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In design of the neutral beam injectors for JT-60, the optimum
configurétion of extraction grids and the operating conditions were
studied numerically for a two-stage acceleration in a high power iom
source. Results of the calculations show the feasibility to extract
a proton beam with energy 75 keV and current 15 A of about 0.6 degree
divergence from the 12 cm diameter extraction grids of transparency 40 Z.
Beam divergence in the two-stage configuration depends largely on the
field intensity ratio; the optimum ratio that gives a minimum beam
divergence is about 0.3 - 0.5 . Possibility of beam focusing by aperture
displacement is also treated with a simple model of thin-lens

approximation.
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51 Introduction

The neutral beam injection is one of the most powerful and effective
methods for heating a tokamak plasma,which has been confirmed in ATCl),
ORMAKZ), CLEOB),and DITEA)experiments. The neutral beam with tens of
kilovolts energies is now achieved?)’e)’7)’8) However, development of
more powerful injectors are desired for the next generation tokamaks such
as JET,TFTR and JT-60. Moreover, larger target plasma thickness demands
the further increase of beam energy. For these tokamaks, the neutral
beam injectors require the ion sources.with beam energy of 50-150 KeV,
equivarent beam current of tens of ampere and divergence around one degree.
However, in the case of single stage acceleration system, the beam power
density inevitably decreases with the increase of acceleration energies
above some level due to the electrical breackdown problems ameng extraction
grids. This is because the ion current density 1is space-charge-limited
and thé breakdown distance for vacuum gaps is practically proportional to
the'square of an applied voltage?) Namely, the.next relations hold,

1 oc v3/2472 o
v, o a M | (2)

When the gap distance is chosen according to the breakdown distance, we
obtain,

p.=ViI=¢C v‘3/2

) (3)
where C is the constant. Then, the beam power density Pl may decrease
inversely as three-halves power of the acceleration voltage. This restriction
is released by decoupling the current extraction stage and the acceleration
stage, i.e., by employing a multiple stage acceleration system. If the
extraction voltage V is divided into the first stage extraction voltage Vl
and the second stage acceleration voltage V2 by adding one more grid, then
the power demsity P2 is give25?§ the relation;

P, =CV, (v, + 7, ) . (&)

We find that the power density increases with the increase of the second
stage acceleration voltage V2 , when the total acceleration voltage
VvV = V1 + V2 is kept constant. Combining the Eq.{(3) with Eq.(4), the
ratio PZ/PJ is given by 52
| P2/Pl =(1+ V2/V1) (5)
From this relation, we can see that the two stage acceleration system is

more advantagecus than the single stage system as the ratio V,,/Vl increases.

There are other advantages in the multi-stage acceleration system.
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By adopting the n-stage acceleration system, the breakdown distance becomes
hA-times smaller than that of the single stage when the total extraction
voltage is constant. Therefore, this system reduces the collisions between
beam ions and surrounding cold neutrals in the ion acceleration region.
In a way it can be said that the breakdown voltage may be Vvh-times larger
than that of the single stage if the gap distance is constant.

As for the heat load of the extraction grids, the heat load W scales
as follows according to Ref. (10},

Wooe n/l8 (6)

Namely, the cooling problems of the extraction grids are reduced with
the increase of the stage number n.

The requirements for the ion sources in the JT-60 injectors are as
follows;

Ion species : hydrogen

Ion beam current : 15 A

Ton beam acceleration voltage : 75 kV

E-folding gaussian beam divergence : smaller than 1.0-1.2
Diameter of the extraction grid : 12 cm

Transparency of the extraction grid : 40 %

Beam duration time : 5-10 sec.

The purpose of this paper is to investigate numerically optimum
electrode geometries and operating conditioms that satisfy the above

requirements.

$ 2. Electrode Geometry of the Two-Stage Acceleration System.

The two stage acceleration system has four electrodes. The first
stage is composed of the first and second electrode, and the second stage
is composed of the second, third and fourth electrode. Two models (Model
A and Model B ) have been investigated numerically, as to the two-stage
acceleration systems. In the model A, (shown in Fig. 1) the first electrode
in contact with a source plasma is multi-aperture type and is held at the
positive high potential corresponding to the desired beam energy. The

second electrode is also multi-aperture type and spherically concave.

e e kb 3. B 5 ko R s
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The third electrode is a single disk aperture and is biased at negative
potential to suppress the electron backstreaming from the subsequent beam-
plasma region. The fourth electrode is also single aperture and is
grounded electrically. The optimum configurations in the second stage
have already been investigated numerically}l)’lz) In the model B ( Fig.l ),
on the other hand, the first, second, third, and fourth electrodes are all
multi-aperture type. In this paper, the optimum configurations in the
model B are studied in detail.

