
JAERI-M 
8 3 5 7 

TWO-STAGE ACCELERATION OF AN ION BEAM FOR 

HIGH POWER ION SOURCE 

July 1 9 7 9 

Yoshihiro OHARA 

B * & * i: m n m 
Japan Atomic Energy Research Institute 

~AERI-M 

835 7 

TWO-STAGE ACCELERATION OF AN ION BEAM FOR 

HIGH POWER ION SOURCE 

July 1 9 7 9 

Yoshihiro OHARA 

日本原子力研究所

Jopan Atomic Energy Reseorch Institute 



zm#&WHt, BXlg.+Mlflsmtf JAERI-M vtf-YtLX, TOffllcfflffLTv^ 

JAERI-M reports, issued irregularly, describe the results of research works carried out 
in JAERI. Inquiries about the availability of reports and their reproduction should be 
addressed to Division of Technical Information, Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken, Japan. 

この報告書Ij;， 日本原子力研究所がJAERl・M レポートとして.不定期に刊行している

研究報告書です.入手.複桜などのお間合わせは，日本原子力研究所技術情報部(茨城県

那珂郡東海村)あて.お申しこしください.

JAERI.M reports， issued irregularly， de皿ribethe results of research works carried out 

in JAERI. lnquiries about the availability of凹portsand their問 productionshould be 

add同 時edto Division of Technical Information， Japan Atomic Energy Re民archInstitute， 

Tokai-mura， Naka-gun， Ibaraki.ken， Japan. 



JAERI-M 8357 

Two-Stage Acceleration of an Ion Beam 
for High Power Ion Source 

Yoshihiro OHARA 

Division of Thermonuclear Fusion Research, 
Tokai Research Establishment, JAERI 

(Received July 6, 1979) 

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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高出力イオン源のためのイオンビームの 2段加速

日本原子力研究所東海研究所核融合研究部

小原祥裕

( 1979年7月6日受理)

JT-60用中性粒子入射装置用高出力イオン源の開発研究の 1っとして. 2段加速系のビーム

光学が計算機シミュレーション及び実験により調べられた。計算機シミュレーションのための，

イオンビーム軌道計算コードが開発された。 ζのコ』ドを用いて，ニ段加速系のビーム光学が明

らかになった。シミュレーションの結果は，実験結果とよい一致を示した。さらに，ビーム光学

と電極熱負荷及び傾斜電極電流との深い関係が実験的IC明確になった。一方，電極孔の軸ずれに

よるビーム集束法が，近軸近似により調べられた。得られた結果は. JT-60用中性粒子入射装

置用高出力イオン源の設計及び開発に責献した。
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§ 1. Introduction 
In order to realize a reactor plasma, it is required 

14 -3 not only to raize nx above 10 cm «s, but to increase the 
plasma temperature up to 10 keV. The Ohmic heating is not 

a promising tool for the attainment of reactor temperature. 

As one of the more powerful auxiliary heating methods, 
1 2) injection of powerful neutral beams is clearly expected.' 

The first injection experiments of neutral beams into tokamak 
plasma were performed at the Culham,' ' Princeton, and 
Oak Ridge Laboratories in 1972 - 1973 using the devices of 

CLEO, 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 

7) 8) 9) 10) of tokamaks such as DITE, TFR, T-ll, and JFT-2 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 powerful, higher-energy 
neutral beam injectors, we are convinced of attaining an 
ignition temperature in the future tokamaks such as TFTR, 
JET, T-20 or JT-60. ' 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 
beam injector for JT-60, the ion sources are required to 

deliver a low divergent hydrogen ion beam of 35 amp at 75 kV 
12) for 10 sec. The e-folding gaussian beam divergence within 

- 1 -
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one degree at the ion current density above 0.27 amp/cm , 
are required to fit the acceptance angle of the tokamak 
device. However, the ion sources of these specifications 
have not been developed yet. Our efforts must be concen
trated on beam optics, source plasma production and cooling 
of the extraction/acceleration grids which appear to be the 
basic problems involved in the high power and long duration 
ion source development. 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 proportional 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 
stag';, i.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 relation 
of injection efficiency with the beamlet divergence and the 
focusing of individual beamlet to the injection port. 

- 2 -
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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-stage 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. 

- 3 -
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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 

- 4 -

JAERI-M 8357 
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ion source is roughly regarded as a point source， when it is 

viewed from the injection port. 工nsuch a case， it is 
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not easy to obtain a bearn with low bearnle七 divergencea七 high

curren七 density・

On七heother hand， larger七argetplasma thickness 

dernands further increase of beam energy， which induces a 

rapid decrease of neutraliza七ionefficiency above the beam 

eneどgyaround 60 keV. For the ion sources of JT-60 neu七ral
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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) is 
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 

13) with e-folding divergence w. Experimentally, the beam 
intensity distribution measured calorimetrically is almost 
gaussian. The center of each beamlet extracted from the 
aperture at Z = 0 is directed toward a focal point at Z = Z f. 
The radius of extraction grid at Z = 0 and that of the 
injection port at Z = Z are denoted by R and R , respectively. 

tr 9 P 

The beam intensity Ij at the point (x,y) on the Z = Z plane 
is expressed as follows when i-th beamlet is emitted from a 
point (x\ Y ) on the extraction grid (See Fig.2-1); 

y y 
1 R 2 

l, = ( -±z ) exp { - ^ } (2-1) 
o o 

where 

R = Z tan (o o p 

R2 = (X - X p ) 2 + (Y - Y p ) 2 

Zr> ~ Z P , 
XP ( 2 f ' Xg 

z „ ~ z * i Y = ( -2 ^ )-Y * 

Here, the point (X , Y ) is the center of beamlet intensity P P 
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2.2 Numerica1 Mode1 of Beam ~rac七ion to the Injection Port 

We investigated numerica11y the effects of beam 

focusing on七hefrac七ionof beam passing through the injec-

七ionport of七hetorus. 工nthe numerica1 mode1， each beam-

let has an axisymme七ricgaussian beam intensity distどibution

13) with e-fo1ding divergence ω-:-' Experimen七a11y，七hebeam 

intensity distribution measured ca1orimetrica11y is a1most 

14) 
gaussian~~1 The center of each beam1e七 extractedfrom the 

aperture at Z = 0 is direc七edtoward a foca1 point at Z = Zf. 

The radius of extrac七ion9どidat Z = 0 and that of七he

injection port at Z = Z~ are denoted by R~ and R~ ， respectively. 
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The beam in七ensityIi at the point (x，y) on七heZ = Zp p1ane 

is expressed as fo11ows when i-th beam1et is emi七七edfrom a 

point {X~ ， Y~) on the extraction grid (See Fig.2四 1)i g" ~g 
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-
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工

_2 
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o 0 
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Here， the poin七 (X_，Y_) is七hecen七erof beam1et intensity 
P' P 
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distribution at Z = Z . Consequently, the total fraction of 
XT 

the beam which pass through the injection port is obtained 
by the fo3.lowing equation; 

3 r n 

= -- 2 I . 
nJJi=l x 

dS 

- 1 r r ; 
™*^JJ i-1 

R 2 
e x p { - £ - - } dS ( 2 - 2 ) 

R o 

where n denotes the number of the beamlets in the extraction 
grid, and dS is the surface element in the injection port. 
When Z_ is 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 performed in the range of Z p = 5 - 10 m, 
R = 6 ~ 13 cm and to = 1.0° ~ 1.5° at R^ = 20 cm, which will 
g p 
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 era, and 6.5 m, respectively. 
In the modified design, the 12x27 cm rectangular extrac
tion grid is adopted, and Rp and Z are 22 cm and 8.25 m, 

12) 
respectively. ' The equivalent radius of the rectangular 
extraction grid R is approximately equal to 10 cm. 
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dis七ributiona七 Z= Z~. Consequently， the to七a1fraction of 
P 

the bearn ¥l1hich pass through the injec七ionport is obtai.ned 

by七hefollowing equation; 

ロMd
 ・-

T
ム

可ム

n
z
=
 

・
.
1

n
H
H
U
 

司

A
E
R--

F
 

十τrr . ~ _ exp { _ R
2

言 }dS 
官nRo-J J 1.=1 R 

(2-2) 

where n denotes the number of七hebearnle七sin the extraction 

grid， and dS is the surface e1ement in the injection port. 

