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The current-density distribution in the beam of an arc proton source is an important 
factor that determines the design and operation of the ion-optical system of a high-voltage 
accelerator. This distribution is studied for a pulsed arc source of hydrogen plasma with 
grid formation of the beam, whose design and operating conditions are discussed in [1-3]. 

i. Experimental Setup. The measurements were carried out on the setup shown in Fig. i. 
Through the anode aperture 2 arc source 1 ejects a hydrogen plasma 4 onto grid-cathode diode 
5, 6, which forms the initial proton beam. The diameter of the anode aperture is 2 mm and 
the aperture of the grids is circular with a diameter of 40 mm. An arc discharge is produced 
by pulses with length up to i00 ~sec and repetition frequency 0.2 Hz, and the diode voltage 
U of up to 15 kV is kept constant. Coil 13, mounted on the arc-discharge chamber, moves 
along with it and generates a constant field with an induction that can be regulated from 0 
to 0.64 mT. Grid diodes of two configurations, a Pierce diode similar to that described in 
[i, 3] and a planar diode, are used to form the beam. The electrode-holder of the cathode 
grid of the Pierce diode has a conical lug with a height of 14 mm and a slope of 64 ~ to the 
angle of the beam. The current in the beam is measured by the signals I h and Ig in the cir- 

cuits of the high-voltage power supply and its anode grid. The formed H+ proton beam enters 
transport tube 7, where its space charge is compensated by secondary electrons. The tube has 
an inside diameter of 42 mm and a length of 125 mm. The beam characteristics at the exit of 
the transport tube are measured by a multiwire x-y profilometer 8, 9, augmented with anti- 
dynatron rings i0 [4], as well as a small Faraday cup ii. The system is assembled inside a 
composite cylindrical magnetic shield 12 of mark-20 steel with inside diameter I00 mm, wall 
thickness I0 mm, and overall length 420 mm. The arrangement of the elements of the system 
is shown relative to the z axis, with origin at the position of the cathode grid of the di- 
ode. A vacuum of 0.2 mPa is produced in the system by two NORD-100 magnetic-discharge pumps. 

2. Plasma-Density Distribution in the Jet. The Maxwell velocity distribution of the 
plasma protons ejected from the arc chamber through the anode aperture of radius r 0 should 
result in a Gaussian density distribution of the current j along the jet radius r, after ex- 
pansion of the jet to a radius R >> r0, if the plasma spreads freely and the condition E 0 >> 
T is satisfied, where E 0 is the energy of the longitudinal motion of protons in the jet and 
T is the temperature of those protons, taken at the arc-chamber exit [i]. The current I 0 in 
the beam formed by a diode with a circular aperture of radius R 0 then is proportional to 

2 2 i =  I - -  exp ( - -  b R o / l o )  ( 1 )  

(b = E0/T, ~0 is the base of the spread of the jet from the region where it formed to the 
cathode gri d of the diode). 

Figure 2 and Table 1 show the measured values of I 0 as a function of the distance 
from the anode aperture of the arc chamber to the cathode grid of the diode, which varied 
from 77 to 114 mm. In Table 1 the notation is as follows: j denotes the number of the mea- 
surement and o is the relative error of the I 0 measurement. Since the tangent to the curve 

f(~) = I/~T~, drawn at the point ~, intersects the ~ axis at the point a = ~, - f(~,)/(Sf/ 
3~)[~=~, on condition that ~ - %0 = A~ << ~,, we obtain from (i) the equation 

Al/1  = (E~ - -  d0/(3E~ - -  2d(1 -?  d~)), ( 2 )  

w h e r e  E1 = e x p ( d )  - 1 ,  d = b R o 2 / s  z ,  d l  = d ( 1  - a ] s  a n d  s = s .... T h e  s t r a i g h t  l i n e  i n  F i g .  
2 is drawn by the method of least squares from six points f(s which correspond to the larg- 
est values of ~ at 89 <_ ~ <_ 114 mm and intersects the ~ axis at the point a = -7 -+ 2.5 mm. 
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TABLE 1 

l, mm ! 

77 
79 
83 
89 
91 

lo, I ~  

90,5 
88,5. 
84 
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Fig. 2 

l,mm t Io, mA 

92 68 
t03 54.7 
i09 50,2 
1t4 45,5 

lexp 

0,75i 
0,604 
0,555 

I ~,503 

o I icalc 

0,0i5 [ 0,744 
0,012 I 0,606 
0,011 I 0,545 
O,Ol I 0,500 

Using this value of a, we can establish a relation between 5s and b from (2), where s = 

9 

I/6~_Jlj = 100m m, according to the data of Table i. The use of (1) and (2) together makes it 

possible to organize a fitting procedure in which b is the largest parameter, bs is deter- 
mined from (2), and their combination is chosen by the criterion of maximum agreement be- 
tween (i) and the experimental data on I0(s The results of this procedure are given in 
Table 1 [icalc was obtained from (i)] and are illustrated in Fig. 3. Goodness-of-fit test 
X 2, in accordance with the 22% error in the I 0 measurements, was calculated according to [5]. 
The minimum X 2 = 3.4 (the number of degrees of freedom was 8) was obtained at b = 8.5 and 
As = 14 mm and corresponds to a confidence level PI = 0.85 (Fig. 3, line 3), which is evi- 
dence of good agreement between the model of free spread of the plasma, reflected in (i), 
and the experiment. Lines 4 and 5 correspond to P1 = 0.8 and 0.7. 

