not measure the residual gas component n m. 

The present study will offer a method of determining n a and n m from charge exchange with 
residual gas of a high-speed hydrogen or deuterium ion beam introduced into the plasma. 

A beam with energy Wo, current li, and cross section So is introduced across the magnetic 
field H which maintains the plasma, as shown in Fig. i. As a result of charge exchange with 
the residual gas a portion of the ions are transformed into atoms, which, moving along the 
tangent to t~e ion trajectory at the charge exchange point P, fall into a high-speed atom de- 
tector-analyzer with angular aperture d~. The flux of these atoms Io is proportional to the 
partial concentrations of residual gas components in the vicinity of the point P, 

Io = I j S o ' S l [ ~ ( W o ) n a  + a m (~Vo)nm] , (1 )  

where S = min{So, (Ipd~)2}; I = Rd~ (R is the radius of curvature of ion trajectory at point 
P); Oa, c m are charge exchange sections for atoms and molecules. (The flux of atoms produced by 
recombination of rapid beam ions with plasma electrons is many times smaller than the "charge 
exchange" flux over the entire range of plasma and beam parameters of practical interest.) 

Since Eq. (i) contains two unknowns n a and nm, an additional equation relating these is 
needed. 
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Fig. I 
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In working with a plasma located in a relatively weak magnetic field an H + or D + ion 
beam with Wo < i0 keV may be used. In this energy region the functions Ca(Wo) and Cm(Wo ) dif- 
fer significantly: The resonant section c a increases with decrease in Wo, while c m falls 
sharply [3-5]. Thus, from flux measurements Io(Wo) and Io(Wo) at two ion energies Wo and W~, 
we can calculate the absolute values of n a and n m at any point of the plasma volume. 

In working with relatively dense plasma (n e > 5 �9 10 12 cm -3) where all H2 molecules in 
the plasma volume are dissociated, n a is determined directly from Eq. (i). 

For high magnetic fields it is necessary to use heavy ions with high energy. In this 
case, if c a = a m the total residual gas concentration n a + n m is measured. 

From measurements of the shift in energy spectrum (Wo --W) of the atoms formed one can 
find the electrical potential U at the charge exchange point P: 

eU(r) = W o -  W(r) ,  (2) 

where W is the mean energy of charge exchange atoms, measured by the detector--analyzer. By 
varying the positions of the detector, ion source, and the value of Wo, the spatial distribu- 
tions na(r), nm(r), U(r) can be examined. 

We note that a similar method of determining U(r) from ionization of probe particles by 
plasma electrons was presented in [6, 7]. 

For high potentials in the plasma the use of atoms as secondary particles is preferable 
in our opinion, since ions may, for example, not leave the plasma volume lf U(r)< 0, leUI _>Wo. 

We will now consider the question of determining the coordinates (r, (~, z) of the charge 
exchange point P. In the case of an axially symmetric magnetic field and electric potential 
only the coordinate r need be determined, and it can be found from the condition of conserva- 
tion of the angular component of generalized momentum P ~: 

, e g 

P~ = - -  ma0v0 -r  c roA~ (ro) ---- mrvr  (r) -~- c rA~ (r) ,  (3)  

where  e and m a r e  t h e  c h a r g e  and  mass o f  t h e  i o n ;  A~ i s  t h e  q>-component  o f  t h e  m a g n e t i c  f i e l d  
v e c t o r  p o t e n t i a l  H ( r ) ,  (A z = A r = 0) i s  c a l c u l a t e d  f rom H ( r )  m e a s u r e m e n t s ;  a and  ao a r e  t h e  
s i g h t  p a r a m e t e r s  o f  i n j e c t i o n  and d e t e c t i o n  p o i n t s ;  v = ~-WT~, Vo = 2W~-~7~o/m. 

I t  f o l l o w s  f rom F i g .  1 t h a t  

v~ (r) - -  - -  va/r.  (4)  

S u b s t i t u t i n g  i n  Eq. (3)  t h e  c o n c r e t e  e x p r e s s i o n s  f o r  A , ( r )  and  v~ f r o m E q .  ( 4 ) ,  we o b t a i n  
t h e  e q u a t i o n  f o r  r .  