When Zf is infinite， we can ob七air.lthe bearn fraction to七he

port without bearn focusing. Us:ing七heabove equation 

(2-2)， we ca1cu1ated七hebearn frac七ion七hroughthe injec七ion

por七， where we neg1ected in七eどceptioneffect by七heinjector 

elemen七ssuch as the beam 1imiter or neutralizer. A parameter 

survey was performed in the range of Zp 5由工om， 

Rq=6~13cm and ω 1.00 
- 1.50 a七 R_= 20 cm， which wi11 

P 

cover typica1 design values of the injec七orsfor future 

*¥ 
1arge tokamaks including JT-60. I 

合)王n 1977，.七hedesign of JT-60 neu七ra1bearn injector was 

modified. The number of七heiOJrl sources stacked in each 

injectoJ: unit is reduced from flJur circular ion sources 

to七¥¥'0 rec七angularsources. Thl:l initia1 design va1ues of 
15) 

Rg， Rp and Zp a目 6四， 20四， and 6.5 m， respectively~ 

In the modified design， the 12x，27αn rectangular ex七rac-

tion grid is adop七ed，and Rn and Zn are 22 cm and 8.25 m， -p ----p 
12) ~1.._ __...___，_ 

respec七ive1y"!"~1 The equiva1ent radius of七herectangular 

ex七ractiongrid R~ is approxima七elyequal to 10αn. 
q 
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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 Z , 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 R and the port radius, R are fixed to 6 cm and 
20 cm, respectively. From this figure, we can see that the 
injection power decreases appreciably with Z , when Z becomes 
greater than several meters'. However, we can improve the 
injection power by about several percent by the beam focusing, 
when Z is below 10 m. Figure 2-3 shows the relation between P 
the beam fraction F and the beamlet divergence w, when R = 
6 cm, R = 20 cm and Z = Z_ = 8 m. This result indicates P 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 Z 
as a parameter of grid radius R , where R and u are fixed to 
20 cm and 1.0° respectively. The solid line indicates the 
case with beam focusing to the injection port, and the injec
tion efficiency decreases appreciably with Z , when Z 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 is enhanced with the 
increase of grid radius. The beam focusing to the port is 
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tion efficiency decreases appreciably with Zn' when Zn becomes 
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case without beam focusing. From七hisfigure， we can see 

that the effect of the beam focusing七oraise七hebeam fraction 

passing thどoughthe injec七ionport F is enhanced with the 

increase of grid radius. The beam focusing to the port is 
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not necessar i ly required when R < 6 cm. However, i t i s 
y 

necessary to focus the beamlet axes to the port when R is 
greater than 10 cm. Prom 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 gas cell or beam limiters, beam focusing 
will become much more important when these intercepting ' 
obstacles exist. And so, effective focusing methods must 
be established 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 
mm is inevitable. Experiment shows that the grid radial 
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 6 on P as a parameter of beamlet divergence w, where 
R = 6 cm, R = 20 cm and Z = Z f = 8 m. The radial displace
ment of the beam center at Z = Z 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 Ion 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. ' 

Trajectories of ion beam are calculated by the equations 
of space-charge-limited current flow. The equations for 
space-charge-limited current are ' ' 

2 Poisson's equation V <j> = -p/e (3-1) 

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

Equation of continuity V«J = V«(pv) = 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, H, , H~ , H, , 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 
into 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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~3. Computer Simu1a七ionCode of Ion Beam Trajec七ories

3.1 Simu1ation Model of Ion Beam Trajectories 

A computer simu1a七ioncode for cyliQdrica11y symmetric 

ion beams has ~een developed for七hedesign of the ion 

extraction system and七heop七imumoperating condition of an 

17) 
~on source; 

Trajectories of ion beam are calculated by the equations 

of space-charge-limited curren七 f1ow. The equations for 

18，19) space-charge-limi七edcurrent are 
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v
(3-1) 

Equation of mo七ion
......占

m~Y/d七 e E (3-2) 
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1
"， H

2
"， H

3
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On the other hand， the magne七icfield produced by ion beam 

itse1f is neg1igible. Hence the magnetic field is not taken 

into account in the equa七ion (3-2). Under七heseconditions， 

it is easy七overify tha七 beamtrajectories don't depend on 

mass and e1ectric charge. His七orica11y，ana1ytic so1utions 

七o 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 model, 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 current 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 

24) 
times electron temperature T • 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 equipotential surface under the 
grounded electrode do not. suffer from space-charge-expansion 
because of the presence of electron 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 program is 
shown in Pig.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_ (5* 0) is given by 

bl*A + b2*B + b3*C + VD + V o = " p / eo ' ( 3 _ 4 ) 

where 
b x = 2/a.^l + a ^ h j 2 

b 2 = (2rQ + h 2 ) / r 0a 2(l + a 2)h 2
2 

b 3 = 2 / (1 + a ^ h j 2 

b 4 = (2rQ - a 2h 2) / r Q(l + a 2)h 2
2 

b 5 " " 2 / a l h l 2 " 2 / a 2 h 2 2 - ( 1 ~ a2> / r 0 a 2 h 2 

On the axis, Eq.(3-4) is replaced by 

bl*A + b6*B + Vc + VD = " p / £ o ' < 3 ~ 5 ) 

where 
w A , 2 . 2 b 6 = 4 / a 2 h 2 

b ? = -2 / a ^ 2 - 4 / a 2
2 h 2

2 . 

j>a, <(>„, cf>c, <j)D, (f>_ are the potentials at points A, B, C, D 
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needed for solution. The second acceleration region is 

divided into m{radially} x n(axially) meshes. Nex七， the 

poisson's equa七ionis solved to provide the potential 

distribution by means of successive over relaxa七ionme七hod.

For the cylindrical coordinates，七hefinite difference 
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b =2/a{l +a  )h2 
1 -'-1'-' -1"'1 

b ={2r+h}/r a (1+a )h2 
2 '--0' "2' ， -0-2 ，-. -2'''2 

b~ = 2 / {1 + a，)h，
2 

1'''1 

b =(2r-a h)/r  (1+a }h2 
4 '--0 -2"2" -0 ，- • -2'''2 

2 
b"， = -2 / a，h 田 2/ a~h~. - (1 - a~) / rna~h 1"1 -， -2"2 -2' ， -0-2"2 

On the axis， Eq.(3-4) is rep1aced by 
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and 0 respectively? r Q, h., h 2, a,, a, are defined in Fig.3-2, 
The electric field is obtained by linear interpolation of 
the mesh values. After the field distribution is obtained, 
beam trajectories are then calculated to provide a space 
charge distribution. The space charge density in the mesh 
p.. is obtained by the following equation; 

^ ' ^ J m 1 fcii ' ( 3 6 ) 

where V.. is the volume of torus whose cross section is 
(i,j) cell, I is the total current in the m-th beam and 
t| m is the time interval in which the m-th beam passes 
through the (i,j) cell. This is used in turn for a new 
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 error 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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and 0 respective1y: rO' h1， h2， a1， a2 are defined in Fig.3-2. 
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where Vij is the volume of torus whose cross section is 

(m) (i，主) ce11， I ¥'''' is the tota1 current in七hem-七hbeam and 

(m) 
t:~1 is the time interva1 in which the m-th beam passes 
ij 

thどough七he (i，j) ce11. This is used in turn for a new 

so1ution of poisson's equation fo11owed by a re-computation 

of七hetrajectories. The calculation i~ thus repeated unti1 

the beam trajectories converge to a so1ution. 