Curve 1 in Fig. 2, drawn according to the points icalc , is a good approximation of the 
experimental points iexp(s which is the relative value of the current 70(s Curve 2 

corresponds to the model of collisionl~ss uniform expansion of the plasma [8, p. 4], where 
i0 ~ s [at (R0/s 2 << i] but does not accord with the experimental data. The interval of 
allowable values of b and 5s at P > 0.8 has the form b = 7-9 and hs = (10-16) mm, while at 
P > 0.7 it has the form b = 6.7-9.5 and bs = (9-17.5) mm. This evidently means that the 
center of the region of nucleation of the plasma jet (see Fig. i, curve 3) lies at As = 
14_4 += mm and the length of the region is s 0 z 1 cm. This very region (according to [6], 
where 5s = 11_2 +3 mm, s o < 15 mm) is sensitive to weak magnetic fields with induction H > 
IG. 

The radial plasma-density distribution on the cathode grid can be calculated in accor- 
dance with the model of free plasma expansion: 

] ( r ) N  exp ( - -  br~/l~). ( 3 )  

The f l u x  d e n s i t y  a t  t h e  e d g e  o f  t h e  g r i d  a p e r t u r e ,  . e . ,  a t  r = R0 = 20 mm, i s  i t s  r e l a t i v e  
maximum JM = 4 2 . 5  and  71% a t  t h e  a x i s  when s = 77 mmand 114 mm, r e s p e c t i v e l y .  The f i g u r e s  
w e r e  s u b s t a n t i a l l y  l o w e r ,  91% and  96 .5%,  i n  t h e  c a s e  o f  c o l l i s i o n l e s s  e x p a n s i o n ,  when j ~ 
1 / ( r  2 + s  [ 8 ] .  I n  t h e  c a s e  o f  f r e e  e x p a n s i o n  t h e  mean f l u x  d e n s i t y  < j > ,  a s  f o l l o w s  f r o m  
( 3 ) ,  i s  r e l a t e d  t o  JM by  

<]> = ]M [t - -  exp ( - -  do)]fd o (d  o = bR~/l~) .  (4) 
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It can be used to check the depth of plasma-density modulation at the cathode~ This is done 
as follows: As the arc-discharge current increases smoothly we determine the time when the 
plasma enters the intergrid space, where the current density JM on the diode axis exceeds 
J0 (mA/cm2) = 1.72"U3/2(kV)/L2 (cm), following from the three-halves power law [7]. Such an 

experiment was carried out with a Pierce diode, in which the grid-plane separation L = 2.55 
cm at U = 12.2 kV, which corresponds to J0 = 11.3 mA/cm 2. The diameter of the grid filaments 
is 2p = 50 pm and the spacing pitch is s = 550 Hm. The time when the plasma enters the in- 
tergrid space was determined from the abrupt expansion of the profile, accompanied by a 
change in its shape and the appearance of current-pulse oscillations. The measured current 
in the beam is I 0 = 91 • 2.8 mA and the proton current in the diode, with allowance for the 
geometric transparency of the anode grid, is I d = i00 • 2 mA. From (4), bearing in mind that 
JM = J0, we find that the current in the diode should be equal to 95_4+z~ mA, which is in 
good agreement with the measured value of I d and thus verifies (3). 

3. Flux Profile. The Gaussian plasma-density distribution of the jet (3) at the cath- 
ode grid of the diode should lead to a Gaussian current-density distribution in the primary- 
beam cross section, which can be maintained during beam transport as well if the anode grid 
potential of the diode V = -i00 V (see Fig. I) is used to block the transport of secon- 
dary electrons and balance the proton space charge. Figure 4 shows the flux profiles mea- 
sured by sensor 8, whose wires are oriented perpendicular to the filaments of the diode 
grids. A profile is characterized by 12 signals from information wires, which are made of 
30-Dm diameter gold-plated tungsten and arranged along the x axis on glass-textolite frames 
with a spacing of 3 cm. (The flux profile measured in the direction transverse to the wires 
of the diode grids by sensor 9, has the same shape and is 1-2 mm wider, because beam protons 
are scattered on inhomogeneities of the electric field near the grid wires.) The beam was 
formed with a planar diode, with the planes of its grids separated by a distance L = 14.2 
mm (s = 225 ~m, 2p = 50 pm). The profiles for three states of the beam with a current of 
15, 26, and 55 mA were obtained at U = i0 kV, ~ = 79 mm and other conditions fixed and is 
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virtually independent of the current, which is explained by the low current density in the 
beam. The signals from the wires of the sensor represent the integrals of the current along 
straight lines intersecting the beam cross section at different points; the distribution of 
the signals on the wires, therefore, should have the form 

i(x) ~ exp ( - - kx  2) �9 ( 'V2k(R 2 - -  x2)), ( 5 )  

where x is the minimum distance from the beam axis to the given wire; k = bs R is the 

x 

radius; and ~ ( x )  = I/V~ exp(-- P/2) flux dr. 
0 

A similar calculation within the framework of the model of collisionless expansion of 
a plasma [8] gives the condition 

ar tg I / ( B  - - ( 6 )  

