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In research and development of a high power ion
source for the JT-60 neutral beam injector, beam optics
in the two-stage acceleration system has been investigated
both numerically and experimentally. A computer code
for cylindrically symmetric ion beam was developed for
the simulation. By making use of this code, behaviour
of the two-stage ion beam optics was clarified. The
calculation results agreed well with the experimental
ones. Experimentally, the gradient grid current and the
grid heat loading proved to depend largely on the beam
optics. The beam focusing by aperture displacement was
investigated in thin lens approximation. The results
obtained contributed to design and development of a high

power ion source for the JT-60 neutral beam injector.
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§1. Introduction

In order to realize a reactor plasma, it is required
not only to raize nt above lO14 cm"3-s, but to increase the
plasma temperature up to 10 keV. The Ohmic heating is not
a promising tcool for the attainment of reactor temperature.
As one of the more powerful auxiliary heating methods,
injection of powerful peutral beams is clearly expected%'z)
The first injection experiments of neutral beams into tokamak
plasma were performed at the Culham?’4) Princeton?) and
Oak Ridge6)_Laboratories in 1972 - 1973 using the devices of
CLEQ, ATC, and ORMAK, respectively. The behaviour of the
injected ions was found to be classical, and the expected
plasma heating and D-D neutron production were observed.
Since then, more powerful injection experiments on a number
of tokamaks such as DITE{ Tng T—liz and JFT—%O) have been
performed and resulted in bulk-ion heating without any
deleterious effects on the plasma equilibrium or on the
fast-ion slowing-down rate. Due to this favourable perform-
ance of neutral beam injection heating, and the continuing
progress in the development of more powefful, higher-energy
neutral.beam injectors, we are convinced of attaining an
ignition temperature in the futuré tokamaks such as TFTR,

JET, T-20 or JT—6O}1)

However, the development of high power
and high energy ion source is one of the most difficult and
important works for the powerful injectors. In the neutral
peam injector for JT-60, the ion sources are required to
deliver a low divergent hydrogen ion beam of 35 amp at 75 kV

for 10 sec}z) The e-folding gaussian beam divergence within
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one degree at the ion current density above 0.27 amp/cmz,
are required to fit the acceptance angle of the tokamak
device. However, the ion sources of these specifications
have not been developed yet. Our effofts must be concen-
trated on beam optics, source plasma production and cooling
of the extraction/acceleration grids which appear to be the
basic problems invelved in the high power and long duration
ion source developmeht. In particular, the improvement of
beam optics is one of the most important and critical
problems in designing an injector. In order to raize the
injector efficiency, it is necessary to increase the beam
power density or beam brightness. The beam power density
is proporticnal to beam energy and beam current and decreases
inversely as two powers of the beam divergence. Beam energy
is determined by the thickness of tokamak plasma. Then, we
must reduce the beam divergence at high current, in order to
increase the beam power density. In general, however, the
increase of beam divergence is inevitable with increasing
beam current due to the space charge expansion. To overcome
such behaviour of ion beam extraction,.it is considered to
decouple the current extraction stage and the acceleration
stage, 1.e., to employ a two-stage or a multiple stage
acceleration system.

The purpose of this paper is to investigate the beam
optics of two-stage electrostatic accelerator for high power
and high energy ion source. Section 2 describes the reiation

of injection efficiency with the beamlet divergence and the

‘focusing of individual beamlet to the injection port.
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Section 3 describes the two-dimensional computer simulation
code for ion beam trajectories, which was developed to design
a extraction/acceleration system and the operation condition
of an ion source. In section 4, two—stége beam optics is
investigated both numerically and experimentally using a
duopigatron plasma source with two-stage electrostatic
accelerator. Section 5 describes the focusing of indivisual

beamlet by aperture displacement in the two-stage accelera-

tion system.
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§2. Beamlet Divergence and Beam Focusing by Beamlet

Steering

2.1 Introduction

Neutral beam injection heating experiments in many
tokamaks have demonstrated that the injection of energetic
neutral beams is one of the most effective and powerful
methods for heating a tokamak plasma. In this method, it is
required to extract a beam with low beam divergence to keep
high injection efficiency against geometrical losses due to
the long beam line and the injection port with limited area
between the toroidal coils. This requirement becomes more
important as the size of the torus becomes larger. The beam
line is composed of neutralizer, pumping region, bending
magnet and other required appliances including gate valve or
'beam dumper, and then the total injector length from the
ion source to the injection port of the torus is up to
several meters. ‘Consequently, the extraction grid of the
ion source is roughly regarded as a point source, when it is
viewed from the injection port. In such a case, it is
necessary to reduce the beamlet divergence as much as possible
in order to raise the injector efficiency. However, it is
not easy to obtain a beam with low beamlet divergence at high
current density.

On the other hand, larger target plasma thickness
demands further increase of beam energy, which induces a
rapid decrease of neutralization efficiency above the beam

energy around 60 keV. For the ion sources of JT-60 neutral
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beam injector planned at the Japan Atomic Energy Research
Institute, the proton beam accelerated to- 75 kV is required,
where the neutralization efficiency (power efficiency) 1is

12)

only 38 %% In addition to the low neutralization efficiency,

geometrical and reionization losses mean that the total
injector efficiency amounts only to about 20 - 30 %. In view
of the fact that neither the direct recovery of the energy

of unneutralized ions nor the utilization of negative ions

is developed yet, focusing the individual beamlets at the
injection port appears to be a powerful and practical method
for improving the injection efficiency. In particular, the
importance of beam focusing may increase when we design an
injector equipped with a few ion sources with a large
extraction grid rather than many ion sources with a small
extraction grid. In the following subsection, the improvement
of injection efficiency by beam focusing is estimated
quantitatively for a typical design of the future injector,
in which we assume the beam intensity distribution function

of each beamlet to be gaussian
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2.2 Numerical Model of Beam Fraction to the Injection Port
We investigated numerically the effects of beam

focusing on the fraction of beam passing through the injec-
tion port of the torus. In the numerical model, each beam-
let has an axisymmetric gaussian beam intensity distribution
with e-folding divergence w}3) Experimentally, the beam
intensity distribution measured calorimetrically is almost
gaussian%4) The center of each beamlet extracted from the
aperture at Z = 0 is airected toward a focal point at Z = Z..
The radius of extraction grid at z = 0 and that of the
injection port at 7 = Zp are denoted by Rg and Rp, respectively.
The beam intensity Ii at the point (x,y) on the Z = ZP plane
is expressed as follows when i-th beamlet is emitted from a

point (X;, Y;) on the extraction grid (See Fig.2-1);

2
I. = ( —Y ) exp { - 25 (2-1)
i 2 2
TR R
(0] (@]
where
R = Z_ tan o
o P
2 2 2
R = (X - X + (Y - Y
( p) ( p)
g - Z
x=(PZf)-xg:L
P £
7 - 7
vy = ( -E £y.v 1
p e g

Here, the point (X _, Yp) is the center of beamlet intensity
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distribution at Z = Zp. Consequently, the total fraction of
the beam which pass through the injection port is obtained

by the following equation;

I

- 2
1 5 T exp { - 5—7 } ds (2-2)
TnR i=1 R

o]

where n denotes the number of the beamlets in the extraction
grid, and 4S8 is the surface element in the injection port.
When Zf ig infinite, we can obtain the beam fraction to the
port without beam focusing. Using the above equation
(2-2), we calculated the beam fraction through the injection
port, where we neglected interception effect by the injector
elements such as the beam limiter or neutralizer. A parameter
survey was pérformed in the range of Zp =5 - 10 m,

Rg =6 ~ 18 cm and w = 1.0° ~ 1.5° at Rp = 20 cm, which will
cover typical design values of the injectors for future

)

*
large tokamaks including JT-60.