The program is checked by changing the potentia1， cur-

rent densi七yand dimensions in a fashion that keeps the 

perveance cons七antand then makes no difference in beam 

七 四jectories. The be制 energyhas some error below 1 -2 

percen七 becauseof the fini七emesh approxima七ion，but no 
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with the ana1y七icalso1u七ionof a beam in field free space. 
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3.2 Validity 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 X corresponds approximately to the thickness of the 
wall sheath which is about ten times the Debye length of the 
source plasma. ' 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 T. = 1.1 eV, T = 10 eV and A = 0.28 mm. Here, 
T can be determined by Langmuir 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 T . On the other 
hand, T. is not measured here, though the beam divergence 
increases with T. in the computation. By choosing T. to be 
around 2 eV, we can fit the data well. However, the above 
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hand， Ti is no七 measuredhere， though the beam divergence 

increases with Ti in the computation. By choosing T
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around 2 eV， we can fit the data we11. However， the above 
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calculations are made under the condition of T. = 1.1 eV, 
according to some estimation about T.. ' This is mainly due 
to the fact that the computation model does not completely 
simulate the actual beam. Namely, the calculation 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 T. to be 1.1 eV rather than to be about 2 eV. In the 
subsequent calculations, the parameters T., T and X 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 assume that the beam 

+ + + . consists of H 1 , H, , and H- species in the ratio a:g:y 
(ot+8+Y = 1) , and the beam of mixed species is space-charge-
limited. Then, the effective mass number of the mixed beam 
M „ is given as follows, 

Meff = l a + , /2M/3y) 2 . (3-7) 

Assuming that the beam trajectory does not vary in the case 

-15-

JAERI-M 835'7 

calculations are made under七hecondition of Ti 1.1 eV， 
22，25) 

according to some estimation about Ti~~'~JI This is main1y due 

to the fact that the computation mode1 does not comp1e七e1y

simulate the actua1 beam. Name1y， the ca1cu1ation does not 

inc1ude the mechanica1 error of the extrac七ione1ectrodes， 

七hedensity f1uc七uationof the source p1asma， and七hec011i-

sions in the ion accelera七ionregion such as charge exchange 

and ionization. 1n addition， the influenee of the stray 

magnetic field from七hesource magnet is not "i;.aken into 

consideration in七heequation of motion. Due to these 

effects， the beam divergence measured wi11 be greater by 

point several degree than that computed. This is why we 

chosen T
i 

to be 1.1 eV rather than to be abou七 2eV. 1n七he

subsequen七 ca1cula七ions，七heparameters T.， T_ and λare 
J." e 

chosen to be 1.1 eV， 10 eV and 0.28 mm， respective1y. 

On the other hand， the disagreement of the optimum 

perveance which gives七heminimum beam divergence is main1y 

due to七hefact七hatthe ca1culation is made in the case of 

atomic hydrogen beam， whi1e the actua1 beam consists of 

atomic and rn01ecular ions. Now， we assume that the beam 
+ --+ ---+ consists of Hl" H2'， and H3' species in the ra七ioα:s:Y

(α+自+Y= 1)， and七hebeam of mixed species is space-charge-

1imited. Then， the effec七ivemass number of the mixed beam 

Meff is given as follows， 

Me ={α + I言 s+ I吉y)2
ff (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 
P . is given by the next equation, 

Popt " Po Pt< Hl +> * Mefr / 2 <3~8> 

where P O D t( Hi ) i s the optimum perveance of proton beam. 
The typical beam composition of JAERI duopigatron is given 
as follows, 2 6 5 

a : 3 : Y = 0-55 : 0.35 : 0.10 

where the beam energy is 30 keV and the perveance is ' 
_g . + 

4.9 x 10 pervs. In this case, P ... = 0.82 x P . (H, ) and 
opt- opt 1 

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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wheどe P_~~(H，+) is the Op七imump4~rveance of proton beam. op七 l

The typical beam composition of JAERI duopigatron is given 

as fo11oWS，26) 

αs  y = 0.55 0.35 0.10 

wheどethe beam energy is 30 keV and the perveance is 

4.9x lo 9pervs.zn七hiscase， P__~ = 0.82 x P__~(H.+) and ， .op七・ opt ¥..1 

七he-20 亀 differenceof optimum perveance between the experi-

menta1 resu1tニsand七heca1culation can be explained. 

From七heabove points of view， we can conc1ude that the 

computer code simulates the actual ion beam trajectories not 

comp1ete1y bu七 fairlywe11. 
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§4. Two-Stage A c c e l e r a t i o n of an Ion 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 

27 28 29 30) 
achieved. ' ' ' ' 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 square 
next relations hold, 

31) tional to the square of an applied voltage. Namely, the 

I cc v 3 / 2 d"2 (4-1) 

V b cc d " 1 / 2 (4-2) 

When the gap distance is chosen according to the breakdown 
distance, we obtain, 
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94. Two-Stage Acce1era七ionof an Ion Beam 

4.1 Introduction 

The neutra1 beam injection turned out七obe one of the 

most powerfu1 and effective me七hodsfor hea七inga tokamak 

p1asma. The neutra1 beam wi七htens of ki1ovo1七senergies is now 

achieved~7 ， 28 ， 29 ， 30) However， deve10pment of more powerfu1 in-

jectors are desir丹dfor七henext generation七okamakssuch as JFT， 

TFTR and JT-60.. Moreover， 1arger七arge七 p1asmathickness 

demonds七hefurther increase of beam energy. For these 

tokamaks， the neutra1 beam injectors require the ion sources 

with beam energy of 50-150 keV， equivarent beam curren七 of

tens of amperes and divergence around one degree. However， 

in the case of sing1e s七ageacce1eration sys七em，the beam 

power density inevitably decreases with the increase of 

acce1era七ionenergies above some 1eve1 due to the e1ectrical 

breackdown prob1ems among extraction grids. This is because 

the ion curren七 densityis space-charge-limi七edand the 

breakdown distance for vacuum gaps is practica11y propor-

31) 
七iona1to the square of an app1ied vo1tage~~' Name1y，七he

next re1ations ho1d， 
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When the gap distance is chosen according to the breakdown 

distance， we obtain， 
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P L = V I = C v " 3 / 2 (4-3) 

where C is the constant. Then, the beam power density P.. 
may decrease inversely as three-halves power of the accelera
tion 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 V, and the second stage acceleration 
voltage V, by adding one more grid, then the power density 
P~ is given by the relation: 

P 2 = C V 1" 5 / 2(V 1 + V 2) . (4-4) 

We find that the power density increases with the increase 
of the second stage acceleration voltage V,, when the total 
acceleration voltage V = V, + V_ is kept constant. Combining 
the Eq. (4-3) with Eq. (4-4) , the ratio Po^i -"-s 9^-ven by 

P 2/P 1 = (1 + V 2 / V , ) 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 V

2/V, increases. The above analysis is perform
ed in the plane-parallel approximation. In 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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(4-3) 

where C is the constant. Then， the beam power density P
1 

may decrease inversely as three喧 ha1vespower of the accelera-

七ionvol七age. This restric七ionis released by decoup1ing 

the current extraction stage and七heacceleration stage， 

i.e.， by employing a.mu1七iplestage acce1eration system. 