In Fig. 4 curve i was drawn in accordance with (5) at b = 8.5, ~0 = 65, and R = R 0 = 20 mm 
and approximates the experimental data well. Curve 2 was plotted according to (6) and is 
not in accord with experiment. This verifies the model of free plasma spreading and the 
efficacy of the system used to form and transport the proton flux. 

The current-density distribution j(r) in the beam remains Gaussian at V = 0 as well 
(Fig. 5), but its slope increases. Curve 1 of Fig. 5 approximates the profile i(x) at b = 
i0. Curve 2, which was obtained from (3), gives the dependence j(r). At the same time, 
with rising V the current of the primary beam increases, indicating that the angle at which 
the plasma jet flies off decreases. These effects arise when the region of jet formation 
is acted upon by an electric field generated by electrons arrivfng from the transport tube at 
V e 0. At high positive biases (V ~ i00 V), when the electron flux from the tube and the 
strength of the electric field scattering the proton beam in the tube increase considerably, 
the nature of the current-density distribution changes substantially. The drop in the cur- 
rent density in the central part of the transported beam, limited by the radius R = 7.5 mm, 
speeds up while on the periphery of the beam, by contrast, it slows down considerably. The 
Gaussian approximation gives a good description of only the central part of the flux at R < 
7.5 mm and then gives substantially underestimated values of the density, expecially as the 
bias V increases. 

Dimov and Roslyakov [9] approximated the radial current-density distribution by using 
the function j(r) ~ 1/(s 2 + rl) 2, which differs slightly from that used in [8] since in our 
case (r/s 2 << I. The explanation for the satisfactory result of such an approximation in 
[9] is apparently that the proton source operated under different conditions, in which a 
plasma jet with particle energy E 0 >> T is not formed and the plasma expands freely into the 
surrounding space. 

Using the results of [3], where E0 = 40 eV in a similar design, we obtain T = E0/b = 
(4.7_0.s +1"2) eV, which is in accord with the data of [3, 8], where T = 4-5 eV. The values 
E0/T = 7-9 and AL/r0 = 10-16 are higher than the values E0/T = 4-6 and As = 2-3 predicted 
by the simple scheme of ambipolar diffusion [i0, p. 258]. This overestimation can be caused 
by preliminary acceleration of protons of the plasma jet to an energy of 10-12 eV in the re- 
gion of the anode aperture of the arc chamber in accordance with the distribution of the 



space potential (see [ii]) and the distinctive design features of the anode attachment of 
the arc chamber, whose exit aperture is shielded by an 8-mm conical lug, as shown in Fig. i. 
As a result of these effects the values of the parameters E0/T and As can increase by 2-3 
and 8 units, respectively. 

As mentioned by Getmanov and Savchenko [6], the shape of the plasma-density distribu- 
tion in the jet does not change under the effect of a weak magnetic field while the density 
of the jet and the current of the beam formed from it increase; in the given case the cur- 
rent increases from 55 to 87 mA at H = 0.6 mT. This means that such action does not increase 
the emittance of the proton component of the jet. 

The luminosity of the proton beam formed by the source can be determined by using the 
measured values of the proton emission temperature T I in the direction along the filaments 
of the grids, with allowance for the fact that under optimal diode operation, when the plas- 
ma boundary lies in the plane of the cathode grid, proton scattering on the inhomogeneities 
of the field of that grid is insignificant in comparison with scattering near the anode grid 
[i, 12]. During free spreading of the arc chamber to the grid diode the plasma jet expands 
by an order of magnitude in diameter and cools, hence TI z 40 meV [3]. For beam protons 
scattered by the anode grid, the angular spread ~ = (s - 2p)/4L = 3.1 mrad and corresponds 
to the energy spread T 2 = qU~ 2 = 0.08 eV. Hence, using the expression [i, 13] for the re- 

duced emittance e = 2.1.i0-4R0 (cm)'/T (eV), we obtain El e 0.026~ cm-mrad, e 2 z 0.035~ cm" 
mrad, which at a beam current of 0.i A corresponds to its luminosity B = 210/ele 2 ~ 45 A/ 
(cm2.mrad2). 

The characteristics of the beam and the scheme of its formation have been used in the 
development of a high-voltage proton accelerator [14, 15]~ 
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