To d e t e r m i n e  t h e  a b s o l u t e  v a l u e  o f  l o  i t  i s  n e c e s s a r y  t o  c a l i b r a t e  t h e  m e a s u r e m e n t  s y s -  
tem.  Th i s  can  be  done e a s i l y  u s i n g  m o l e c u l a r  h y d r o g e n  i n  t h e  a b s e n c e  o f  a p l a s m a .  However ,  
when u s i n g  t h e  c a l i b r a t i o n  r e s u l t s  w i t h  a p l a s m a  h a v i n g  s i g n i f i c a n t  e l e c t r i c a l  p o t e n t i a l  one  
s h o u l d  c o r r e c t  Ca,  Cm, andRd~ i n  Eq. ( 1 ) :  

, n ~ 0  mc~ t (5) 
a ( W o ) - + a ( W  o • eU);  R ---7~- -+-fH i -7 v._&' 

u 

where  v ,  -- ( c /H)  g r a d R U ( r ) ,  

Apparatus was tested and na, nm, and U(r) measurements performed on a stationary Penning 
discharge plasma in a magnetic field with corkscrew configuration (Fig. 2). The two rings 3 
with outer diameter 6 cm serve as discharge anodes with a distance between rings of 3 cm. The 
cathodes are the walls of the grounded vacuum chamber i, made of stainless steel. 

The magnetic field is inhomogeneous over the radius. The radial dependence H(r) in the plane 
of symmetry of the device may be approximated with an error of <5% by the function 

H(r)  = Ho exp( r2/44) 

Ha may reach 2 kOe, with a corkscrew ratio of 2.8. Discharge voltage was up to 1 kV with 
current to 0.3 A. Experiments were performed in helium and hydrogen plasmas at densities 
n e % (3-6). i0'* c~-" and electron temperatures T e % 5-10 eV. 

The absolute value of n e was determined from the discharge current since calibration 
by cutoff of uhf signals with I = 3 and 0.8 cm showed that plasma density changes linearly 
with =his current. The temperature T e was measured by the "helium thermometer" method. 
Initial gas concentration ~ ~ (3-6)�9 i0 *a cm-'. 
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An impt~se arc source 2 was used to generate the ion beam [8]. A beam of protons with 
energy 1-3 keV at a current of 5-20 pA was introduced into the plasma volume through channel 
6, screened from the device magnetic field. 

The beam diameter at the channel end, i.e., the injection point, was 8 mm, while the 
diameter near the system axis was i0 mm. Bellows joint 5 permitted changing radial and angu- 
lar coordinates ro, ~o (see Fig. i) of the injection point. The half-width of the proton 
energy was less than 50 eV with a scattering of 5 eV over various moments. This figure de- 
termined the accuracy of the measurement of potential U(r). 

Measurements of charge exchange atom flux and their energies were performed by the de- 
tector--analyzer (Fig. 2). The H ~ atoms lose electrons at the impulse helium target 4, chang- 
ing into protons which then pass through the analyzer retarding potential created by grid 7 
and are detected by a system consisting of a secondary emission ion--electron converter 8, 
scintillator 9, and photomultiplier i0. Fine diaphragms are located in the electron stripping 
channel, ensuring a device aperture over the range of na, nm, U measurement of the order of 
6 mm. Scanning over the 3 cm plasma volume is performed by shifting the input diaphragm Ii. 

The source and detector--analyzer are located in the device symmetry plane with an angle 
= 60 ~ between them. Measurements were performed in the pulse mode. Duration of the rec- 

tangular ion current pulse was i00 psec, duration of the sawtooth analyzer voltage 50 ~sec, 
time resolution E I0 ~sec. 

Preliminary measurements revealed that in the absence of a plasma it was always possible 
to select ion beam input parameters such that the atoms formed fell on the detector. After 
the beam is located at arbitrary values of H and Wo, the value of H can be changed continuous- 
ly to that required in the experiment while adjusting Wo, and if necessary, the coordinates 
of the ion beam injection point. 

Figure 3 shows the dependence of photomultiplier current Iph, which is proportional to 
Io, on air pressure p within the volume. From the minimum experimental pressure p = 0.5 �9 
i0 -s mm Hg up to p = 1.5 �9 i0 -3 mmHg,lph ~ p. Loss of proportionality is connected with at- 
tenuation of the ion current at high p due to charge exchange. Extrapolation to the low-pres- 
sure region, performed with consideration of loss of detector sensitivity indicates that at 
an ion beam current of i ~A it is possible to reliably measure n m ~ i0 s cm -s. 