*) In 1977, the design of JT-60 neutral beam injector was
modified. The number of the ion sources stacked in each
injector unit is reduced from four circular ion sources
to two rectangular sources. The initial design values of

Rg, Rp and Zp are 6 cm, 20 cm, and 6.5 m, respgctively}5)

In the modified design, the 12x27 cm rectangular extrac-

tion grid is adopted, and Rp and Zp are 22 cm and 8.25 m,

respectively%z) The equivalent radius of the rectangular

extraction grid Rg is approximately equal to 10 cm.
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2.3 Computational Results

Figure 2-2 shows the dependence of the beam fraction
passing through the injection port F on the distance between
the extraction grid and the injection port Zp, as a parameter
of beamlet divergence. The broken curves indicate the case
without beam focusing, and the solid curves indicate the case
with beam focusing to the center of injection port. Here, the
grid radius Rg and the port radius Rp are fixed to 6 cm and
20 cm, respectively. From this figure, we can see that the
injection power decreases appreciably with Zp, when Zp becomes
greater than several meters. However, we can improve the
injection power by about several percent by the beam focusing,
when Zp is below 10 m. Figure 2-3 shows the relation between
the beam fraction F and the peamlet divergence w, when R_ =

. g
6 cm, Rp =20 cm and Z_ = Z. = 8 m. This result indicates

P f
the importance of reduction of beamlet divergence. We must
necessarily obtain the low beamlet divergence below one
degree, for the next stage injector.

Figure 2-4 shows the dependence of beam fraction F on Zp
as a parameter of grid radius Rg, where'Rp and w are fixed to
20 cm and 1.0° respectively. The solid line indicates the
case with beam focusing to the iﬁjection port, and the injec-
tion efficiency decreases appreciably with Zp’ when Zp becomes
greater than several meters. The broken line indicates the
case without beam focusing. From this figure, we can see€
that the effect of the beam focusing to raise the beam fraction

passing through the injection port F 1is enhanced with the

increase of grid radius. The beam focusing to the port is
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not necessarily required when Rg ¢ 6 cm. However, it is
necessary to focus the pbeamlet axes to the port when Rg is
greater than 10 cm. From the above numerical estimation,
we can expect an improvement of injection efficiency of
over 10 % using beam focusing in the present design of the
JT-60 neutral beam injector. In addition, since the above
results do not include the interception of the beam by
appliances such as gaé cell or beam limiters, beam focusing
will become much more important when these intercepting
obstacles exist. And so, effective focusing methods must
be estapblished for high power ion sources with a multiple-
stage accelerator.

Beam deflection by grid misalignment may decrease the
injection power appreciably. Grid misalignment about + 0.1

6) shows that the grid radial

mm is inevitable. Experimentl
displacement of 0.1 mm makes the beam deflect by about 0.5
degrees. Figure 2-5 shows the influence of a beam deflection
angle 8 on F as a parameter of beamlet divergence w, where

Rg = 6 cm, Rp = 20 cm and Zp = Zf = 8 m. The radial displace-
ment of the beam center at Z = Zp is denoted by A. This
result.indicates that a deflection greater than about 0.5
degrees is sure to reduce the injection power considerably.
Therefore, accurate beam steering to the center of the
injection port is very important for an injector with small

acceptance. An acceptable grid misalignment can be estimated

in section 5.
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§3. Computer Simulation Code of Ion Beam Trajectories

3.1 Simulation Model of Icon Beam Trajectories
A computer simulation code for cylindrically symmetric
ion beams has been developed for the design of the ion
extraction system and the optimum operating condition of an
ion source}7)
Trajectories of ion beam are calculated by the equations
of space-charge-limited current flow. The equations for

space-charge-limited current arels'lg)

Poisson's eguation V2¢ = -p/ao {3-1)
. . av -

Equation of motion m /dt = e E (3-2)

Equation of continuity V+J = Ve(ov) = 0 (3-3)

where rationalized mks units are used and the notations have
usual meanings. The magnetic field in the extraction region
has bad effects on beam optics and produces separation of
ion species, Hl+' H2+, H3+, etc.. Therefore, the magnetic
field free ion source is adopted for the present case.

On the other hand, the magnetic field produced by ion beam
itself is negligible. Hence the magnetic field is not taken
inte account in the equation'(3-2). Under these conditions,
it is easy to verify that beam trajectories don't depend on

mass and electric charge. Historically, analytic solutions

to these equations have been formulated by Langmuir and
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Blodgett for plane parallel, coaxial cylindrical and coaxial
spherical electrodes. More complicated geometries have
proved intractable to analytic solution, but they can be
solved by numerical methods?0'21'22’23)'

In the simulation modél, the beam emitter surface is
determined selfconsistently in such a way that the ion
saturation current density is equal to that of the space-
charge-limited currenf density. The potential of the emitter
corresponds to that of the first electrode in contact with
the source plasma. Finite ion and electron temperatures of
the source plasma are taken into consideration as initial
conditions of the beam trajectories. The ion starts from
the emitter with an initial energy corresponds to about 3.5

times electron temperature Te?4)

on the downstream side of
the emitter, the electron density is far smaller than the
ion density and is neglected in the code. The ion tempera-
ture T; determines the initial direction of the emitting ion,
which is obtained by the assumption of the drift-Maxwellian
ion distribution at the emitter. The accelerated ions that
pass through the zero eguipotential surface under the
grounded electrode do not suffer from space-charge-expansion
because of the presence of electfon cloud produced by the
collisions of beam ions with the residual cold neutral gas.
Therefore, the beam divergence is defined on this surface.

A block diagram of the digital computer progfam is
shown in Fig.3-1. First, data are read in to define the

dimensions of the problem, the electrode configuration, the

electrode potentials, the total current and other parameters
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needed for solution. The second acceleration region is
divided into m(radially) x n{axially) meshes. Next, the
Poisson's equation is solved to provide the potential
distribution by means of successive over-relaxation method.
For the cylindrical coordinates, the finite difference

equation at R = r, (# 0) is given by

0
byoy + byby * Bydo + Pyop * Pgog = m0/5, (3-4)
where
_ 2
b, = 2/a,(1 + a;)h;
b = (2r. +h.) / r.a (1 + a,)h,>
2 0 2 0?2 210y
b =2/ (1 + a,)h, >
3 1’
b = (2r. - a.h.) / r(l + a,)h°
a4 - ‘¢%o 272 0 212
b. = -2 /ah?-2/anh?-(1-a,) /ruah
5 1M 212 2 022"
On the axis, Eq.({(3-4) is replaced by
biop + bgop + Py + Doy = T0/E, (3-5)
where
_ 2 . 2
b6 =4 / a, h2
_ 2 _ 2 . 2
b7 = =2/ alhl 4 / a, h2

s , &.r s ¢ are the potentials at points A, B, C, D
A B C D 0
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and O respectively; Y hl' h2, ajr ay are defined in Fig.3-2.
The electric field is obtained by linear interpolation of
the mesh values. After the field distribution is obtained,
peam trajectories are then calculated to-provide a space
charge distribution. The space charge density in the mesh

pij is obtained by the following equation;

(m)t(m)

- _
P15 T, 2t Tty (3-6)

ij

where Vi' is the volume of torus whose Cross section is

(i,3) cell, I(m) is the total current in the m-th beam and

£ (m)
1]

through the (i,Jj) cell. This is used in turn for a new

is the time interval in which the m-th beam passes

solution of Poisson's equation followed by. a re-computation
of the trajectories. The calculation is thus repeated until
the beam trajectories converge to a solution.