If the ex七ractionvol七ageV is divided in七o七hefirst stage 

extraction vo1tage V1 and the second stage accelera七ion

voltage V
2 

by adding one more grid， then the power density 

P
2 

is given by七herela七ion:

-5/2 
P~ = C V， -'-(V， + V~) 1 "1"2  (4....4) 

We find that the power density increases with the increase 

of the second s七ageaccelera七ionvol七ageV2， when the total 

acce1eration vol七ageV V
1 

+ V2 is kept constant. Combining 

七heEq. (4-3) with Eq.(4・4)，the ratio P2/Pl is given by 

5/2 
p..../P， (1 + v.../'人)2' -1 . 2 ( 4-5) 

From七hisrelation， we can see that七hetwo-stage acceler'a-

tion system is more advantageous than the single stage system 

as七heratio V2/V1 increases; The above analysis is perform-

ed in the plane-parallel approxima七ion. In fact， the beam 

power density (i.e. orightness) must be considered in the 

simultaneous cons七rain七 ofbeam op七ics. This is the reason 

why two-stage beam optics were investigated numerically by 
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the cylindrically symmetric two-dimensional ^on 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 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 
voltage holding may be •''n-times larger than that of the 
single stage if the gap distance is constant. AF for the 
heat loading of the extraction grids, the heat loading W 
scales as follows according to Ref.(32), 

W = n" 7 / / 4 (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 electrostatic acceleration of 
high energy ion sources such as linac preinjector. 

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

Extraction Grid : 12 cm diam. (12 cm x 27 cm) 
Transparency : 40 % (40 %) 
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the cylindrically symme七ric七wo-dimensional...，.>n beam code. 

There are other advantages in the mu1ti-stage acce1era-

tion system. By adopting the n-s七ageacceleration system， 

七hebreakdown dis七ancebecomes n-times sma11er than that of 

the single stage when the tota1 extraction vo1七ageis 
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reduced with the increase of the stage number n. 
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for neutral beam injectors has important meanings other than 
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• 12(15) 
presented: 

Ex七ractionGrid 12 cm diam. (12 cm x 27αn) 

Transpaどency 40も (40宅}
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Ion Species : H 2 (H2 or D 2) 
Beam Energy : 75 keV (75 keV) 
Beam Current : 15 A (35 A) 
Current Density 5 

: 330 mA/cm (270 mA/cm2) 
1/e Divergence : 1.0° ~ 1.2° (1.0°) 
Duration : 5 ~ 10 sec (10 sec) 

In the modified design, further improvement 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 
requ i remen t s. 
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工onSpecies H2 (H2 or D2) 

Beam Energy 75 keV (75 keV) 

Beam Current 15 A (3S A) 

Current Densi七Y 330 mA/αn
2 (270 mA/αn2) 

l/e Divergence 1.00 
- 1.2。 (1.00

) 

Duration 5 町 10sec (10 sec) 

工nthe modified design， further improvemen七 insource p1asma 

production is required， but the demand unposed on beam 

op七icsis somewha七 re1ieved.

Here， we investigate numerically the optirnum e1ectrode 

geome七riesand operating conditions that sa七isfythe above 

requirernents. 
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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 composed 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 Pig.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 also 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 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. ' ' In the model B on the other 
hand, the first, the second, the third, and the fourth elec
trodes are all conventional multi-aperture type. In the 
following subsection, 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 = r,/d,, gap ratio g = d./d2# potential ratio 
p = V,/(V, + V.), and the field intensity ratio f = E./E2=p/g. 
Here, r, is the radius of the first grid, d. and d- are the 
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4 • 2 Electrode Syst:em ()f Two-S七ageAcceleration 
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at negative potential to suppress the electron backstreaming 

from the subsequent beam-plasma region. The four七helec七rode

is also single aperture and is grounded electrically. The 
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33，34) investigated numerically~~'~~1 In the model B on the other 

hand，七hefirs七， the second， the七hird， and the fourth elec-

trodes are all conventional multi-aperture type. In七he

following subsection， the optimum configurations in七he

model B are studied in detail. 

There are many parameters in七heex七ractiongrids such 

as aper七urediameter， gap distance， grid potential， grid 

thickness e七c.. However， we. investigate the effects of four 

characteristic parame七erson七hebeam op七ics. They are 

aspec七 ratioa = r1/d1， gap ra七iog = d1/d2， poten七ialratio 

p = V1/(V2 + V
3
)， and the field intensity ratio f E1/E2

=p/g. 

Here， r
1 

is the radius of the firs七 grid，d
1 

and d2 are the 
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first and the second gap distance, V,, v-+V3, and V 3 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. 
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first and the second gap distance， V1， V2+V3， and V
3 

are the 

potential drops in the first， the second and the third gap， 

and E. and E~ are七heelectri.c field in the first and the 1 _..--2 

second gap， respec七ively. As is shown inFig.4-2， extraction 

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

unity and negative-negative lens when f is greater than 

uni七y.
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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 <o. on the shape of aperture. 
Here, the minimum beamlet divergence is obtained by changing 
the ion saturation icurrent density in the source plasma. 
In the case (a), the aperture is a disk type without chamfer
ing of the edge. On the other hand, the edge of aperture is 
chamfered in the cases (b), (c), (d), (e), and (f). From 
this results, we see that the deeper chamfering of the edge 
reduces the beam divergence. However, when the chamfering 
is deeper above soma level that is determined by the trans
parency of grids, the overlap of the chamfering between 
neighbouring ones is inevitable and consequently exercises 
bad influences on the beam optics. Therefore, we choose the 
shape in the case (e) for the subsequent calculations. 
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4.3 Cαnputer Simu1ation of Two-Stage Acce1eration 

4.3.1 Aperttire Shape in the Plasma Grid 
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shape in the case (e) for the subsequent 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 acceleration gap d is 
eqaal to the breakdown distance d. , 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 d. in vacuum has been investigated 
31) experimentally in some detail by the Culham group. The group 

presented a relation V = 60 f&T (kV, cm) for the gap distance 
of 2-5.5 mm, while operating the source. Instead, we take 

2 somewhat artificially, the relation d b = (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, Pig.4-4 can be regarded as indi
cation of the relation between the beamlet divergence and 
the radius of the aperture. One may 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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4.3.2 Single-S七ageAcce1eration 

Secondly， we consider the sing1e-stage extrac七ionsystem 
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out changing the beam1e七 characteristics.

The breakdown distance d
b 

in vacuum has been investigated 

31) 
experimenta11y in some detail by the Culham group~.' The group 

presented a re1ation V 60凋b (kV，明) for the gap distance 

of 2-5.5 mm， while operating the source. l:ns七ead，we七ake

somewha七 ar七ificia11y.the re1ation db = (V/50)2 for the 

design limit of七hegap distance. Since we assume that the 

potential of the positive and世田 negativeelectrodes are 

75 kV and -2 kV， respectively， the gap dis七anceis constan七

and is 2.37αn. Therefore， Fig.4-4 can be regaどdedas indi-

ca七ionof the re1ation between the beamlet divergence and 

the radius of the aperture. One may easily understand that 

it is quite difficult to reduce the beamle七 divergenceless 

than 0.750 if we need 75 keV.proton beam， and tha七七hebeam-

le七 divergenceis 1arger than 10 for the七otalextrac七ion

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 u . on the field intensity ratio 

m m 
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 oo . 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 perveancer8' Namely, if a and 
3 are the scaling factors of the geometrical length and the 
applied potential respectively, then the beamlet current I 
scales as 

i H. e 3/ 2i 

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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工.... s 工

For the fixed diameter and transparency of the extどaction

grids， the number of apertures n scales according to 
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n •+• n / a 

Thus, the total extraction current I f c o t and the total per-
veance P±.ni. scales according to 

Itot * 3 a Itot 

Ptot + a' 2 ptot 

Using the above relations, we scale the gap distance such 
that either d. or d- may coincide with the break down limit, 

2 while the other still satisfys the relation d >̂  (V/50) . 
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 does 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. 