There are many parameters in the extraction grids such as aperture
diameter, gap distance, grid potential, grid thickness etc.. However,
we investigate the effects of four characteristic parameters on the beam
optics. They are aspect ratio a = rl/dl . gap ratio g = dlfdz, potential
ratio p = Vll( V2 + V3 ), and the field intensity ratio f = El/E2 = p/g.

Here, r. 1is the radius of the first grid, d, and d2 are the first and

1 1
the second gap distance, Vl' V2+V3, and-V3 are the potential differences
in the first, the second and the third gap, and F. and E, are the electric

1 2
field in the first and the second gap, respectively. As is shown in

Fig. (2), extraction grids form the positive-negative lens when f is
smaller than unity and negative-negative lens when f is greater than

unity.

$ 3. Computer Simulation CodelB)

A computer simulation code has been developed for the design of two-
stage acceleration system. In this model, the beam emitter surface is
determined sélfconsistently in such a way that the ion saturation current
density is equal to that of the space- charge-limited current. Finite ion
and electron temperatureé’of the source plasma are taken into consideration
in the computation of beam trajectories. No ions are emitted from the
peripheral region of the emitting surface whose width corresponds to the
thickness of the wall sheath Ih}a) The extracted ions which pass through
the zero equipotential surface under the grounded electrode do not suffer
from space-charge-expansion because of the presence of electron cloud.

Therefore, the beam divergence is defined on the surface.
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In order to investigate the validity of this code, computed beam
divergences are compared with the experimental data for the same geometry.
Experimentally, beamlet characteristics have been measured with the help
of the Faraday Cup. Figure (3) shows the comparison of the beam divergence
thus obtained. We find that the presence of the wall sheath in the
computer code is important for a reasonable agreement with the experiment.

In this paper, the parameters are chosen to be

Te = 10 eV, Ti =1.1eV, = 0.26 mm,
so that the divergence in the computation agree well with that in
experiments. In additien, the edge of the aperture in the first grid is
cut as shown in Fig. (3), for the smaller divergence can be obtained by

the cutting both in computations and experiments.

$ 4, Results of the Computer Simulations

(1) First, we consider the single stage extraction system composed of

multri-aperture over the 12 cm diameter electrode with 40 % transparency.

Putting the acceleration gap d is equal to the breakdown distance db,

we calculate the minimum beamlet divergence and the total extraction

current as a function of the aspect ratio. Here, by minimum we mean the

optimum beamlet divergence obtained by changing the ion saturation

current density of the source plasma. Assuming that all the beamlets

have the same divergence, we do not distinguish hereafter the total

beam divergence from the beamlet divergence, since we can focus all the

peamlets on the focal point without changing the beamlet characteristics.
The breakdown distance db in vacuum has been investigated experimentally

in some detail by the Culham group9 The group'presented a relation V =

60V d, d {kV,cm) for the gap distance of 2— 5.5 mm, while operatlng the

source. Instead, we take somewhat artificially, the relation db ¢ v/50 )

for the design limit of the gap distance. Since we assume that the potential

of the positive and the negative electrodes are 75 kV and -2 kV, respectively,

the gap distance is constant and is 2.37 cm. Therefore, Fig. 4 can be
regarded as 1nd1gat10n of the relation between the beamlet divergence and
the radius of the aperture. One may easily understand that it is qu1te
difficult to reduce the beamlet divergence less than 0.75 if we need 75 keV
proton beam, and that the beamlet divergence is larger than 1 for the

total extraction current of 10 A.

3 e s bl B
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(2) The dominant parameters in the two-stage acceleration system are the
aspect ratio, gap ratio, potential ratio and the field intensity ratio

as defined in the preceding section. Firstly, the parameter survey bhas
been made by arbitrarily choosing several values of the aspect ratio and
the gap ratio. Figure 5(a) shows the dependence of the beamlet minimum
divergence 2 4o on the field intenéity ratio f, for the fixed acceleration
voltage of 75 kV, where the breakdown limit for the gap distance is
neglected. Although it does not cover enough ranges of the parameters,*)
one finds that “oin decreases almost proportionally with decreasing f,
and does not depend strongly on the aspect ratio and the gap ratio if f
is fixed.