The program is checked by changing the potential, cur-
rent density and dimensions in a fashion that keeps the
perveance constant and then makes no difference in beam
trajectories. The beam energy has some érror below 1 ~ 2
percent because of the finite mesh approximation, but no
significant change in the trajectories occurred compared

with the analytical solution of a beam in field free space.
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3.2 vValidity of the Computer Code

In order to investigate the validity of this code,
computed beam divergences (rms angle) are compared with the
experimental data (1/e half widths) for the same configura-
tion of the extraction electrodes as shown in Fig.3-3.
Experimentally, beamlet characteristics have been measured
with the help of the Faraday Cup placed 44 cm apart from the
extraction electrodes, using a duopigatron ion source (See
Fig.3-4). To match the computational results with the
experimental data, it is important to assume that no ions
are emitted from the peripheral region of the emitter, whose
width ) corresponds approximately to the thickness of the
wall sheath which is about ten times the Debye length of the
source plasma?4) This may be due to the fact that the ions in
the wall sheath are mainly accelerated to the wall by the
potential drop between the source plasma and the wall, and
impinge on the wall before they are accelerated toward the
downstream region.

Figure 3-5 shows the comparison of the beam divergence
for proton beam, where the calculations.are made under the
condition of Ti = 1.1 eV, Te = lQ eV and » = 0.28 mm. Here,
Te can be determined by Langruir probe experimentally and
varies from several to 10 eV in our source plasma according
to the operating condition. . In the computation, however,
the beam divergence does scarcely depend on Te' On the other
hand, Ti is not measured here, though the beam divergence
increases with Ti in the computation. By choosing T.l to be

around 2 eV, we can fit the data well. However, the above
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calculations are made under the condition of Ti = 1.1 ev,

according to some estimation about Ti?2'25)

This is mainly due
to the fact that the computation model does not completely
simulate the actual beam. Namely, the éalculation does not
include the mechanical error of the extraction electrodes,
the density fluctuation of the source plasma, and the colli-
sions in the ion acceleration region such as charge exchange
and ionization. In addition, the influence of the stray
magnetic field from the source magnet is not taken into
consideration in the equation of motion. Due to these
effects, the beam divergence measured will be greater by
point several degree than that computed. This is why we
chosen Ti to be 1.1 eV rather than toc be about 2 eV. 1In the
subsequent calculations, the parameters Ti' Te and A are
chosen to be 1.1 eV, 10 eV and 0.28 mm, respectively.

on the other hand, the disagreement of the optimum
perveance which gives the minimum beam divergence is mainly
due to the fact that the calculation is made in the case of
atomic hydrogen beam, while the actual beam consists of
atomic and molecular ions. Now, we assﬁme that the beamn
consists of Hl+' H2+, and H3+ species in the ratio w:iB:y
(a+B+y = 1), and the beam of mixed species is space-charge-

limited. Then, the effective mass number of the mixed beam

Meff ig given as follows,

2
Moge = (o + V2 B + V3 v) . (3-7)

Assuming that the beam trajectory does not vary in the case
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of the mixed beam, the optimum perveance of the mixed beam

Popt is given by the next equation,

_ + ~1/2 *
=P (H, ") x M_ ¢ (3-8)

where Popt(Hl+) is the optimum perveance of proton beam.
The typical beam composition of JAERI duopigatron is given
26) |

as follows,
o : 8 : vy =0.551: 0.35: 0.10

where the beam energy is 30 keV and the perveance is
-9 . S +
4.9 x 10 pervs. In this case, Popt<— 0.82 x Popt(Hl } and
the ~20 % difference of optimum perveance between the experi-
mental results and the calculation can be explained.
From the above points of view, we can conclude that the

computer code simulates the actual ion beam trajectories not

completely but fairly well.
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§4. Two-Stage Acceleration of an Ton Beam

4.1 Introduction

The neutral beam injection turned out to be one‘'of the
most powerful and effective methods for heating a tokamak

plasma. The neutral beam with tens of kilovolts energies is now
achieved?7’28’29’30) However, development of more powerful in-
jectors are desired for the next generation tokamaks such as JFT,
TFTR and JT-60. Moreover, larger target plasma thickness
demonds 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 amperes 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 among extraction grids. This is because

the ion current density is space-charge-limited and the

breakdown distance for vacuum gaps is practically propor-

tional to the sguare of an applied voltage?l) Namely, the
next relations hold,
T« v3/2 q72 (4-1)
v, « a 1/2 | (4-2)

b

When the gap distance is chosen according to the breakdown

distance, we obtain,
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372 (4-3)

where C is the constant. Then, the beam power density Pl
may decrease inversely as three-halves power of the accelera-
tion voltage. This restriction is released by decoupling

+he current extraction stage and the acceleration stage,
i.e., by employing a multiple stage acceleration system.

If the extraction voltage V is divided intc the first stage
extraction voltage Vl and the second stage acceleration
voltage V2 by adding one more grid, then the power density

P, is given by the relation:

=5/20v. s vy . (4-4)

P, = CV 1 5

2 1
We find that the power density increases with the increase
of the second stage acceleration voltage V2, when the total
acceleration voltage V = V. + V, 1s kept constant. Combining

1 2
the Eg.(4-3) with Eq.(4-4), the ratio P2/Pl is given by

P,/P; = (1 + \72/\11)5/2 (4-5)
From this relation, we can see that the two-stage accelera-
tion system is more advantageous than the single stage system
as the ratio V2/Vl increases. The above analysis is perform-
ed in the plane-parallel approximation. 1In fact, the beam
power density (i.e. brightness) must be considered in the

simultaneous constraint of beam optics. This is the reason

why two-stage beam optics were investigated numerically by
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the cylindrically symmetric two-dimensional ion beam code.

There are other advantages in the multi-stage accelera-
tion system. By adopting the n-stage acceleration system,
the breakdown distance becomes n-times émaller than that of
the single stage when the total extraction voltage 1is
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
voltage holding may be /A-times larger than that of the
single stage if the gap distance is constant. As for the
heat loading of the extraction grids, the heat loading W
scales as follows according to Ref. (32},

wen /% : (4-6)
Namely, the cooling problems of the extraction grids are
reduced with the increase of the stage number n,

Consequently, the two-stage or multi-stage acceleration
for neutral beam injectors has important meanings other than
the convensional multi-stage electrostafic acceleration of
high eﬁergy ion sources such as linac preinjector.

The requirements for the ion sources in the JT-60
injectors are as follows, where both initial design wvalue
and modified design value (shown in the branket) are

1z,
presented: 2,135)

Extraction Grid : 12 cm diam. {12 cm x 27 cm)

Transparency : 40 % (40 %)
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Ion Species : Hy (H2 or D2)
Beam Energy : 75 kev (75 keV)
Beam Current : 15 A {35 A)
Current Density : 330 mA/cm2 {270 mA/cmz)
i/e Divergence : 1.0° ~ 1.2° (1L.0°)
Duration : 5 ~ 10 sec (10 sec)

In the modified design, further improvemént in source plasma
production is required, but the demand imposed on beam
optics is somewhat relieved.

Here, we investigate numerically the optimum electrode
geometries and operating conditions that satisfy the above

requirements.
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4.2 Electrode System of Two-Stage Acceleration

The two-stage acceleration system has four electrodes.
The first stage is composed of the first and the second
electrode, and the second stage is comﬁosed of the second,
the third and the 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.4-1)
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 elec-
trode is alsc multi-aperture type and spherically concave.
The third electrode is a single disk aperture and is biased
at negative potential to suppress the electron backstreaming
from the subseguent beam-plasma region. The fourth electrode
~is also single aperture énd is grounded electrically. The
optimum configurations in the second stage have already been
investigated numerically§3’34) In the model B on the other
hand, the first, the second, the third, and the feourth elec-
trodes are all conventional muiti-aperture type. 1In the
following subsection, the optimum confiéurations 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 = dl/d2’ potential ratio
p = vl/(VZ + V3), and the field intensity ratio f = El/E2=p/g.

Here, ry is the radius of the first grid, dl and d2 are the
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first and the second gap distance, Vl, V2+V3, and V3 are the
potential drops in the first, the second and the third gap,
and E, and E, are the electric field in the first and the
second gap, respectively. As is shown in-Fig.4—2, extraction

grids form the positive-negative lens when f is smaller than

unity and negative-negative lens when f is greater than

unity.