2 

d 2 + = > 

or 

K +=^ 

min + 
and 
P 1 opt 

->• 

' 0) . 
min 

+ 0) . + 
min and • f( - I ' + ̂  • and 

P . 1 opt + P . + + k opt 
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Using the above relations， we scale七hegap distance such 

七ha七 eitherd
1 

or d2 may coincide with the break down limit， 

while the other still sa七isfysthe relation d三 (V/50)2.

The transparency and the grid diameter are assumed to be 

the same as in the preceding subsec七ion. Figure 4-5(b) shows 

七he七otalcurどen七 thusobtained. 工tshould again be no七ed

that it does not cover eQoughでangesof parameters. We only 

use this figure for the general parame七erservey. 

Above calcula七ionslead us to七hefollowing relations， 

where七henotations t， ~ and ~ mean七heincrease， the 

decrease，七henearly equaJ.. respectively~ 

d1 t ~ 1 and 

P ... ~ 
d1 

g( ョ日ー2} + or 

r f( = ~ ) ;キ (LPopia t ++ 
d2 ~ =テ and

P
opt 

t 
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P( = 
V 2 + V 3 

) + => 
min 
and 
P + L opt 

\ r l + ̂ > 
nun 
and 

a( - Ji) • or 

d 1 + =£> • 

P 
L opt 

01 • 

min 
and 
P 

*. opt 

P + 
tot T 

Here, P . is the value of P where ui takes the minimum, opt 
Thus the appropriate way to decrease u . and to increase 

P is to decrease d,. The smaller d, gives the larger 

P , but increases to. simultaneously. Although the 

smaller r 1 gives the smaller P o p t f the total perveance P t o t 

generally increases. 
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v‘ 
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l Popt '" 

Here， P__~ is the value of P where ω七akesthe minimum. ， -op七

Thus the appropriate way to decrease ω ，_ and to increase 
m1n 

PoP七 is七odecrease d2・ Thesmal1er d1 gives the larger 

P__~ ， but increases ω;~ simultaneously. Although七heopt' --------------min 

smaller r1 gives七hesmaller Popt' 
the total perveance P

七0七

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 d. and d, are minimized to the design 

limit. The design limit here is again chosen to be the 
2 breakdown distance d_ = (V/50) , (cm, kV). Solving a set of 

equations. 

V± = 50 /d^ 

V 2 + V 3 " 5 0 ^ 2 

V = V± + V2 

f - V 1 
d 2 

1 v 2 + V3 dl 

we obtain 

V + V 3 
f 

f V -
V 2 = , , 

• V 3 

and 

1 V + V 3 2 

*1 l 50 1 + f 
, f (V + V ) 2 p 

d, - [ ̂ r • i- ] = f \ 
2 5 0 1 + f 1 

(4-7) 

(4-8) 

(4-9) 

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

d 2 are uniquely determined in terms of V, f and V-. 
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可 f(V+ V弓 2 ..， 
d... =土ー・ =- f-d 2 L 50 

1 + f 

Thus， po七entialdifferences V
1 

and V2， and distances d
1 

and 

d
2 

are uniquely determined in terms of V， f and V
3・
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From the designing point of view, there may be a minimum 
limit 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 too small. In this 
connection, we fix the aperture diameter around 3.5 mm. 
Figure 4-6 shows the dependence of to . and P . (I .) on the 3 m m opt opt 
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, f 
should be larger than 0.6, and the corresponding beamlet 
divergence to . is larger than 0.74°. The ion saturation 
current density J„_. required for the source plasma should sa*c 

2 
be greater than 450 mA/cm . If f 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 typical 
values of f. 

When the gap distances are determined by the equation 
d = (V/40)2 instead of d = (V/50) , a larger safety factor 
is included against breakdowns but less currents are extract
ed from the same diam. grids (See Fig.4-8). 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 
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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0.8， poten七ialsand grid dis七ancesare surnrnarized in Table I. 

Figure 4-7 shows the bearn七rajectoriescalculated for七ypical

values of f. 

When the gap distances are de七errninedby the equation 

2 
d = (V/40)-ins七eadof d = (V/50)~ ， a 1arger safety factor 

is included against breakdowns but less currents are extract-

ed frorn the sarne diarn. grids (See Fig.4-8). 工nthis case， 

the bearn1e七 divergencebecornes greater than 1.20， if one 

七riesto extract 15 A. Thus the critica1 gap distance as 

irnposed on the grid design basis inf1uences the beam property 
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system. For ins七ance，七hecritical 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. In the 
preceding subsection, the gap distances are chosen to be 
equal to the breakdown limit. Here, we increase either d, 
or d, 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 
d, or d„ becomes greater than the design limit. The parame
ter f decreases with increasing d., and increases with 
increasing d~. The results are shown in Fig.4-10, where the 
beam divergence and the total current change appreciably 
when the gap distance is increased from the reference point 
denoted by the circles at f = 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 decreases with 
decreasing field intensity ratio and is less than 0.5 degree 
for f £ 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 losing high extraction current. We find 
that the 2nd aspect ratio a,, defined by the radius of the 
second stage acceleration aperture r„ divided by the second 
gap d_, is the important parameter. Namely, in Fig.4-5, 
a- (= 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
crease 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.4-7. Thus, even if f is 
less than 0.5, the valua of f_„,._ (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 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 

*) For instance, a 2 = 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 2r_ and 2r, are decreased 
from 3.5 mm to 2.45 mm (a„ : 1.39 •*• 0.97) for the case of 
f = 0.3. For the second way, the potential difference 
between grids V. and the gap distance d. are given by 

V + VL 
V, = - 4 -1 1 + f l + f l f 2 

) 
f2(v + v ) 

V2 - 1 +f1+ f,f2 < 4 " 1 0 ) 

_ f 1 f 2 v - d * f 1 ) v 4 

and 

d i = ( V 5 0 ) 2 ( k v ' c m ) 

d 2 = (V 2/50) 2 = £±

2 d x (4-11) 

d 3 = (V3 + V 4 / 5 0 ) 2 = f/ f 2
2 d x 

where f1 and f„ are defined by 

, .!i.Ya 
1 " E 2 " V 2d x 

£ -!2-__V3 2 E 3 (V3 + V 4)d 2 

(4-12) 

We calculate next two cases assuming the aperture diameters 

2r 1 = 2r 5 = 3.5 mm, 2r 2 = 2r 3 = 2r. =- 2.45 mm . 
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and 

d =(V/50}2{kv，cm} 1 ¥"1 

2 _ 2 
d
2 

(V2/50)~ f1~ d
1 

2 _ 2 _ 2 
d~ (V~ + VA/50)~ = f.~ f~~ d 3 ¥"3' '4'--' - ~1 ~2 ~1 

(4-11) 

where f， and f~ are defined by 1 -..~ ~2 

(4-12) 

We calculate next two cases assuming the aperture diameters 

2r. = 2r_ = 3.5 mm， 2r~ = 2r_ = 2r. 2.45 mm 1 - .....，1...5 - ..，...， "'''1.''1 "'"....2 - ""'.&.3 - "'-....4 
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(a) f x = f 2 = 0 . 5 

(b) £1 = 0 . 3 7 , f 2 = 1 .0 

Figure 4-11 shows the beam trajectories for the above cases. 
Wa 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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Figure 4-11 shows the beam trajec七oriesfor七heabove cases. 