We then take into account the breakdown limit for the gap distance
using the scaling low of the ion beams. The beam optics is unchanged when
the distance scale length is ﬁhanged. Combination of the equation of
motion, Equation of continuity, and Maxwell's equaticn lead us to the

scaling law for the beamlet current and perveance. Namely, if the geometri-

cal length and the applied potential scales as

d = ad T —= Or and v —= BV
then, the beamlet current I and the perveance P scales as
1= 87%%1 and P = P/o’

For the fixed diameter and transparency of the extraction grids, the number

of apertures n scales according to

n = n/oc2

Thus, the total extraction current Iébt and the total perveance Ptot
scales according to
2
I - 83/ /34 I
tot 4 tot
P = P_ /o

tot tot
Using the above relations, we scale the gap distance such that either dl
or d2 may coincide with the break down limit, while the other still satis-
fys the relation d 2(V/50)2. The transparency and the grid diameter are
assumed to be the same as in the preceding subsection. Figure 5(b) shows
the total current thus obtained. It should again be noted that it does

not cover enough ranges of parameters. We only use this figure for the
rd .

general parameter servey.

%) Namely, the gap ratio g is chosen tc be less than 1, and the product

of a and g is small (less than 0.35).
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Above calculations lead us to the following

relations, where the

notations + , + and -~ mean the increase, the decrease, and nearly equal
respectively. '
w o, ¥
min
dl t — and
4
Popt
dl X
g (=—=)t =3 (or
2 w o, ¥
min
; ' d2‘4r Bt ana . }
! P ) © o min
opt F(=-2 ;{ and
‘ - P 4
| Popt .
: wo. ¥
! v min
p (= 1 Yy ¥ ~ and
V,)+V3 '
< <P v
opt
w o
‘ min
: _rl v e and
i Y, P 4
| opt tot
| i
a (=-35) ¢ T or
| 1 ;
W . k4
! min
] dl 0 B _ and
. P 4
‘opt
Here, T is the value of P where @ takes the minimum. Thus the appro-

opt
priate way to decrease W . and to increase P
: min opt

The smaller d, gives the larger P s
1° opt

Although the smaller ry gives the smaller Popt’

! generally increases.

(3) In order to obtasin a high extraction current

are minimized to the design limit

both d, and d,

1

is again chosen to be the breakdown distance dB
Solving a set of eguations,

v, = 50 7d

U, + Vg = éo Vd,
V=V, F Y,
7
b= v\%ﬁ'—"%g‘
2773 71

but increases w_.
min

the teotal. perveance P

is to decrease dz.

gimultaneously.

tot

with small beam divergence,
The design limit here

’ ?
= (V/50)°, (cm, &V).

(7)
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we obtain

V+V

_ 3
ViT1Tf
(8)

- fv - V3

2 1+ f

and

d = l‘g;”_ji;t;iin 12

1 .50 1 + f

(9)

d = rfl_*f(_‘f_j._v_:;_)_'z = f2d

250 1+ J T 1

Thus, potential differences V. and V.. and disrances d

) 1 and d2 are uniquely

determined in terms of V, f and V3.
Fronm the designing point of view, there may be a minimum 1imit on
the aperture diameter pfovided the transparency i1s kept constant. This
is because the grid thickness or the size of the cooling pipe cannot
scale too small. In this connection, we fix the aperture diameter around
3.5 mm. Figure 6 shows the dependence of ® | and P {1 ) on the
min opt tot
field intensity ratio for the proton beam accelerated from the 3.5 mm
diam. gperture at V = 75 kV, The extraction electrodes are again 12 cm
in diameter and have 40 % transparency. In order to extract tetal ion
current of 15 A?) f should be larger than 0.6, and the corresponding

- L . =
beamlet divergence admin is larger than 0.74. The don saturation current

density Jq required for tihe source plasma should be greater than 450

at
mAfem”. If £ is chosen to be 0.6, and 0.8, potentials and grid distances

are summarized in Table 1.