JAERI-M 8357

4.3 Computer Simulation of Two-Stage Acceleration

4.3.1 Aperture Shape in the Plasma Grid
First, we examine the shape of aperture in the first

positive grid. Figure 4-3 shows the dependence of the
minimum beamlet divergence woin OO0 the shape of aperture.
Here, the minimum beamlet divergence is obtained by changing
the ion saturation current density in the source plasma.
In the case (a), the aperture is a disk Eype without chamfer-
ing of the edge. On the other hand, the edge of aperture is
chamfered in the cases (b), (c¢), (d), (e}, and (£) . From
this results, we see thaf the deeper chamfering of the edge
reduces the beam divergence. However, when the chamfering
is deeper above some level that is determined by the trans--
parency of grids, the overlap of the chamfering between
‘neighbouring ones is inevitable and conseguently exercises
bad influences on the beam optics. Therefore, we choose the

shape in the case (e) for the subseguent calculations.
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4.3.2 'Single-Stage Acceleration

Secondly, we consider the single-stage extraction system
composed of multi-aperture over the 12 cm diameter electrode
with 40 % transparency. Putting the acdeleration gap d 1is
equal to the breakdown distance db' we calculate the minimum
beamlet divergence and the total extraction current as a
function of the aspect ratio. Assuming that all the beam-
lets have the same divergence, we do not distinguish here-
after the total beam divergence from the beamlet divergence,
.since we can focus all the beamlets on the focal point with-
out changing the beamlet characteristics. |

The breakdown distance db in vacuum has been investigated

experimentally in some detail by the Culham group?l)

The group
presented a relation V = 60 /a; (kV, cm) for the gap distance
of 2-5.5 mm, while operating the source. Instead, we take
somewhat artificially, the relation db = (V/SO)2 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.4-4 can‘be regarded as indi-
cation of the relation between the beamlet divergence and

the radius of the aperture. One ﬁay easily understand that
it is quite difficult to reduce the beamlet divergence less
than 0.75° if we need 75 keV proton beam, and that the beam-

let divergence is larger than 1° for the total extraction

current of 10 A.
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4,3.3 Two-Stage Beam Optics

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 sub-
section. Firstly, the parameter survey has been made by
arbitrarily chosen several values of the aspect ratio and
the gap ratio. Figure 4-5(a) shows the dependence of the
beamlet minimum divergence Woin OF the field intensity ratio
f, for the fixed acceleration voltage of 75 kV, where the
breakdown limit fof the gap distance is neglected. Although

)

it does not cover enough ranges of the parametersf one finds
that Ynin 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
changed. Combination of the equation of motion, Equation of
continuity, and Maxwell's equation lead us to the scaling
law for the beamlet current and perveancé}8) Namely, if o and
8 are the scaling factors of the geometrical length and the

applied potential respectively, then the beamlet current I

scales as
T > 83/%1

For the fixed diameter and transparency of the extraction

grids, the number of apertures n scales according to

*) Namely, the gap ratio g is chosen to be less than 1, and
the product of a and g is small {less than 0.35).
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n -+~ n/o

Thus, the total extraction current Itot and the total per-

v e P scale din
eanc tot S€ les accor g to

3/2a—21

1 + B tot

tot

Using the above relations, we scale the gap distance such

that either d or'd2 may coincide with the break down limit,

1
while the other still satisfys the relation d > (V/50)2.
The transparency and the grid diameter are assumed to be
the same as in the preceding subsection. Figure 4-5(b) shows
the total current thus obtained. It should again be noted
that it doeg not cover enough ranges of parameters. We only
use this figure for the general parameter servey.

Above calculations lead us to the following relations,

where the notations +, + and ~ mean the increase, the

decrease, the nearly equal respectively.

w_. ¥ l
min

d, + —> < and

. Pope ¥
g( = El )t jor
2.
w_._ ¥ w_. ¥
min min
. =B

gd2 +§ and f( = } ¥+ => qand
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min

P(=\—I—+—v—)+ $ and

opt

min
-
l rl+$ and

Popt tot

W s ¥
min

Ldl + —=> ¢ and

Popt

Here, Popt is the value of P where w takes the minimum.

Thus the appropriate way to decrease w_ .. and to increase

POpt is to decrease d2. The smaller dl gives the larger

p , but increases w_._ simultaneously. Although the
opt min
smaller rl gives the smaller Popt' the total perveance Ptot

generally increases.
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4.3.4 Optimization of Two-Stage Acceleration System
In order to obtain a high extraction current with small
beam divergence, both dl and d2 are minimized to the design

limit. The design limit here is again-chosen to be the
2

breakdown distance dB = (V/50)°, (cm, kV}. Solving a set of
equations,
Vl = 50 le
V2 + V3 = 50 /d2
(4-7)
V=V1+V2
S S
v2 + V3 dl
.we obtain
_V+V3
Vl—
1 + £
(4-8)
_fV—V3
V2—
1 + £
and
_ 1 vV o+ V3 2
dl—[%‘ ]
1+ £
. (4-9)
_ 1 £f(v + V3) 2 2
dZ—[—S_ﬁ ]—fdl
1 + £

and distances d, and

Thus, potential differences V., and V 1

1 2!

d2 are unigquely determined in terms of Vv, f and V3.
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From the designing point of view, there may be a minimum
1imit on the aperture diameter provided the transparency is
kept constant. This is because the grid thickness or the
size of the cooling pipe cannot scale tob small. In this
connection, we fix the aperture diameter around 3.5 mm.
Figure 4-6 shows the dependence of Woin and Popt(Iopt) cn the
field intensity ratio for the proton beam accelerated from
the 3.5 mm diam. aperture at V = 75 kV. The extraction
electrodes are again 12 cm in diameter and have 40 % trans-
parency. In order to extract total ion current of 15 A, £
should be larger than 0.6, and the corresponding beamlet
divergence ... is larger than 0.74°. The ion satpration
curren£ density JSat required for the source plasma should
be greater than 450 mA/cmz. If £ is chosen to be 0.6, and
0.8, potentials and grid distances are summarized in Table I.
Figure 4-7 shows the beam trajectories calculated for typicai
values of £f.

When the gap distances are determined by the equation
d = (V/4O)2 instead of d = (V/50)2, a larger safety factor
is included against breakdowns but less Eurrents are extract-—
ed from the same diam. grids (See Fig.4-8). 1In this case,
the beamlet divergence becomes greater than 1.2°, if one
fries to extract 15 A. Thus the critical gap distance as
imposed on the grid design basgsis influences the beam property
significantly. 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
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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.

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. 1In the
preceding subsection, the gap distances are chosen to be
equal to the breakdoWn limit. Here, we increase either dl
or d2 greater than the design limit.

Firstly, the aperture diameter is changed with other
parameters remain unchanged. It is found that.the beamlet
divergence at the extraction of 15 A decreases with decreas-
ing aperture diameter, although it saturates to decrease for
the aperture radius less than 3.5 mm. The results are shown
in Fig.4-9.

Secondly, the gap distance is increased such that either
'dl or d2 becomes greater than the design limit. The parame-
ter f decreases with increasing dl, and increases with
increasing d2. The results are shown in Fig.4-10, where the
beam divergence and the total current chénge appreciably
when the gap distance is increased from the reference point
denoted by the circles at £ = 0.5, 0.8 and 1.2 {(where the
gap distances are minimized to the design limit}). In con-
sequence, the beam divergence is not improved and moreover,
the extraction current decreases significantly.