Wa find七ha七 theminimum beam divergence is reduced to 0.58。

and 0.630 in the case (a) and (b)， respective1y. Thus七he

beam divergence is improved by abou七 0.10 by introducing七he

七hreestage acce1eration sys七em.

-33-



JAERI-M 8 357 

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 A 
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 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. 
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 in 
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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4.3.6 Conc1usion 
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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 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 a,, 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 according to the 
breakdown distance. 
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4.4 Exper imenta l R e s u l t s of Two-Stage Beam O p t i c s 

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 V. . (= V . + V _ )• 
The potential V =_„ is applied at the gradient grid. The 

aCC 
suppressor grid is biased at negative voltage V. to sup
press the electron backstreaming from the downstream beam 
plasma region. In the present experiments, V, is fixed 
to 1.6 kV. The exit grid is grounded electrically. The 
electric currents into the plasma, the gradient and the sup
pressor grid are denoted as I , I and I d e c» respectively. 
The polarity of the current I is also shown in Fig.4-13. 
The accel drain current is expressed as.I a c c, and is equal 
to I - I . The extraction grids are made of 15- cm diam. p g 
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 denoted by d . and d , 
©X"C 3.CC 

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 35) 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 the case of breakdowns 
within 200 psec. 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,JI and in the beam flight 
region P . Figure 4-14 shows the dependence of the beam 
divergence and l j e c on P v a c# where P v a c is changed by intro
ducing the hydrogen gas to the beam flight region. Other 

parameters such as Pf^/ v
e x t ' Vacc a n d Iacc a r e a"'"•'• f i x e < 3 ? 

P.... = 0.07 Torr, V . = 15 kV, V = 35 kV and I = 0.6 A. 
ril ext ace ace 

This figure indicates that the beam divergence is scarcely 
-4 influenced by the pressure P when P v a_ ranges from 2 x 10 

-3 Torr to 1 x 10 Torr. However, a slight increase of the 
-3 beam divergence is observed above the pressure 1 x 10 Torr. 

This is mainly due to the increase of angular scattering of 
beam ions with surrounding cold neutrals. On the other 

-3 hand, I- increases rapidly above the pressure 1 x 10 
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 Pfj-i and the 
-4 beam divergence, where P„__ = 3 x 10 Torr, V . = 15 kV, 

VaC SXt 
V a„„ = 35 kV and I „ = 0.6 A. The pressure Pp., is changed ace ace XI_L 
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 I 

acc 
constant. The arc current I_„_ required, and the decel 

arc 
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current I f l e c are also shown in the same Figure. From this 
result, one finds that the beam divergence is not influenced 
by P f i l in the range of P,., = 0.05 - 0.15 Torr. Further
more, when P.., is smaller than about 0.05 Torr, the source 
plasma becomes noisy. However, we can't observe the bad 
effect of the density fluctuation on beam divergences. On 
the other hand, the increase' of P f J •• 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 I. is approxi
mately proportional to P..^ 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 P and 
P f ••, 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 
. 36) the thin lens approximation or two-dimensional computer 

37) simulation of ion beam trajectories, the field intensity 
ratio f is an important parameter for the beam optics in the 
two-stage acceleration system. Here, the field intensity 
ratio f is defined by f = V e x t d a c c / d e x t ( V a c c + V d e c ) , that 
is, the ratio of electric field intensity in the extraction 
gap to that in the acceleration gsp. 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 . and d and total beam energy V g x t + V in 
the range of drain current I___ = 0.1 - 1.6 A. Figure 4-16 

OLCC 

shows the beam divergence as a function of perveance per 
hole in the case of d_ . = 6 mm, d = 8 mm, and V + V 

6X*C clCC 6 X L aCC 
= 50 keV, where perveance per hole is defined by Î ,„„(V . 

ace cXt -3/2 + V ) ' divided by the number of apertures. This result 
ctCC 

shows that the reduction of the ratio V /V makes the 
SXT- aCC 

minimum beam divergence a> . decrease for the fixed gap 
distances, while we must allow the reduction of optimum 
perveance P .. The latter is defined by the perveance that 
gives the minimum beam divergence when the extraction current 
I _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 decrease of f makes w„. and P . decrease, 

m m opt 
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-
38 39 40) stage, accel-decel structure. ' ' 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 d . = d 
= 6 mm, V = 15 kV and V „„ = 35 kV. Chamfering of 
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. 

In 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 v_„. and V" . when 

C A L acc V . + V =50 kV and d„, . •= d = 6 mm. Also 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-
6Xt 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 decreased 
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 d . = 6 mm, 
d = 4.5 mm, V . = 30 kV and V =40 kV. ace ext ace 
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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. 
In the case of single-stage acceleration, the heat loading 
of the extraction grids is studied in some detail. ' Here, 
the heat loading of the extraction grids (Grid Type 4) is 
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, 

ace ext ace V . = 15 kV, V =35 kV, P..., = 0.07 Torr and P ext ' ace fil vac -4 1.6 x 10 Torr. The heat loading is normalized by the beam 
power, I x V .. The decel current I, 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, I, depends on the beam 
divergence, extracted current I and the pressure in the 

ace 
ion acceleration region. In most cases studied here, I, 
is smaller than 0.1 x I . The current of gradient grid I 

ace = 9 
is negatively small at lower extraction current I . At 

cLCC 
higher I , however, a sharp increase of I is observed. 

cLCC CJ 

The positive I indicates that the direct interception by 
the gradient grid is dominant, while the negative I indi-
cates that the secondary electron inflow due to the inter
ception by the suppressor grid is dominant. Therefore, the 
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4.4.5 Heat Loading of七heGrids 

The energy deposition七othe e~traction grids will be 
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func七ionof extrac七ioncurrent工， where d~~~~_ = d 6 nun. acc' ..------ext -acc 

15 kV， V___ = 35 kV， P.c.， = 0.07 Torr and P____ ext ~~ n.， . acc -_...， ~ fil vac 

1.6 x 10-4 Torr. The heat 10ading is normalized by the beam 

power， 工acex vto七・ The dece1 current工decdepends on the 

number of energetic ions and neutrals impinging on the sup田

pressor grid. Such par七ic1esconsist of extracted primary 

ions and七hesecondary par七ic1esproduced by the charge 

exchange or ionization， together with backstreaming ions 

from the beam p1asma. Therefore，工decdepends on the beam 

divergence， ex七rac七edcurrent I and the pressure in the 
acc 

ion acce1eration regエon. In most cases studied here， 1 
dec 

is sma11er than 0.1 x 1 ・ Thecurrent of gradient grid工g
acc 

is negative1y sma11 at 10wer extraction current工 At
acc 

higher工， however，a sharp increase of zg is observed . 
acc 

The posi七ive工qindieates tha七 thedirec七 interceptionby 

the qradient grid is dominant ，While the negativezq indi-

ca七esthat the secondary electron inflow due to the inter-

ception by the suppressor grid is dominant. Therefore， the 
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sharp increase of I a t higher I „_ suggests t h a t the menis-
CJ 3.CC 

cus of ion emitter becomes convex. The plasma grid receives 
2 

the most loading, 1.7 kW or about 200 Watts per cm at 
I = 1.2 A, where the loading by arc discharge is included. 
3CC 

This value is about a factor of 2 greater than we have al
ready demonstrated for 10 sec operation. The heat loading 
of suppressor grid is the smallest of the four grids. 
It should be noted that the divergence and the ratios of 
heat loading of various grids are minimized when I is 
nearly equal to zero. 