Figure 4 shows the measured radial distribution of electrical potential in the absence 
of a plasma at an anode voltage of U a = 400 V (points I). They coincide well with the cal- 
culated distribution (points 2) obtained by the network method. The absolutepotential value, 
as has been noted, is determined to an accuracy of 5-7 V. The spatial resolution is deter- 
mined in practice by the aperture of the detector--analyzer and comprises 6 mm. 

To check possible influence of the plasma on operation of the ion source and the detec- 
tor-analyzer, on the ion trajectory, etc., measurements of na(r) and U(r) were performed in a 

o ~ 3 �9 I013 cm -3, n e ~ (4-6) �9 i0 :I cm -~, T e weakly ionized helium plasma with parameters n a 
5-7 eV, Wo = 2.2 keV. These measurements showed that the value of Io at all radii was prac- 

o of what would be tically independent of the presence or absence of plasma, i.e., n a % na, 
expected from the low degree of ionization [Fig. 5: i) helium plasma; 2) ha, hydrogen plasma]. It 
follows from these same measurements that within the plasma volume there are no impurities 
with large charge exchange sections. The form of U(r) changes noticeably with plasma present 
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(Fig. 4, points 3, U a = 800 V). To prevent deviation of the atom beam away from the detector 
aperture uponswitch-on of the plasma a quite small (~2-4%) change was made in magnetic field 
value. The ratio of signal to noise connected with fluxes of slow atoms and ultraviolet 
radiation generated by the plasma exceeded 3, although no special measures for noise suppres- 
sion were taken. 

In experiments on hydrogen plasma of approximately the same parameters as the helium 
plasma, it was observed that the atomic flux Io increases with switch on of the plasma by a 
factor of several times, with this effect dependent on r and Wo. The results obtained in one 
series of such experiments are presented in Table i. 

Comparison with results of similar measurements on helium plasma allows the clear conclu- 
sion that the charge exchange atom flux Io increases due to the appearance of atomic hydrogen 
in the plasma volume. 

As is evident from Table i the contribution to the flux from charge transfer to molecu- 
lar hydrogen is negligibly small compared to the flow from charge transfer to atomic hydrogen, 
thus not permitting determination of n m in our experiment: the atomic hydrogen density 

~m I~ 
n a ~ t ~ a  io" 

Figure 5 shows the distribution of n a over device volume with a hydrogen plasma. Disso- 
ciation evidently occurs near the device axis, with degree of dissociation ~ ~ 65%. Beyond 
the plasma boundaries (r ~ 4 cm) the degree of dissociation decreases (~ ~ 40%), which indi- 
cates the presence of a strong hydrogen atom absorption mechanism in the volume or on the 
chamber walls. 

It should be noted that the accuracy of determining n a and n m depends not so much on 
experimental accuracy as on the accuracy of data from the literature on charge transfer sec- 
tions. However, we maintain that even at a total accuracy of n a determination of ~50% such 
measurements will be of a certain value in experiments on maintaining a hot plasma. It is of 
course necessary to attempt to minimize factors which degrade the accuracy of the experiment 
itself. The most important of these are as follows: a) uncontrolled attentuation of both the 
"primary" ion beam and the "secondary" atom beam due to charge transfer and electron loss to 
the residual gas and ionization by plasma electrons; b) scattering of the "primary" ion beam 
on electric field fluctuations in the plasma. 

TABLE i 

W o, keV 

t,75 

t,35 

t ,75 

r ,  CITI U, V I Io(w/~ plasmal 

430 l 4--5 

430 6--7 

350 2--2,5 

Charge exchange section [3-5] 

Cra~2,1. |0 -ta,cm2; crrr~6, lO-le cme 

%=2,3.10 -1~ cruZ; (~n~4,5.10 -~~ cm2 

Cra~2.10 -1~ cruZ; q-n=6,5-I(V 1'~ cm2 
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Simple estimates indicate that at a plasma column diameter of the order of 20 cm with 
use of an Ar + beam with energy of several tens of kV the processes referred to above begin 
to noticeably affect measurements at na, n m > 1014 cm -s, n e > i0 :~ cm -3, E z > 0.5 kV/cm. 

In conclusion, we note that if the magnetic field changes with plasma switch on, while 
remaining axially symmetric (for example, if H2/8~neTe > i), then by measurements with beams 
of ions of two different masses one may calculate both the magnetic field vector potential 
and the electric potential. The equality of generation radii for particles of different mass 
may be decemmined by equality in shift of their energy spectra [see Eq. (2)]. 
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