Thus it may be recommended that the aperture diameter

should be 3.0-3.5 mm and the gap distances be equal to the

breakdown design limit.
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4.3.5 Three-Stage Acceleration

In Fig.4-5, the minimum beam divergence decfeases with
decreasing field intensity ratio and is less than 0.5 degree
for £ < 0.5, although the extraction current is low. In
Figs.4-6 ~ 4-9, 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 ITosing high extraction current. We find
that the 2nd aspect ratio CP defined by the radius of the
second stage acceleration aperture r, divided by the second
gap d2’ is the important parameter. Namely, in Fig.4-5,

(= a-g) is always less than 0.35, while in Figs.4-5 ~ 4-9,
)

a)

*
is much larger for small values of £f.’ Indeed, the de-

a2
crease of f is effective in reducing the beam divergence,
provided the field intensity ratio represents the approximate
vélue 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.4-7. Thus, even if £ is
less than 0.5, the value of faxis (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 2nd aspect ratio a, without changing
other parameters. In order to achieve this situation, the
aperture diameter of the an‘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

*) For instance, a; = 0.70, 0.95 and 1.46 corresponding to

the latter three cases in Fig.4-7.
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electric field approach uniform.

For the first way, we find that the minimum beam diver-
gence can be reduced by 0.05° when 2r2 and 2r3 are decreased
from 3.5 mm to 2.45 mm (a, : 1.39 » 0.97) for the case of
£ =0.3. For the second way, the potential difference

between grids V, and the gap distance di are given by

vV + V
V., = 4
1 1 + fl +!flf2
£ (V + V)
1 4
v, = (4-10)
2 1+ fl + flf2
v - flfzv - {1 + fl)V4
3 1+ fl + flf2
and
a. = (V./50)%  (kV, cm)
1 1 !
B 2 2 _
d2 = (V2/50) = fl dl (4-11)
_ 2 2 2
d3 = (V3 + V4/50) = fl f2 dl
where fl and f2 are defined by
f =E_l=vld2
1 E2 V2dl
{4-12)
I D
2 By (V3 +V,)d,

We calculate next two cases assuming the aperture diameters

2rl = 2r5 = 3.5 mm, 2r2 = 2r3 = 2r4 = 2.45 mm
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(a) fl = f2 = 0.5

0.37, t, = 1.0

(b) fl

Figure 4-11 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 about 0.1° by introducing the

three stage acceleration system.
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4,3.6 Conclusion

From our computational results, we find it possible to
obtain a proton beam with energy of 75 keV, current of 15 &
and divergence of about 0.6 degree from the 12 cm diam.
extraction grids with 40 % transparency. In this computa-
tion, the effects of the ion and electron temperature of the
source plasma on the beam cptics 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
joads. 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.
In 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 is composed of atomic and molecular'ions, the effects
of mixed species on beam characteristics are not considered
in the computation. Finally, the collisions such as charge
exchange, ionization and desociation are not considered 1in
the ion acceleration region.  In addition, the ion backstream
from the subsequent beam plasma region is not included in
the calculation. These effects may change the beam optics
as well as increase the heat load of the grids. Consequently,

the divergence of the actual multiampere beam becomes larger
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than that of the computation by about 0.2° - 0.3°.

The electrical breakdown among extraction grids has
important effects on the beam characteristics. It is neces-
sary to investigate the breakdown condition above tens of
kilovolts, which may depend, for example, on the gas pres-
sure between the grids and the materials of the grids.

It is found that the beam divergence in the two-stage
configuration dependé strongly on the field intensity ratio
£, 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 az,.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 1s chosen according to the

breakdown distance.
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4.4 Experimental Results of Two-Stage Beam Optics

4.4.1 Experimental Procedure
The experiments were performed with a JAERI 7-cm duopi-

gatron plasma source with two-stage acceleration system,
which is shown in Fig.4-12. The two=-stage acceleration
system (Model B) is composed of four grids called plasma
grid, gradient grid, suppressor grid and exit grid, respec-
tively (See Fig.4-13). The plasma grid in contact with a
source plasma is held at a positive high potential corre-

sponding to the desired beam energy vtot (= V + Va ).

ext ccC

The potential Vacc is applied.at the gradient grid. The
suppressor grid is biased at negative voltage Viec to sup-
press the electron backstreaming from the downstream beam
plasma region. In the present experiments, vdec ig fixed
‘to 1.6 kV. The exit grid is grounded electrically. The
electric currents intoc the plasma, the gradient and the sup-

dec

The polarity of the current Ig is alsc shown in Fig.4-13.

pressor grid are denoted as Ip, Ig and I , respectively.

The accel drain current is expressed as.Iacc, and is equal
to Ip - I . The extraction grids are made of 15 cm diam.
copper disk with 83 apertures over central 5 cm diam. area.
The aperture diameter is 3.5 mm in the plasma and the gradi-
ent grid, while it is 4.0 mm in the suppressor and the exit
grid. The hole pattern is split into 5 sections by 6& water
lines. The transparency of the grids is 43 %. The grid

thickness is 2.0 mm in the plasma and the exit grid and

1.5 mm in the gradient and the suppressor grid. The extraction
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and the acceleration gap distance dencted by dext and dacc'
respectively, are changed in the range of 4.5 - 8.0 mm.

The decel gap distance is fixed to 2.5 mm in the present
experiments.

The ion source is operated with a continuous hydrogen
gas flow from the hot cathode region. The ion beam up to
2.0 A is extracted stably in the range of total acceleration
energy 50 - 70 keV. \The duty cycle of beam extraction is
1/10 - 1/30, and the beam pulse length is typically 100
milliseconds. The e-folding half-width beam divergence is
measured by the scanning colorimeter set 1.0 m apart from
the extractor. The beam dumper of 20 cm diam. is placed
1.6 m apart from the extractor.

To develop ion sources of these specifications, we

5)

have constructed a 100 kV test stand? The two-stage series
power supplies are capable of delivering ion beams up to

40 A at 100 kV level. The voltage up to 80 kV is regulated
by the series tubes, EIMAC Y676 (for the accelerator P.S.),
and Y546s (for the extractor and decelerator P.S.). They
also serve to modulate the current in thé case of breakdowns
within 200 usec. The system can provide the pulsed arc

power either followed by the pulsed acceleration voltage,

or under the continuous acceleration voltage.
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4.4.2 Effects of Gas Pressure on Beam Optics
We first investigate the effect of operating gas pres-
sure on beam optics to see the pressure range under which
the beam optics is not influenced. Here, the beam diver-
gences are measured as a function of hydrogen gas pressures
both in the hot cathode region P.., and in the beam flight

region P__ .. Figure 4-14 shows the dependence of the beam

divergence and Idec on Pvac’ where PVac is changed by intro-

ducing the hydrogen gas to the beam flight region. Other

parameters: such as Pfil’ Vext’ Vacc and Iacc are all fixed;

Pfil = 0.07 Torr, VeXt = 15 kv, Vacc = 35 kV and Iacc = 0.6 A.

This figure indicates that the beam divergence is scarcely

influenced by the pressure P when P ranges from 2 x 10_4
vac vac

Torr to 1 x 10—‘3 Torr. However, a slight increase of the

beam divergence is observed above the pressure 1 x 10—3 Torr.

This is mainly due to the increase of angular scattering of

beam ions with surrounding cold neutrals. On the other

hand, Idec increases rapidly above the pressure 1 X 10‘3

Torr, followed by the considerable increase of x-ray radia-
tion from the ion source. This may be due to the increase
of ion backstreaming from the beam plasma.

Figure 4-15 shows the relation between Pg.q and the

4

beam divergence, where P = 3 x 10 ° Torr, V = 15 kV,
vac ext

v = 35 kV and T - 0.6 A. The pressure P_., is changed
acc acc : fil
by controlling the gas flow rate supplied to the hot cathode
region of the ion source. Simultaneously, it is necessary

to change the arc current to keep the drain current Iacc

constant. The arc current Ia required, and the decel

rc
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current I, . are also shown in the same Figure. From this
result, one finds that the beam divergence is not influenced

by in the range of Peiy ° 0.05 - 0.15 Torr. Further-

Peil
more, When Pfil is smaller than about 0.05. Torr, the source
plasma becomes noisy. However, wWe€ can't observe the bad
cffect of the density fluctuation on beam divergences. On
the other hand, the‘increase‘of Pfil also raises the gas
pressure in the ion acceleration region proportionally, and
hence increases collisions such as charge exchange and
ionization, which cause the secondary ions impinging on the
suppressor grid. This is the reason why Idec.is approxi-
mately proportional to Pfil' though the beam divergence does
not vary.

