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We describe the diagnostics of a plasma jet ejected from the anode hole of a pulsed 
arc hydrogen plasma source [1-3]. The front part of this source and the grid electrodes are 
shown in Fig. i. Grid 1 is at the potential of the plasma, and grid 2 is grounded. There- 
fore, for a positive plasma potential such a grid diode forms a proton beam [4]. If the 
diameter of the grids is much larger than the distance between them, the effect of space 
charge between the grids on the divergence of the beam can be neglected. In a number of 
cases the effect of the space charge field after the grids can also be neglected if a 
charge-exchange cell (CC), into which gas is admitted to neutralize the space charge of the 
beam, is located right after the grids [2, 5]. Therefore, such parallel wire grid elec- 
trodes, when combined with a charge-exchange cell, form a beam whose divergence along the 
wires is determined mainly by the velocity distribution of the protons in the plasma jet 
[i, 2]. From the phase characteristic of this proton beam it is possible to recover the 
velocity distribution of protons in the plasma in the direction of the grid wires. It is 
particularly simple to recover this distribution by analyzing the fast hydrogen atoms formed 
from these protons in the charge-exchange cell rather than the protons. In this case the 
particle motion can be considered as free streaming, since the effect of space charge has 
been eliminated over the whole beam path. 

The beam is diagnosed with a system [6] which is nearly the same as those in [7, 8]. 
In particular, the construction and operation of the secondary emission detectors in [6, 8] 
are almost identical. The main difference between the system in [6] and those in [7, 8] is 
that in [6] the experimental data are processed automatically. In addition, in [6] the 
proton and atomic components of the beam can be analyzed separately with a substantially 
larger transverse energy resolution. The beam diagnostics system is shown in Fig. 2. Fol- 
lowing the charge-exchange cell (CC), the beam passes through a slot detector (SD) and then 
through two multiwire secondary emission detectors D: and D2 made of gold-plated tungsten 
wires 30 ~m in diameter spaced 1.25 mm apart. The SD contains two orthogonal pairs of 
graphite collimators whose positions can be adjusted to within 0.i mm, and gap widths to 
within • ~m, thus permitting the selection of any portion of the beam for analysis. By 
applying a potential difference between a pair of collimators the H + ions can be deflected 
to ensure the separate analysis of H ~ and H +. The collimator plates extend 18 mm along the 
beam, and are ground off at an angle of 5"10 -= rad to make the system insensitive to the 
failure of the beam axis to coincide with the symmetry axis of the detector. The gap width 
and position are monitored by capacitive- and potentiometer-type sensors respectively. The 
part of the beam thus defined is analyzed by multiwire probes having a total transmittance 
of 96%. The system ensures separate analysis of the H ~ and H + beams in two projections 
simultaneously, and a determination of the parameters of the angular divergence to within 
i0 -~ rad. 

To determine the velocity distribution in the plasma jet the slot of the first colli- 
mator, which is perpendicular to the electrode wires, is opened to 150-200 um, and the 
other slot is opened to i0 mm. The beam defined by the first slot is analyzed by the probe 
wires which are perpendicular to those of the grid electrodes. The probe electronics make 
it sensitive to 1 pC per wire for a dynamic range of %6000 pC. The drift of the signal re- 
sulting from leakage in the elements of the analog memory is 8 pC/sec. The probe wires can 
be biased to • V, and the beginning of the integration of the current can be gated. The 
experiment was automated by using an "Elektronika-lO0 I" computer and a multichannel analog-- 
digital interface. To increase the accuracy, the final calculations were carried out with 
average values and dispersions of the beam profile obtained by averaging over a group con- 
sisting usually of 20-30 events. For convenience the computer was programmed to determine 
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the beam profile with each event on the storage oscillograph screen. The beam profile ob- 
tained is integrated numerically and found to be approximately Gaussian. Data accumulation 
is at the rate of 0.2 Hz with running averaging, and 300 Hz without averaging. 