In the case of V g x t = 10 kv, V a c c = 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 Pig.4-22 for I < 0. For I > 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 suppressor and the 
gradient grid. However, the ions passing 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 I „ = 0,6 A 

aCC 

beyond which it was impossible to extract ion beams. 
In order to decrease the impinging ions on the gradient 

g"rid which cause the large heat loading of the plasma and 
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heat 10ading of the gradient and the p1asma grid increases 

appreciab1y compared with that of .the exit or the suppressor 

grid， in spi七eof the decrease of beam divergence. Large 

heat loading of the gradien七 andthe p1asma grid i.s due to 

an increase of impinging ions on the suppressor and the 

gradient grid. However，七heions passing七hroughthe gradi-

ent grid are focused by the s七rongpositive lens effect， 

which makes the divergence very sma11. It is noticeable 

that， although the heat 10ading of the p1asma and the gradi-

en七 gridis very 1arge， the beam with very low divergence 

sma11er than one degree can be obtained at I ~ 0.6 A 
acc 

beyond which it was impossible to extract ion beams. 

In order to decrease the impinging ions on七hegradien七

qrid which cause七he1arge hea七 loadingof七hep1asma and 
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the gradient grid, we tried to enlarge the aperture diameter 
of the gradient grid to 4.3 mm. By this method, we can 
reduce the heat loading of the gradient and the plasma grid 
by about 50 % without changing the beam optics for the worse 
at I „ = 0.6 A. Although the heat loading again increases ace 
with I, for I > 0.6 A, we can raise the maximum extrac-

acc ace 
table current to 0.8 A. 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 ( P f l ) and in the 
beam flight region (Pv ), when P f i l = 0.05 - 0.15 Torr and 
P = 2 x 10 - 2 x lo~ 3 Torr. We find the tendency that vac 
the minimum beam divergence is improved with the decrease 
of field intensity ratio f, while one must allow the decrease 
of optimum perveance, 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 f 
(smaller than 0.25), however, only the heat 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. 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 cm x 27 cm rectan
gular grid) are used. Then, we can see that the focusing 
of indivisual 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 shall be concave only by 0.90 mm compared 
with plain disk grid at the axis, if we need the focal point 
8 m apart from the grid. 

On the other hand, the focusing by aperture displace
ment has been investigated both in experiments and in a 
simple model in thin lens approximation. Here, we applied 
this simple model to the beamlet steering in the two-stage 
acceleration system 

37,43,44^ 
aperture with a different poten

tial gnadabent on each side acts as a lens with focal length 
Z f = 4V/(E, - E,) for a round aperture and Z f = 2V/(E, - E_) 
for a slit aperture, respectively. Here, E. and E_ 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 charge. The two-
stage acceleration 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 is 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, E, = k.,v\,/cL with k. = 0.9 ~ 1.0 and 
E 2 = k 2(V 2 + V 3)/d ? with k 2 = ~r.O 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, Vj_, V 2+V 3, and V 3 are the 

potential drop in the first, the second, and the third gaps, 
respectively, d, and d_ are the distances of the first gap 
and the second gap, respectively. Therefore, we choose 
E., = v\,/d, and E, = (V_+V,)/d2, though in the single-stage 
acceleration the deflection angle by aperture displacement 
agrees well with the experimental results when we put 
E, = 4V./3d1 in the plane parallel approximation. The focal 
length of the first and the second lenses are given as 
follows; for a round aperture; 

F l = 4 V 1 / ( E 2 " E l ) = 4 d 2 p g ( g " p ) 

F 2 = 4 ( V 1 + V 2 ) / ( E 3 " V = " 4 d 2 ( 1 + P ) 

and for a slit aperture; 

F l = 2 v l / ( E 2 " E l } = 2 d 2 p g < g " p ) 

F 2 = 2(V 1 + V 2)/(E 3 - E 2) = -2d2(l + p) , 

(5-1) 

(5-2) 

where p is the potential ratio defined by p = V,/(V2+V_) 
and g is the gap ratio defined by g = d,/d2> 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(c), respectively (See Fig.5-1). 
Case (c) is equivalent to the simultaneous aperture displace
ment in the plasma and gradient grid. It is natural that 
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where p is the potentia1 ratio defined by p = V
1
!(V

2
+V

3
) 

and 9 is七hegap ratio defined by 9 = d1!d2・ Thereare 

three cases in the aperture displacement， which are the 

displac田 len七 inthe plasma grid(a)， the gradient grid{b)， 

and the suppressor grid(c)， respectively (see Fig.S-工). 

Case (c) is equiva1ent to the simultaneous aperture disp1ace-

ment in the p1asma and gradien七 grid. I七 isnatura1 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 intensity 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 
9 to the radial displacement of the grid A are given as 
follows for each case, 

( a ) k= ( ^ " < V F I 
F l " d 2 _ 5g-5p-4p 2 

F. "" 16d,p(l+p)g 

for a round aperture 

<» t2 ( F2 d2 
Zi = (4p+5)(q-p) 
F 1 - - - - - -16d2p(l+p)g 

for a round aperture 

(5-3) 

(5-4) 

(C) i_ = i_ = 1 ' A F n 3 2 

4d 2(l+p) 

2d 2(l+p) 

for a round aperture 
(5-5) 

for a slit 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 
duopigatron ion source with two-stage acceleration system ' 
or two-dimensional computer simulation of ion beam trajec
tories, the field intensity ratio f is an important parameter 
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1 1 、 d2_ (4p+S) (g-p) 
(b) 一一ーーーーー} ・一ーー

F~ d~ I F， 16d~p(1+p)g 2 ~.2 ""2 ~1 .u""2 
(5-4) 
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4d21 (1+P} 

e 1 
( c) γMー3 ーー=F

2 
(5-5) 
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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 f. To obtain high perveance 
and low divergent beam, the value of f around 0.5 is adequate. 
From the results in Fig.5-2, the first two cases are inade
quate 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 ±~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, d. = d„ = 6 mm, focal length Z f = 8 m, 
and the radius of the extraction grid is 12 cm, the displace
ment A, 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. In general, the error in the above 
analysis increases appreciably when the radius of the 
apertures becomes comparable or smaller than the thickness 
of the electrode or becomes larger than the gap distances 
between the electrodes. However, the error may be small 
because we use the electric field intensity E., E, and E, 
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
tional results. It is seen that the computer code simulates 
the actual ion beam trajectories fairly well. 
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~6. Conc1usion 

As one of the works in research and development of high 

power ion source for JT-60 neu七ralbeam injec七or，the beam 

optics in two-stage acce1eration sys七emhas been inves七igated

bo七hnumerically and experimen七a11y. The resu1ts obtained 

contribute to the design of JT田 60neutral beam injec七or.

The beam 1ine 1eng七hof the injector becomes up to 

several to ten meters with the increase of target p1asma 

thickness. The 10ng beam line diminishes the effec七iveness

of beamlet steering， and imposes the further improvemen七 of

beamlet optics. In the ini七ia1design of JT圃 60injector 

where 4 ion souどceswith 12 cm diam. ex七rac七iongrid are 

app1ied，七heimprovement of injection power by beamlet 

steering is severa1 percent. However， we can expect the 

improvement above 10も， in the present design where 2 ion 

sources with larger extraction grid (12 x 27 cm rectangu1ar 

grid) are used. The accura七eorien七ationof the total beam 

to七hecenter of the injection por七 provedto be very impor-

tan七 forthe injec七orwith sma11 accep七ance. The beam 

deflection above 0.5 degree is sure to decrease七heinjec七ion

efficiency appreciab1y. 