£V, v V. (kV) d; (mm) AL () w

1 2 2 min
0.6 43.1 26.9 93 3.3 0.74
0.8  42.8 32.2 7.3 4.7 0.80°
Table 1

*) For the ion sources which will be used in the JT-60 neutral beam
injectors, we impose 15 A extraction for each 12 cm diam. extractors

with overall beam divergence less than 1°- 1.2°.
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Figure 7 shows the beam trajectories calculated for typical values of f,
When the gap distances are determined by the equation d = (V/40)

instead of d = (V/50)2, a larger safety factor 1s included against

breakdowns but less currents are extracted from the same diam. grids

( See Fig. 8 ). In this case, the beamlet divergence becomes greater

than 1.2°, if one tries to extract 15 A. Thus the critical gap distance

as imposed on the grid design basis influences the beam property signifi-

cantly. In this connection, a problem remains about to what ranges or

in what conditions the Culham’s empirical law.can be extrapolated in the

case of multi-stage extraction system. For instance,the critical distance

may presumably be influenced by the presence of working gas introduced

into the grid region, or by the presence of impinging ions and/or

secondary electrons on and from the aperture edges.

(4) To improve the beam divergence, two approaches are considered. The
one is to change the radius of the aperture, and the other is to increase
the gap distance. In the preceding subsection, the grid distances are
chosen to be equal to the breakdown limit. Here, we increase either dl

or d2 greater than the design limit.

Firstly, the apertu}e diameter is changed with other parameters
remain unchanged. The results are shown in Figs.9(a),2(b) and %(c), where
the aperture diameter is chosen to be 2.8 mm, 4.0 mm and 4.5 mm,
respectively. It is found that the minimum value of the beam divergence
is not improved in any case. However, the beamlet divergence at the
extraction of 15 A decreases with decreasing aperture diameter, although
it saturates to decrease for the aperture radius less than 3.5 mm. The
results are summalized in Fig.l10.

Secondly, the gap distance is increased such that either dl or.d2
becomes greater than design limit. The parameter f decreases with increasing
dl’ and increases with increasing d2' The results are shown in Fig. 11,
where the beam divergence and the total current change appreciably when
the gap distance is Increased from the reference point dencted by the
circles at f = 0.5, 0.8 and 1.2 (where the gap distances are minimized
to the design iihit J. In consequeﬂre. the beam divergence is - not improved
and moreover, the ewtrartlon current deuredses Q1gn1f1cantly

Thus it may be rehommended that the aperture dlémeter should be
kX

3.0 - 3.5 mm and the gap distances be equal to tne breakdown design limit.

b aa e v
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(5) In Fig.5, the minimum beam divergence decreases with decreasing
field intensity ratio and is less than 0.5 degree for £=0.5, although
the extraction current is low. In Figs.6-10, however, the minimum beam
divergences saturate to decrease with decreasing f. Here, we will investigate
this discrepancy and try to improve the beam divergence without losing
high extraction current. We find that the 2nd aspect ratio g, defined
by the radius of the second stage acceleration aperture r, divided by the
second gap d2, is the important parameter. Namely, in Fig.5, a2(=a-g) is
always less*ghan 0.35, while in Figs.6-10, a, is much larger for small
values of f.’ Indeed, the decrease of f is effective in reducing the
beam divergence, provided the field intensity ratio represents the
approximate value on the aperture axis. When a, is large, however, the
electric field is strongly deformed near the aperture axis as shown in
the latter half of Fig.7. Thus, even if f is less than 0.5, the value
of faxi (the field intensity ratio defined at the aperture axis) is
much larger, and therefore the minimum beam divergences are not improved.
To overcome this difficulty, two methods may be considered. The first
one is to decrease the 2Znd aspect ratio a, withouf changing other parameters.
In order to achieve this situation, the aperture diameter of the 2nd
positive and negative grids are decreased. The second way is to apply
three-stage acceleration system by adding one more grid (the third
positive grid) and to make thus combined 2nd and the 3rd electric field
approach uniferm.

For the first way, we find that the minimum beam divergence can
be reduced by 0.05° when 2r2 and 2r.are decreased from 3.3 mm to 2.45 mm

3
(a?:1.39 =0.97) for the case of £ = 0.3. For the second way, the potential

difference between grids V_,L and the gap distance di are given by

vV+V

v, = 4
1 1+ fl + flf2
£V +V)
1 -4
V. = (10)
2 1+ fl + flf2
. - f1£2v - {1+ fl)Va
o= T
3 1+ fl flf2
*) For instance, a, = 0.70, 0.95 and 1.46 corresponding to the latter

three cases in Fig.?7
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and

4. = (v./50 ) (kV, cm)
1 -2 2
d. = (v, /50) =1f"4d {(11)
2 2 9 1 12 9
d3 = { V3+V4/$0 o o= fl f2 dl

- where fl and fz are defined by
P S o
1 E2 Vzdl

(12)

R W N
2 E3' (V3+V4)d2

We calculate next two cases assuming the aperturé diameters
Zrl = 2r5 = 3.5_mm . Zrz = 2r3 = 2r4= 2.45 mm .
(a) fl = f, = 0.5

2
(b)y £ 0.37, f,=1.0

n

1

Figure 12 shows the beam trajectories for the above cases. We find that
the minimum beam divergence is reduced to 0.58° and 0.63 in the case
(a) and (b), respectively. Thus the beam divergence is improved by 0.1°

by intreducing the three stage acceleration system.