In the version of the arc source under investigation [3] the plasma is ejected onto 
the first grid in the form of a jet with a divergence of ~16 ~ This indicates that the 
longitudinal component of the particle velocity uff is several times larger than the trans- 
verse component. If the velocity ~;; has a small dispersion, and the plasma is free stream- 
ing, then for I >> r the particles which strike grid 1 at distances x from the center such 
that x >> r (Fig. 2) have a transverse velocity ~x~--(x/l)vll, where I is the distance from 
the anode A to grid i, and r is the radius of the anode hole. Thus, at the first grid the 
transverse velocities of the particles increase linearly with their distance from the cen- 
ter, and particles accelerated by a potential U to a velocity v U will have a virtual focus 
at a distance 

i ~-- (x + 2 h v S % ) ~ / ~  - -  h, 

f rom t h e  f i r s t  g r i d ,  w h e r e  h i s  t h e  d i s t a n c e  b e t w e e n  g r i d s .  T h e r e f o r e ,  t h e  p a r t  o f  t h e  beam 
p a s s i n g  t h r o u g h  t h e  c o l l i m a t o r  s l o t  a t  a d i s t a n c e  y f rom t h e  c e n t e r  o f  t h e  beam f a l l s  on a 
p r o b e  w i r e  a t  a d i s t a n c e  

z = ( L  1 § G §  §  ( 1 )  

f rom t h e  c e n t e r  o f  t h e  beam,  w h e r e  Lz i s  t h e  d i s t a n c e  b e t w e e n  t h e  f i r s t  g r i d  and  t h e  c o l l i -  
m a t o r  s l o t ,  and  L2 i s  t h e  d i s t a n c e  b e t w e e n  t h e  c o l l i m a t o r  s l o t  and  t h e  p r o b e .  I t  f o l l o w s  
f rom Eq. (1)  t h a t  

x / u s  ~-- (z/y - -  L1 /Le  - -  h / L  2 - -  t ) L 2  ] / m p / 2 e U .  (2) 

E q u a t i o n  (2)  c a n  be  u s e d  f o r  an  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  v x / x .  

I n  t h e  f i r s t  v e r s i o n  t h e  j e t  was s t u d i e d  a t  a d i s t a n c e  l~ = 31 mm f rom t h e  a n o d e  h o l e .  
The g r i d  e l e c t r o d e s  were  52 mm i n  d i a m e t e r  and  8 mm a p a r t ,  t h e  w i r e s  o f  t h e  f i r s t  g r i d  w e r e  
28 ~m i n  d i a m e t e r  and  136 ~m a p a r t ,  and  t h e  w i r e s  o f  t h e  s e c o n d  g r i d  were  0 . 1  mm i n  d i a m e t e r  
and  0 . 5  mm a p a r t .  F i g u r e  3 shows t h e  d e p e n d e n c e  o f  z~ ,  t h e  c o o r d i n a t e  o f  t h e  c e n t e r  o f  t h e  
p r o f i l e  o f  t h e  p a r t  o f  t h e  beam d e f i n e d  by  t h e  SD a t  d e t e c t o r  D~, on y : :  t h e  c o o r d i n a t e  o f  
t h e  SD s l o t  f o r  a r c  c u r r e n t s  o f  140 ,  220 ,  330,  370,  and  400 A ( p o i n t s  1 - 5  r e s p e c t i v e l y ) .  
The beam p a r t i c l e s  had  an  e n e r g y  o f  1 0 . 3  keV, t h e  d e l a y  t i m e  b e t w e e n  t h e  t r i g g e r i n g  o f  t h e  
a r c  and  t h e  t r i g g e r i n g  o f  t h e  ga s  v a l v e  was 600 ~ s e c ,  and  t h e  p r e s s u r e  a t  t h e  v a l v e  was 
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TABLE 1 

Delay I 
Arc Itime of 

tr'o erin cur- Io?%~c ' g 
~nt,  ~ sec 

t40 
165 
190 

t90 
190 
220 
220 
270 
270 
330 
330 
400 
400 

190 

600 
600 
600 

( q / x ) .  
r 
( m g V / m m  

8,60• 
8,60+0,t2 
9,30+0,30 

600 3,50• 
900 3,45• 
600 3,67• 
900 3,47• 
600 3,754-0,05 
900 3,47+__0,03 
600 4,30_+0,15 
900 3,95• 
600 4,60___0,20 
900 4,20• 

600 

r.ongitudinal 
energy, eV 

71• 
,~ 1• 

83• 

50+_2 
49• 
56+ t 
51 •  
62 !2  
51+t  
78+__5 
66• 
89_+8 
74+5 

4i,6• 

Note 

Version 1 

Version E 

The relative error is indicated 
in each version. The absolute 
error, related to the inaccuracy 
in the determination of the 
3osition of the beam center, does 
hot exceed 25% 

The result of comDuter process- 
ing using Eqs. (5)-77). The 

l absolute error is indicated. 