From the above results, we conclude that the beam diver-

gence does scarcely depend on the gas pressures Pvac and

Pfil in our operating range.
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4.4.3 Relation between Field Intensity Ratio and Beam

Divergence
According to the results of analytical estimation in
the thin lens approximatio§6) or two—-dimensional computer
simulation of ion beam trajectories§7) the field intensity
ratio f is an important parameter for the beam optics in the

two-stage acceleration system. Here, the field intensity

/d (v + vV ), that

ratio £ is defined by £ =V ext Vace gec

extdacc
is, the ratio of electric field intensity in the extraction
gap to that in the acceleration gap. According to the
numerical results in Subsection 4.3, the beam.divergence is
improved with the decrease of f. Here, we investigate the

effect of f on the beam optics experimentally.

The beam divergences are measured as functions of gap

distances d
e acc

<t and dacc and total beam energy Vext + Vv in

the range of drain current I_ . = 0.1 - 1.6 A. Figure 4-16

shows the beam divergence as a function of perveance per

hole in the case of d = 6 mm, d = 8 mm, and V + V
ext ext acc

acc
= 50 keV, where perveance per hole 1s defined by Iacc(vext
+ Vacc)“3/2 divided by the number of apertures. This result
shows that the reduction of the ratio V VAY makes the

ext’ acc
minimum beam divergence Woin decrease for the fixed gap
distances, while we must allow the reduction of optimum
perveance Popt' The latter is defined by the perveance that
gives the minimum beam divergence when the extraction current
Iacc is changed. It also shows that the divergence increases

very gradually above the optimum perveance. Such tendency

is not observed in the single-stage acceleration. This is
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preferable to obtain a low divergent and high perveance beam.
Furthermore, the influence of source plasma density fluctua-
tion on the beam divergence can be reduced when the depend-
ence of beam divergence on the perveance is weak. Figure
4-17 summarizes wide variety of data from the view point of
the dependence of minimum beam divergence and optimum per-
veance on the field intensity ratio. From this figure, it
is seen that the deé}ease of f makes ®oin and POpt decrease,
as is expected by the analytical and numerical estimation.
However, too small field intensity ratio (smaller than 0.2)
again increases the divergence. This may be that the strong

lens effect overwhelm the space-charge expansion of the

beam.
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4.4.4 Effects of Aperture Shape on Beam Divergence
Effects of aperture shape on beam optics have previous-
ly been studied in some detail using ion sources with a single-

stage, accel-decel structure?8r39,40)

Some aperture shape
in the plasma electrode makes a beam with very low diver-
gence (smaller than one degree). In the two-stage configura-
tion, the aperture shape in the gradient grid also has great
influence on beam optics. When the field intensity ratio
is smaller than unity, the gradient grid acts as a positive
lens. In such a case, the aberrations of the lens can be
reduced by chamfering the aperture edge on the downstream
side. Figure 4-18 shows the types of aperture shape studied.
All the above experiments are made by using the type 1 grid.

Figure 4-19 shows the beam divergence as a function of
perveance per hole for aperture types 1 - 4, where dext = dacc
= & mm, V = 15 kV and V = 35 kV. Chamfering of

ext acc

apertures in the gradient grid together with that in the
plasma grid is indeed effective, and the beam divergence is
reduced by about 0.5 degree in the type 4 grid, compared
with the type 1 grid.

Tn Fig. 4-20, the dependences of the beam divergence
on the perveance per hole in type 4 are compared with those
in type 1, for a set of values of Vot and Vacc’ when
\Y + V = 50 kV and d =4d = 6 mm. Alsoc shown in

ext acc ext acc
Fig.4-21 is the effectiveness of chamfering in the cases of
v + v = 60 kV and 70 kV. Thus, considerable improve-
ext acc

ment of the beam divergence is made, which does scarcely

depend on the field intensity ratio or total beam energy.
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However, the improvement is somewhat retracted as the field
intensity ratio becomes large. This is mainly due to the
fact that the lens effect of the gradient grid is decreésed
as the ratio f becomes large, and the chamfering for the
improvement of aberrations is no more meaningful.

To increase the beam current further, we chamfered the
plasma grid deeper by the indication of Ref. (40) and (41) .
By using this grid,“we have obtained a 70 kV, 2.0 A ion beam

with beam divergence of 1.4 degree, where dext = & mm,

dacc = 4,5 mm, Vext = 30 kV and vacc = 40 kV..



JAERI-M 8357

4.4.5 Heat Loading of the Grids
The energy deposition to the extraction grids will be
a critical problem for ion sources of the long beam duration.
Tn the case of single-stage acceleration, the heat loading

)

of the extraction grids is studied in some detail?2 Here,
the heat loading of the extraction grids (Grid Type 4) 1is
measured in the case of two-stage acceleration.

In Fig.4-22, the beam divergence, the electric current

flowing into each grid, and the calorimetrically measured

heat loading of each grid and beam dumper are shown as a

function of extraction current I , where d = d = 6 mm,
acc ext acc
v = 15 kv, V = 35 kv, P_.. = 0.07 Torr and P =
ext accec fil vac
1.6 x 10“4 Torr. The heat loading is normalized by the beam
power, Iacc X Vtot' The decel current Idec depends on the

number of energetic ions and neutrals impinging on the sup-
pressor grid. Such particles consist of extracted primary
ions and the secondary particles produced by the charge
exchange or ionization, together with backstreaming ions
from the beam plasma. Therefore, Idec depends on the beam
divergence, extracted current Iacc and ﬁhe pressure in the
ion acéeleration region. In most.cases studied here, Idec
is smaller than 0.1 x I_ .. The current of gradient grid Ig
is negatively small at lower extraction current Iacc' At
higher Iacc’ however, a sharp increase of Ig is observed.
The positive Ig indicates that the direct interception by
the gradient grid is dominant, while the negative Ig indi-

cates that the secondary electron inflow due to the inter-

ception by the suppressor grid is dominant. Therefore, the
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sharp increase of Ig at higher Iacc suggests that the menis-
cus of ion emitter becomes convex. The plasma grid receives

the most loading, 1.7 kW or about 200 Watts per cm2 at

Iacc = 1.2 A, where the loading by arc discharge is included.
This value is about a factor of 2 greater than we have al-
15)

ready demonstrated for 10 sec operation, The heat loading
of suppressor grid is the smallest of the four grids.

Tt should be noted that the divergence and the ratios of
heat loading of various grids are minimized when Ig is
nearly equal to zero.

In the case of Vext = 10 kV, Vacc = 40 kV, where the
field intensity ratio is very small (0.25) compared to the
above case (See Fig.4-23), the characteristics are similar
to those of Fig.4-22 for Ig < 0. For Ig > 0, however, the
heat loading of the gradient and the plasma grid increases
appreciably compared with that of the exit or the suppressor
grid, in spite of the decrease of beam divergence. Large
heat loading of the gradient and the plasma grid is due to
an increase of impinging ions on the suppressocor and the
gradient grid. However, the ions passiﬂg through the gradi-
ent grid are focused by the strong positive lens effect,
which makes the divergence very small. It is noticeable
that, although the heat loading of the plasma and the gradi-
ent grid is very large, the beam with very low divergence
smaller than one degree can be obtained at Iacc = 0.6 A
beyond which it was impossible to extract ion beams.