$ 5. Beam Focusing by Aperture Displacement in the Two-Stage Acceleration

In order to increase the injection power through the limited area
of the ports, it is necessary to focus the beamlets from the multiaperture
electrodes at a point of several meters apart from the source. There

15)

are two methods in focusing the beamlets; one is by aperture displacement,

"and the other is by curved electrodes. In the latter case, extraction

grids should be concave SO that the curvature center of the grid is the
focal point. For instance, the 12 cm diam. grid shall be curved only |
by 0.36 mm compared with plain disk grid at the axis, if we nesd the
focal point 5 m apart from the grid. A93umixé*the machining inaccuracy

of + 0.1 mm, the focal point ranges between 3.%{and 6.4 m,

e et e i



JAERI-M 6813

On the other hand, the focusing by aperture displacement is
investigated both in experiments and in a simple model in thin lens
approximation. Now, we intend to apply this simple model to the focusing
of two-stage acceleration. An aperture with a different potential
.gradient on each side acts as a lens with focal length F=4V/(E2nEl)

- where El and E2 are, respectively, the electric field on each side of

the extraction grid, and eV is the emergy of the beam which pass through
the grid. Two-stage acceleration system consists of two lenses. The

first lens is formed by the electric field in the first and the second gap,
and the second lens is formed by the electric field in the second and

the third gap. The electric field in the third gap, however, is almost
negligible compared with the others. According to the results of the
computer simulation, El-= klvl/dl with kl = 0.9~ 1.0 and E2 = kz(V2+V3)/d2
with k2 = .~ 1.0 in the wide range of the beam current density, if the

gap distances are enough larger than the aperture radius. Therefore,

we choose El = Vlfdl and E2 = (V2+-V3)/d2 , though in the single stage
acceleration the deflection angle by aperture displacement agrees well
with the experimental results when we put El = 4V1/3dl in the plane

. 15
parallel approximation;") The focal length of the first and the second

lenses are given as follows;

=5
Il

4Vl/(E2—El) = 4d2pg/(g—p)
(13)

)
1i

4(V1+V2)/(E3—E2) = —4d2(l+p)

There are three cases in the aperture displacement of the two-stage
configuration, which are the displacement of the first grid(a), the
second grid(b) and the third grid(e), respectively(Fig.13). The ratios
of reflection angle of the beamlet & to the displacement of the grid &

are given as follows for each case,

o B i1y P14y 5g-5p-ap?
Al | F2 d2—F1 Fl l6d2p( 14+p Jg
- d
5, 1 1 2 ( 4p¥5 ) g=p ) |
(b) —— = «( - ) = (14)
A, F, a, F 16d,p( 1+p )
(c:)i=l = - 1
iy W, ()
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The first two cases are inadequate for the displacement characteristic

depends largely on the parameters d2, p and g. In the third case, however,

the deflection depends only d2 and p (Fig.l4), and the dependence is

more weak than the others. The displacement must satisfy the following

inequality in practice; '
Machining Inaccuracy + 0.1 mm << A << Aperture Diameter ~ 3.5 mm.

Now, when p=0.5, d2=8 mm, focal length F=4.5 m, and the diameter of

extraction grid of 12 cm, the displacement AB is equal to about 0.5 me .

This is the practical value of the displacement. Consequently, the beam

focusing by aperture displacement is also possible for the case of two-

stage configuration.

$ 6. Conclusion

As one of the design works of the neutral beam injectors for JT-60,
the optimum configurations of the extraction grids and operating
conditions have been examined numerically in the two-stage acceleration
system. The possibility of beam focusing by aperture displacement 1is
also investigated by applying a simple model in the thin lens
approximation.