0.25 MPa. The coordinates (zo, Yo) of the center of the beam were determined from the 
intersection of the straight lines in Fig. 3. Then y = y~ -- Yo and z = z~ -- zo were found, 
and Eq. (2) was used to determine ~x/X. Figure 4 shows the values of (~x/X)/-mmp/2 calculated 
for various values of the potential U for arc currents of 140, 190, and 200 A (points 1-3). 
The slot was fixed 6.8 mm from the center of the beam. As can be seen from Fig. 4, 
(~x/x)~mp/2 is constant down to point i, and then increases sharply because of the entrance 
of the plasma into the intergrid gap [2, 4]. In this case the calculated value is not a 
parameter related to the spread of the plasma jet, since it is determined mainly by the 
curvature of the boundary of the plasma entering the intergrid gap. Therefore, the region 
to the left of point i cannot be used to determine the plasma spread parameter. This im- 
poses restrictions on the measurements of Vx/X for large arc currents and a chosen distance 
between the first grid and the anode hole: for arc currents of more than 250 A point i is 
displaced into the range of potentials above 15 kV. Therefore, to measure ~x/X for a wider 
range of arc currents, the grid electrodes were separated from the anode hole by a distance 
~a = 65 man. In addition, detector Da was used to increase the accuracy of measurement. 

760 



4 shows some of the values of (Vx/S) m~-~ calculated from the experimental data of Figure 
the second version for arc currents of 190, 220, and 270 A (points 4-6 respectively). 
Curves similar to those of Fig. 4, but not shown on it, were obtained in the second version 
for slots from 2 to 8 mm from the center. The curves were used to determine the average 
values of (~x/s)~mp/2 for various arc currents. The data obtained, together with some re- 
sults from the first version, are listed in Table i, which shows that with increasing arc 
current the value of (Vx/X) mp~72 increases monotonically from 3.4 to 4.6 mV~VeV/mm, and the 
values of (~x/x)~mp/2 in identical plasma jets (are current 190 A) in the first version of 
the experiment, in agreement with the assumption of the free streaming of protons in the 
plasma, are approximately ~/Z: times larger than in the second version. For free streaming 
the product (~x~/X) 2(mp/2), which is the longitudinal energy of protons in the plasma jet, 
does not vary with the distance from the anode hole. The values of this parameter for 
various conditions of arc discharge are listed in Table i. 

The observed linear dependence of the average radial proton velocity on the distance 
from the axis in a cross section of the plasma jet confirms the assumption of free streaming 
of plasma protons in this source [7], which makes it possible to estimate the upper limit 
of the average energy of the transverse motion of the protons. This energy does not exceed 
(~xR/x) a(mp/2), where R is the radius of the plasma jet at the place Vx/X is measured. 
Estimates using this formula show that the upper limit of the average energy of the trans- 
verse motion of the protons in the jet varies from 1.8 to 3.4 eV for currents in the range 
190-400 A. These values can evidently be identified with the upper limit of the transverse 
temperature of protons at the exit from the anode hole, and can be used to estimate the jet 
temperature, since the temperature T in a cross section of a jet of radius R for free stream- 
ing is related to the anode temperature To by the expression 

R 2 T  ~__ r~To . (3) 

Therefore 

T ~ To(HR)  2 < ~ . r / x ) 2 ( m / 2 ) .  (4) 

Thus, the upper limit of the transverse temperature is related to the experimentally 
determinable quantity 5x/X and the radius r of the anode hole. Estimates with (4) indicate 
that at a distance of 65 mm from the anode hole the proton temperature in the jet decreases 
to a few meV. This effect was observed experimentally by measuring the thermal spread of 
beam particles in the collimator plane. Since this plane is quite far from the plane of the 
source exit grid, the transverse temperature in the beam was determined by measuring the 
current density distribution f(x, ~) of the H ~ component of the beam in phase space whose 
parameters are the coordinate x and the angle of divergence T = vx/uu. The experimentally 
measurable quantity f(y, ~) in the SD plane was transformed into the required distribution 
function I(x, ~) in the plane of the source grid by the formula corresponding to free stream- 
ing of the particles 