In order to decrease the impinging ions on the gradient

grid which cause the large heat loading of the plasma and



JAERI-M 8357

the gradient grid, we tried to

of the gradient grid to 4.3 mm.

reduce the heat loading of the

by about 50 % without changing

at I =~ 0.6 A. Although the

acc

with T for I > 0.6 A, we
acc acc

table current to 0.8 A.

enlarge the aperture diameterxr
By this method, we can
gradient and the plasma grid
the beam optice for the worse
heat loading again increases

can raise the maximum extrac-

This is also due to the decrease

of impinging ions on the gradient grid, which makes it pos-

sible to operate the ion source stably.
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4.4.6 Conclusion
The beam divergence does scarcely depend on the oper-—

ating gas pressure both in the ion source (Pfil) and in the

beam flight region (Pv
4

ac)’ when Pfil = 0.05 - 0.15 Torr and

P = 2 x 10 % -2 x 1073 Torr. We find the tendency that

vac

the minimum beam divergence is improved with the decrease

of field intensity ratio £, while one must allow the decrease
of optimum perveancé, the perveance at which the beam diver-
gence is minimum. However, too small f (smaller than 0.2)
again increases the divergence. For obtaining a high per-
veance and low divergent beam, it is preferable that f takes
the value about 0.3 - 0.5. The chamfering of apertures in
the gradient grid is effective together with that of the
plasma grid, to improve the beam divergence. By chamfering
the plasma grid deeper, we can extract a beam of 2.0 A at

70 keV from the 5 cm diam grid with 83 apertures. The ratio
of heat loading of each grid decreases with the improvement
of beam optics, and their level is typically less than about
2 ¢ at the optimum perveance. For the case of small £
(smaller than 0.25), however, only the ﬁeat loadings of the
plasma and the gradient grid become very large in spite of
the decrease of beam divergence, above a certain perveance

value. These large loadings can be reduced by enlarging

the aperture diameter in the gradient grid.
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§5. Focusing by Beamlet Steering in Two-Stage Acceleration

System

5.1 Introduction

The beam line length of the injector becomes up to
several to ten meters with the increase of target plasma
thickness. The long beam line diminishes the effectiveness
of beamlet steering; and imposes the further improvement of
beamlet optics. 1In the initial design of JT-60 injector
where 4 iqn sources with 12 cm diam. extraction grid are
applied, the improvement of injection power by beamlet
steering is several percent. However, we can expect the
improvement above 10 %, in the present design where 2 ion
sources with larger extraction grid (12 cm x 27 cm rectan-
gular grid) are used. Then, we can see that the focusing
bf ihdivisual beamlet to the injection port is necessary to
improve the injector efficiency, as discussed in Section 2.
Here, the beamlet steering by aperture displacement in the
two-stage acceleration system (Model A} is investigated by

introducing a thin lens model.
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5.2 Derivation of Steering Characteristic

Two methods can be considered for the beamlet steering;
one is by aperture displacement, and the other is by curved
electrodes. In the latter case, extraction grids should be
spherically concave SO that the curvature center of the
grids corresponds to the focal point. For instance, the
24 cm diam. grid shgll be concave only by 0.90 mm compared
with plain disk grid at the axis, if we need the focal point
g m apart from the grid.

on the other hand, the focusing by aperture displace-
ment has been investigated both in experimenté and in a

6)

simple model in thin lens approximation} Here, we applied

this simple model to the beamlet steering in the two-stage

acceleration system§7’¢L44hn aperture with a different poten-—

tial gmaddéent on each side acts as a lens with focal length

Zf = 4V/(E2 - El) for a round aperture and Zf = 2V/(El - E2)

for a slit aperture, respectively. Here, El and E2 are,
respectively, the electric field on each side of the extrac-
tion grid, and eV is the energy of the beam which pass
through the grid, where e is the ionic éharge. The two-
stage écceleration system consists of two lenses. The first
lens is formed by the electric fields in the first and the
second gaps, and the second lens ig formed by the electric
fields in the second and the third gaps. 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 k1 = 0.9 ~ 1.0 and

E

5 = kz(v2 + V3)/d2 with k2 = ~1.0 in the wide range of the
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beam current density, if the gap distances are enough larger

37,45}

than the aperture radius. Here, Vl' vV, +V and V. are the

2 37 3
potential drop in the first, the second, and the third gaps,

respectively. dl and d2 are the distances of the first gap

and the second gap, respectively. Therefore, we choose

El = Vl/dl and E, = (V2+V3)/d2, though in the single-stage

acceleration the deflection angle by aperture displacement

agrees well with the experimental results when we put

. . 16
Ey = 4V1/3dl in the plane parallel approximation. ) The focal

length of the first and the second lenses are given as

follows: for a round aperture;

Fy = 4v,/(Ey = Eq) = 4d,pglg - p)
(5-1)
F2 = 4(Vl + Vz)/(E3 - Ez) = —4d2(1 + p)
and for a slit aperture;
Fy = 2vl/(E2 - E,) = 2d,pglg - P)
X {5-2)
F2 = 2(V1 + Vz)/(E3 - EZ) = -2d2(1 + p) '

where p is the potential ratio defined by p = Vl/(V2+v3)

and g 1s the gap ratioc defined by g = dl/dz' There are

three cases in the aperture displacement, which are the
displacement in the plasma grid{a), the gradient grid(b),

and the suppressor grid(ec), respectively {(See Fig.5-1).

Ccase (c) is eguivalent to the simultaneous aperture displace-

ment in the plasma and gradient grid. It is natural that
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the displacement of the exit grid does scarcely cause the
deflection of beamlet axes because of the small difference
of electric field intensi£y on the both side of the grid as
well as the large beam energy corresponding to the final
beam energy. The ratios of reflection angle of the beamlet
5 to the radial displacement of the grid A are given as

follows for each case,

@ - (Lo 1. F1-9; _ 5g-5p-4p°
Al F2 dZ_Fl F1 16d2P(1+p)g
(5-3}
-for a round aperture
d
(b) 8 - ( L _ 1 ) _2 _ (4p+5) (g-p)
By F, d, Fy 16d2p(l+p)g
(5-4)
for a round aperture
S for a round aperture
44, (1+p) P
(©) =1 = (5-5)
32 1 .
- EEETiigT for a gllt aperture

Figure 5-2 shows the deflection characteristics for each
case as a function of field intensity ratio f, which is
defined by the ratio of electric field intensity in the
extraction gap to that in the acceleration gap, and is equal
to p/g. According to the results in experiments using a

46)

duopigatron ion source with two-stage acceleration system

or two-dimensional computer simulation of ion beam trajec-

tbries}ﬁ) the field intensity ratio £ is an important parameter
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for the beam optics in the two-stage acceleration system.
Namely, the beam optics does scarcely depend on the aspect
ratio, gap ratio g, and potential ratio p, SO long as f is
fixed. The smaller beam divergence can be obtained as the
ratio f becomes smaller. However, higher perveance can be
obtained with the increase of £. To obtain high perveance
and low divergent beam, the value of £ around 0.5 is adequate.
From the results in fig.S-Z, the first two cases are inade-
guate in that the displacement characteristic depends
largely on the parameter f. In the third case, however, the
deflection does scarcely depend on f. In other words, the
focal length does not vary in the wide range of operating

condition of an ion source.
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5.3 Discussion
The good displacement must be larger than the mechanical
inaccuracy t~0.1 mm, but far smaller than the aperture

diameter to keep good beam optics;

Mechanical inaccuracy 0.1 mm << A << Aperture Diameter,
(5=6)

Now, when f = 0.5, dl = d2 = 6 mm, focal length Zf = 8 m,
and the radius of the extraction grid is 12 cm, the displace-
ment A3 at the periphery of the grid is about 0.5 mm for a
round aperture. This is the practical value of the dispace-
ment. Consequently, the beamlet steering by aperture
displacement is possible for the case of two-stage configu-
ration.