From our complitaticnal results, we find it possible to obtain a
proton beam with energy of 75 KeV, current of 15 A and divergence of
about 0.6 degree from the 12 cm diam. extraction grids with 40 %
transparency. In this computation, the effects of the ion and electron
temperature of the source plasma on the beam optics are included. But,
there are other factors which increase the total beam divergence. In the
first place, the total beam is obtained through the extraction grids with
hundreds of apertures, while the computation is carried out on the beamlet.
Therefore, the aberration may be increased not only by mechanical error

of the grids® system but by deformation of the grids by heat loads.

Due to these errors, some of the beamlets are also deflected and the
injection power through the port may be reduced. Namely, the divergence
increases effectively. 1In the second place, the divergence may be
increased by the fluctuation and density gradient over the extraction

grid in the source plasma. In the third place, although the actual beam

S T
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is composed of atomic and molecular ions, the effects of mixed species

on beam charecteristics are not conéidered in the computation. Finally,
the collisions such as charge exchange, ionization and desociation are

not considered in the ion éccglération region; In addition, the ions

are not extracted from the subsequent beam plasma region. These effects
may change the beam optics as well as increasé the heat load of the grids.,
Consequently, the divergence of the actual multiampere beam becomes
larger than that of computation by about zero point several degree.

The electrical breakdown among extraction grids has important effects
on the beam characteristics. It is necessary to investigate the breakdown
condition above tens of kilovolts, which may depend, for example, on
the gas pressure beiween the grids and the materials of the grids.

It ig found that the beam divergence in the two-stage configuration
depends strongly on the field intensity ratio f, and the optimum value
of f that gives the minimum beam divergence is about 0.3 - 0.5 . It
also depends on the second stage aspect ratio @y s which in turn affects
the field intensity ratio on the beamlet axis. The three-stage
acceleration is superior to the two stage in that the smaller field
intensity ratio is easily obtained on the axis of the aperture when the
gap distance is chosen acéording to the breakdown distance.

On the other hand, we see that the beam focusing by aperture
displacement is also available in the two-stage acceleraticn system,

where the displacement of the third grid is more adequate than that of

the first or the second grid.
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Figure Captions

Two models of the two—stage acceleretion system ( Model A and

Model B ).

Iliustration of lens actioms in the two-stage acceleration system.
Comparison of the measured beam divergence with calculated one.
Dependence of the minimum beamlet divergence of the 75 KeV proten
beam on the aspect ratio a in the case of single stage acceleration.
The accel gap distance is fixed to be 23.7 mm.

Dependence of the minimum divergence on the field intensity ratio f
for the fixed acceleration voltage of 75 kV (a), and the dependence
of the total extracted current from the 12 cm diam. grids with

40 % transparency on f , where the gap distances are scaled such
that either dlor d2 may coincide with the breakdown limit, while
the other still satisfys the relation d > (V/SO)2

Dependence of w_, and P (or I ) on the field intensity ratio
for the proton beam accelerated at V 75 kv from the 3.5 mm diam.
aperture, where gap distance d1 and d2 are chosen to be the
breakdown limit.

Beam trajectories calculated by the computer code IONORB for
typical values of £ 3 (a) £=1.2, J=600 mA/cm , w=1.04 , (p) £=0.8,
J=500 mA/cmz, w=0.83 , (¢) £=0.5, J=400 mA/cm , w=0.77 ,(d) f=C.4,
J=350 mA/cmz, w=0.72 , (e) £=0.3, J=300 mA/cm , w=0.74 .
Dependences of Woin and P (or It t) on f, when the gap distances
are determined by the equatlon = {V/40 ) (kV,cm) instead of
4= (/50 )

Dependence of S and Popt(or Itot) on f, where the aperture
radius is chosen to be 2.8 mm (a), 4.0 mm (b) and 4.5 mm (e).
Relation hetween the divergence and the aperture diameter, where
the totai current is fixed to be 15A.

Changes of the beamlet divergence and the total extraction
current (triangular points ), when the gap distance is increased
from the reference points denoted by the circular points at £=0.5,
0.8 and 1.2

Typleal examples of beam trajectories in the three- stage
acceleration system ; (a) f1~0.5, f 50 5, J=550 mA/cm , w=0.58
and (b} fl=0.37, f2=l.0, J=400 mAfem™, =0 63 .




Fig.13.

Fig.l4,

JAERI-M 6813

Three cases of beam focusing by aperture displacement in the
two-stage configuration. Displacement of first extraction grid
(a), second grid (b) and third grid (e).

Ratio of deflection angle to the displacement distance versus

potential ratio p; when the third grid is displaced.
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