X(x, ~) = /(g -- TL~, ~). (5) 

l(y, ~) was determined by scanning the beam over the y coordinate with a narrow gap of the 
SD, and at each position of the gap measuring, in the automated regime, the average beam 
profile, represented by signals from the detector wires, and also the position and width of 
the SD gaps and the proton source current. A potential difference was maintained between 
the SD plates to ensure the deflection of the charged components of the beam beyond the de- 
tector aperture. The thermal spread ~ of the beam was so small (~ ~ 10 -3 rad) that in 
order to determine the profile shape from nonzero signals from two to four wires it was 
necessary to combine measurements in which the positions of the SD slot differed by ~i/3 the 
distance between detector wires. Taking account of the fact that the average radial velocity 
of protons in a cross section of the beam varies linearly with their distance from the 
center of the beam, and that the region scanned was limited to the central part of the beam, 
the measurable distribution can be approximated by a simple model function of the form 

I ( y ,  z) - -  N exp [ - - B ( z  - -  kg  - -  c)2], (6) 

where the parameters B, k and c are determined in the course of fitting it to the experi- 
mental data. Then the distribution function in phase space (y, T) is determined: 

I (g, ~) - N e x p [ - -  B L ~ ( ~ - -  ( k - -  J) g/L2)~], (7) 

which, after transformation by formula (5), becomes 
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I ( x ,  ~ )  = N e x p  [ - - ( E I T ) ( ~  - -  •  ( 8 )  

T = ( E / B ) [ L 2  - -  ( k  - -  i ) L ~ 1 - 2 ,  • = (k - -  i ) / [ L  2 - -  (k - -  i ) L ~ ] ,  

where T is the transverse temperature of the beam protons at the source exit, E is their 
longitudinal energy, and • ~ ~. 

Using the method described, the experimental results obtained in the second version for 
energies from 3 to 15 keV and an arc current of 190 A were processed by computer to deter- 
mine the initial transverse temperature in the beam and ~x/X. The difference between the 
value of the longitudinal energy (41.6 eV, Table I) corresponding to the value obtained for 
~x/S, and the value (50 eV) obtained under these same conditions by using Eq. (2), lies 
within the limits of absolute error (25%) of the determination of the latter. This error 
is related to the inaccuracy of the determination of the position of the center of the 
beam, and is due to the error in determining the y and z coordinates (Fig. 2). 

Figure 5 shows the values obtained for the transverse temperature in the plane of the 
beam-source grid in these same experiments. The strong dependence of the beam temperature 
on the potential of grid i indicates the presence of factors which increase the thermal 
spread of the beam after its formation. The results presented give an upper estimate of 24 
meV for the transverse temperature of the ions of the plasma jet near the first grid. The 
temperature determined in this way is of the same order of magnitude as the upper limit of 
12 meV obtained by assuming free streaming of the plasma protons. A more accurate determina- 
tion of the transverse temperature of the plasma protons requires eliminating or taking 
account of the factors which increase the effective transverse temperature of the beam par- 
ticles. In particular, the linear increase of the effective temperature in Fig. 5 may 
possibly result from the wires of the grid electrodes not being perpendicular to the wires 
of the secondary emission detector. Another effect is related to the fact that the gas 
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target is very extended (30 cm), and in incomplete charge compensation the neutral component 
may include atoms formed in regions with different radial divergences. The result of this 
effect is proportional to the distance from the beam axis. But no strong dependence of the 
beam temperature on the distance from its axis was observed, and this confirms the previous 
assumption that space charge in the charge-exchange cell has no effect. Finally, nonsta- 
tionary plasma processes in the charge-exchange cell may affect the beam temperature. The 
observed dependence of the beam temperature on the potential of the charge-exchange cell 
indicates the presence of such processes. The form of this dependence varies with the beam 
energy, the arc current, and the density of the gas target, but in all cases the beam tem- 
perature decreased with increasing potential V of the charge-exchange cell up to 180 V, and 
then the T(V) curve reaches a plateau for large positive potentials of the cell. In this 
case there are no irregular modulations of the beam current such as were observed for small 
positive potentials of the cell. Figure 6 shows an example of such a relation in the first 
version for an intergridpotentialof i0 kV and an arc current of 270 A. The increase in the 
effective temperature of the beam particles was also investigated for the charge-exchange 
neutralization of a beam of protons into fast hydrogen atoms. For particle energies in the 
range 5-15 keV it turned out to be no larger than a few meV [9]. This result does not con- 
tradict the data of [I0], where it was found that for i0 keV particles the effective tem- 
perature was increased by 2.5 • 0.7 meV in the charge-exchange neutralization of H + into H ~ 