The analysis here by the thin lens approximation has
some limitations, because the above results include no
dependence on the radius of the apertures or the thickness
of the electrodes. 1In general, the error in the above
analysis increases appreciably when the radius of the
apertures becomes comparable or smaller fhan the thickness
of the electrode or becomes large: than the gap distances
between the electrodes. However, the error may be small
because we use the electric field intensity El, E2 and E3

obtained in the two-dimensional computer simulation.
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§6. Conclusion

As one of the works in research and development of high
power ion source for JT=-60 neutral beam injector, the beam
optics in two-stage acceleration system has been investigated
both numerically and experimentally. The results obtained
contribute to the design of JT-60 neutral beam injector.

The beam line length of the injector becomes up to
several to ten meters with the increase of target plasma
thickness. The long beam line diminishes the effectiveness
of beamlet steering, and imposes the further improvement of
beamlet optics. In the initial design of JT-60 injector
where 4 ion sources with 12 cm diam. extraction grid are
applied, the improvement of injection power by beamlet
steering is several percent. However, we can expect the
improvement above 10 %, in the present design where 2 ion
sources with larger extraction grid (12 x 27 cm rectangular
grid) are used. The accurate orientation of the total beam
to the center of the injection port proved to be very impor-
tant for the injector with small acceptance. The beam
deflection above 0.5 degree is sure to decrease the injection
efficiency appreciably.

A computer simulation code for cylindrically symmetric
ion beams has been developed for the design of ion
extraction/acceleration system and the optimum operating
condition of an ion source. The validity of this code is
checked by comparing the experimental data with the computa-
fional results. It is seen that the computer code simulates

the actual ion beam trajectories fairly well.
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By making use of this code, two-stage ion beam optics
was investigated. It is found that the beam optics in the
two-stage acceleration system depends strongly on the field
intensity ratio f£. Namely, the beam optics scarcely depends
on the gap ratio, and potential ratio, so long as the field
intensity ratio is fixed. The smaller beam divergence can
be obtained as the ratio f becomes smaller. However, higher
perveance can be obtained with the increase of f. To obtain
high perveance and low divergent beam, the value of f around
0.5 is adequate. It is pointed out that the optimum opera-
tion conditions (grid potentials and gap disténces) can be
determined uniquely once the ratio f and the total beam
energy are given.

These computational results agree well with the experi-
mental data obtained by using a duopigatron ion source with
two-stage acceleration system. It is found experimentélly
that the gradient grid current is deeply related to the beam
optics and the grid heat loading.

Finally, the beamlet steering by aperture displacement
was investigated in the two-stage accelefation system by
introducing a thin lens approximation. It is found that
the simultaneous aperture displacement in the plasma and
gradient grids (or suppressor and exit grids) is adequate
in that the steering characteristic does scarcely depend on
the field intensity ratio which determines the two-stage
ion beam optics.

From the above results, we are fully convinced of

obtaining a proton beam which satisfy the requirements
imposed on the JT-60 neutral beam injector.
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Figure Captions

Schematic illustration of the extraction grid and
the injection port. The point (Xp, Yp, Zp)
indicates the center of beamlet emitted from the
point (Xg, Yg, 0).

pependence of the beam fraction passing through
the injection port F on the beam line length Zp,

as a parameter of beamlet divergence. The broken
curves indicate the case without beam focusing.
Relation between the beam fraction F and the
beamlet divergence w, when Rg = 6 cm, Rp = 20 cm
and Zp = Zf = 8 m.

Dependence of the beam fréction P on the beamline
length Zp, as a parameter of grid radius Rg’ where
R and w are fixed to 20 ecm and 1.0°, respectively.
The solid line indicates the case with beam
focusing.

Relation between the beam deflection angle €& and
the beam fraction F, as a parameter of beamlet
divergence w. The radial displacement of the

beam at Z = Zp is denoted by A.

Block diagram of computer program.

Showing the relationship between the points

A, B, ¢, Dand O ﬁsed in Eg.3-4.

Schematics of the duopigatron ion source with

single hole extraction electrodes. The beam

divergence is measured by the Faraday Cup placed

44 cm apart from the extraction electrode.
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Schematics of the ion extraction region. The
computed beam divergences are compared with the
experimental data for this configuration.
Comparison of the measured beam divergence with
calculated one.

Two models of the two-stage acceleration system
(Model A and Model B).

Illustration of lens actions in the two-stage
acceleration system.

Dependence of the minimum beamlet divergence of
the 75 keV proton beam on the shape of aperture
in the first grid.

Dependence of the minimum beamlet divergence of
the 75 keV proton 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 £ for the fixed acceleration
voltage of 75 kV (a), and the dependence of the
total extracted current fromlthe 12 cm diam. grids
with 40 % transparency on f (b), where the gap
distances are scaled such that either d1 or d2
may coincide with the breakdown limit, while the
other still satisfys the relation d > (V/50)2.

Dependence of ®rin and Po {or Ito ) on the field

pt t .
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.
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Beam trajectories calculated by the computer code
IONORB for typical values of f ; (a) £ = 1.2,

J = 600 mA/cm?, » = 1.04, (b) £ = 0.8, J = 500
mA/cmz, w = 0.83? {({¢) £ = 0.5, J = 400 mA/cmz,
W= 0.770 (4) £ = 0.4, T = 350 mA/cn?, w = 0.72,
(e) £ = 0.3, J = 300 mA/cm?, w = 0.74.
Dependences of ®oin and Po {or I )y on f, when

Pt tot

the gap distances are determined by the egquation
d = (V/40)2(kV, cm) instead of 4 = (V/50)2.
Relation between the divergence and the aperture
diameter, where the total current is fixed to be
15 A.

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.

Typical examples of beam trajectories in the

three-stage acceleration system ; {a) fl = 0.5,
N [+]
£, = 0.5, J = 550 ma/cm?, w = 0.58 and (b) £, = 0.37,
©
f2 = 1.0, J = 400 mA/cmz, w = 0.63.

Duopigatron ion source with two-stage acceleration
system.

Schematics of the two-stage acceleration system
Composed of four grids, and the power supply
system.

Dependence of beam divergence and decel current
IdeC on the pressure in the beam flight region

P

vac’'
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Relation between the pressure in the ion source

and the beam divergence. Decel current Ide

Pfil c

and required arc current Ia are also plotted.

rc
Beam divergence as a function of perveance per
hole, where total beam energy 1is fixed to 50 keV.
pependence of minimum beam divergence Woin and
optimum p?rveance POpt on the field intensity
ratio.

Types of aperture shapes studied.

Improvement of beam divergence by chamfering the
aperture edges.

Dependences of beam divergence on perveance per
hole in type 4 grid are compared with those in
type 1, as parameters of Vext and Vacc‘
Dependences of beam divergence on perveance per
hole in type 4 grid are compared with those in
type 1, where total beam energy is 60 keV and

70 keV.

Divergence and grid current (upper) and calori-
metrically measured heat loading of various grids
and beam dumper (lower), vs. extraction current
Iacc' where field intensity ratio is 0.43.
Divergence and grid current (upper) and calori-
metrically measured heat loading of various grids
and beam dumper (lower), vs. extraction current

I cc’ where field intensity ratio is 0.25. |

Three cases in the aperture displacement, which

are the displacements in the plasma grid (a),
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the gradient grid (b), and the suppressor grid (cj,
respectively.

Fig.5-2 Deflection angle divided by the aperture displace-
ment §8/A for each case as a function of field

intensity ratio f.
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Table I Potential drops and gap distances when f is

equal to 0.6 and 0.8.

f Vl (kV) V2 (kV) d1 {rm) d2 {mm) W
0.6 48.1 26.9 9.3 3.3 0.74° |
0.8 42.8 32.2 7.3 4.7 0.80°
Injection Port
Y
Rp (X.Y) Extraction Grid
Z=7

Figure 2-1
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(INPUT)

Electrode Geometry
Electrode Potential
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