The diagnostics of the plasma jet confirmed the assumption of Roslyakov [7] of the free 
streaming of protons in a plasma jet. In this case the transverse phase characteristics of 
the jet protons at a sufficiently large distance Z from the anode hole are determined only 
by the longitudinal energy E of the protons and the radius r of the anode hole: the trans- 
verse temperature in a jet T ~ E(r/~) =, and the average energy of the radial motion of pro- 
tons at a distance x from the jet axis E x _~ E(x/l) 2. Therefore, Table i, which lists the 
values of E for various operating conditions of the plasma arc source, makes it possible to 
determine the phase characteristics of the proton beam formed at a distance I from the anode. 
It is possible, for example, by placing the grid electrodes near the anode hole, to obtain 
a beam with a high current density and a relatively small divergence, if the proton beam is 
formed from the central part of the plasma jet. Figure 7 shows grid electrodes which should 
form a practically parallel beam of protons from stationary protons. A calculation by the 
method of [ii] shows that the outer current tubes in the space-charge regime are deflected 
no more than 2"10 -3 rad from the beam axis, Figure 8 shows the density distribution in a 
beam of particles formed by these grid electrodes at a distance of 920 mm from them. It 
follows from Fig. 8 that the average transverse energy of particles of this beam is ~3 eV. 
The energy of the protons in the beam is 15.4 keV, and the current is 200 mA. The radius 
of the beam at the exit from the electrodes is 2.5 mm, and the distance between the first 
grid and the anode hole is 13 mm. The value of E is ~70 eV, and therefore the energy of 
particles at the edge of the beam is Ex ~ 70(2.5/13) 2 eV = 2.6 eV. As expected, it turned 
out to be close to the average transverse energy of the beam particles. 
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DISPERSION OF A PLASMA CLUSTER OVER A LESS DENSE PLASMA BACKGROUND 

Yu. A. Berezin and P. V. Khenkin UDC 533.9 

A number of theoretical reports have been devoted to a study of the question of the mo- 
tion of plasma clusters over a plasma background (see [1-3], for example). The influence 
of finite conductivity (Coulomb and anomalous) on cluster motion and magnetic field growth 
is investigated in the present report. The problem of expansion of a plasma cylinder into 
a rarefied plasma is modeled numerically. Since in a first approximation we are interested 
not in the structure of the shock wave but in the process of plasma interaction with the 
magnetic field and the influence on this interaction of ion-sonic and beam instabilities, 
we chose the model of two-fluid hydrodynamics, which is simpler than the hybrid model. 

We consider the nonsteady axisymmetric problem, when all the unknown functions are 
functions of the radius r and time t and the magnetic field has only a z component, directed 
along the axis of the cylindrical coordinate system: H- {0, 0, H}. Then the system of 
equations of two-fluid magnetohydrodynamics [4] for the cylindrical case in Eulerian coordi- 
nates can be written in the form 

+ u ~ 7  n = - - l ~ \ a " + T  ' ( m ~ + m e ) n  ~ F i u  u =  (1 )  

o 

0 lzT~ F n T ~ +  + . . , ~ - - - -  -- 
o,- ~ 16~-~" (,% F . , 3  '~ " \ o~ / ' 

2 

"-JF + ~ ~r I t  = - -  ~ O; + t l  . 7 - -  ~a~ ~ ("*~ ~- "~) ~ + X 

X (S___[.q_~t~_~_+)(_.~ Ott'~__ c ( 0 B,# 

2 - ~ - i  U-~r T~ = - - n T  { -~-+--(-"~rO + q i r + Q i ,  
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