A computer simulation code for cy1indrically symmetric 

ion beams has been deve10ped for七hedesign of ion 

ex七raction/accelerationsystem and the optimum operating 

condition of an ion source. The va1idity of this code is 

checked by comparing the experimen七aldata with the computa-

tiona1 resu1七s. 工七 is seen 七hatthe computer code simulates 

the actua1 ion beam trajectories fairly we11. 
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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 distances) 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 experimentally 
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 acceleration 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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By making use of this code， two-stage ion beam optics 

was investigated. It is found that the beam optics in七he

two-stage accelera七ionsys七emdepends strongly on the field 

in七ensityra七iof. Namely，七hebeam opt~cs scarcely depends 

on the gap ratio， and potential ra七io，so long as the field 

intensi七yratio is fixed. The smaller beam divergence can 

be ob七ainedas the ratio f becomes smaller. However， higher 

perveance can be ob七ainedwi七h七heincrease of f. To obtain 

high perveance and low divergent beam，七hevalue of f around 

0.5 is adequate. 工tis poin七edout七ha七七.heop七imumopera-

七ionconditions (grid poten七ialsand gap dis七ances) can be 

determined uniquely once七hera七iof and the七o七albeam 

energy are gJ. ven". 

These computa七ionalresul七sagree well with the experi-

men七aldata obtained by using a duopiga七ronion source with 

two-s七ageacceleration system. 工tis found experimentally 

七ha七 七hegradien七 gridcurren七 isdeeply related to the beam 

op七icsand the grid hea七 loading.

Finally， the beamlet steering by aperture displacement 

was investigated in the two-stage acceleration system by 

in七roducinga七hinlens approxima七ion. 工tis found tha七

the simultaneous aperture displacement in七heplasma and 

gradien七 grids (or suppressor and exit grids) is adequa七e

in that the s七eeringcharac七eris七icdoes scarcely depend on 

七hefield intensity ra七iowhich determines the two-stage 

ion beam optics. 

From the above results， we are fully convinced of 

obtaining a proton beam which sa七isfythe requirements 

imposed on the JT-60 neutral beam injector. 
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Figure Captions 

Fig.2-1 Schematic illustration of the extraction grid and 
the injection port. The point (X , Y , Z ) 

P Jr P 
indicates the center of beamlet emitted from the 
point (X , Y , 0 ) . y y 

Fig.2-2 Dependence of the beam fraction passing through 

the injection port F on the beam line length Z , 

as a parameter of beamlet divergence. The broken 

curves indicate the case without beam focusing. 

Fig.2-3 Relation between the beam fraction F and the 

beamlet divergence a), when R = 6 cm, R = 20 cm 

and Z = Z f = 8 m. 

Fig.2-4 Dependence cf the beam fraction F on the beamline 
length Z , as a parameter of grid radius R , where 

ir y 
R and to are fixed to 20 cm and 1.0°, respectively. 

Kr 

The solid line indicates the case with beam 

focusing. 
Fig.2-5 Relation between the beam deflection angle 9 and 

the beam fraction F, as a parameter of beamlet 

divergence <o. The radial displacement of the 
beam at Z = Z„ is denoted by A. P 

Fig.3-1 Block diagram of computer program. 
Fig.3-2 Showing the relationship between the points 

A, B, C, D and 0 used in Eg.3-4. 
Fig.3-3 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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Figure Captions 

Fig.2-1 Schema七icillustration of the extrac七iongrid and 

the injec七ionport. The poin七 (X_，Y_， Z_) p' -p' -p 

indicates the cen七erof beamlet emitted from the 

poin七 (X_，Y_， 0). g"g 

Fig.2-2 Dependence 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. 

Fig.2-3 Re1&tion between the beam fraction F and the 

beamlet divergence ω， when R_ 6 cm， R_ ~ 20 cm q 

and Z_ = Z~ = 8 P ~f 

Fig.2司 4 Dependence of七hebeam fraction F on the beam1ine 

1ength Zp' as a par訓 eterof grid radius RgI where 

Rp and ωare fixed to 20 cm and 1.00， respec七ively.

The solid line indicates the case wi七hbeam 

focusing. 

Fig.2-S Re1ation be七weenthe beam deflection angle e and 

七hebeam fraction F， as a parameter of beamlet 

divergence ωThe radial displacement of the 

beam at Z = Zp is denoted by ~. 

Fig.3圃 1 Block diagram of computer program. 

Fig.3-2 Showing the relationship between七hepoin七s

A， B， C， D and 0 used in Eq.3-4. 

Fig.3-3 Schematics of七hed.uopigatron ion source with 

single hole extraction electrodes. The beam 

divergence is measured by the Faraday Cup placed 

44αn apar七 fromthe extraction electrode. 
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Fig-3-4 Schematics of the ion extraction region. The 
computed beam divergences are compared with the 
experimental data for this configuration. 

Fig.3-5 Comparison of the measured beam divergence with 
calculated one. 

Fig.4-1 Two models of the two-stage acceleration system 
(Model A and Model B). 

Fig.4-2 Illustration of lens actions in the two-stage 
acceleration system. 

Fig.4-3 Dependence of the minimum beamlet divergence of 
the 75 keV proton beam on the shape of aperture 
in the first grid. 

Fig.4-4 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. 

Fig.4-5 Dependence of the minimum divergence on the field 
intensity ratio f for the fixed acceleration 
voltage pf_ 75 kV (a) , and the dependence of the 
total extracted current from the 12 cm diam. grids 
with' 40,,% -transparency on f (b), where the gap 
distances are scaled such that either d. or d, 
ifr&Sfi coincide with the breakdown limit, while the 

2 
other ,-still, satxsfys the relation d > (V/50) . 

sfi^^4.r6 Dependence of u_^n and P_ D t (or l"tot) on the field 
intensity ratio for the proton beam accelerated 
at V = 75 kV from the 3.5 mm diam. aperture, where 
gap distance d, and d, are chosen to be the 

* t breakdown limit. 
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Fig.3-4 Sch田 laticsof the ion extraction region. The 

computed be剖 Idivergences are compared wi七hthe 

experimental da七afor this configuration. 

Fig.3-5 Comparison of the measured beam divergence with 

calcula七edone. 

Fig.4-1 Two models of the七wo-stageacceleration system 

(Model A and Model B). 

Fig.4-2 Illustra七ionof lens actions in七he七，wo-stage

accelera七ionsystem. 

Fig.4-3 Dependence of the minimum beamlet divergence of 

the 75 keV pro七onbeam on七heshape of aper七ure

in t.he fiどstgrid. 

Fig.4-4 Der.~ndence of the minimum beamlet divergence of 

the 75 keV pro七onbeam on the aspec七 ra七ioa in 

the case of sing1e stage acceleration. The accel 

gap distance is fixed to be 23.7 mm. 

Fig.4-5 Dependence of the minimum divergence on the field 

，、¥.，

t吋勺可、

連均rF56

intensity ratio f for the fixed acceleration 

vol~~gep~ 75 kV (a)， and the dependence of the 

total extr~cted current from the 12 cm diam. grids 
・‘¥¥. ". 

wi均九o/t.;混合anspar~.ncy on f (b) I where the gap 

distances are scaled such that either d. or d 1 ~~ -2 

other"~孟勺，己.合sモ主件主民王弘長 satisfys 七herelation d > (V/50)2. 

Dependence ofω ，_ and P__~ (or I~_~) on the field hυ 。..~~ ~min _..-.opt -to七

intensity ra七iofor the proton beam accelera七ed

at V 75 kV from the 3.5 mm diam. aperture， where 

『芝l'， ".i 、~、
gap distance d1 and d2 are chosen七obe the 

breakd.own limit. 
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Fig.4-7 Beam trajectories calculated by the computer code 
IONORB for typical values of f ; (a) f = 1.2, 

2 ° J = 600 mA/cm , u = 1.04, (b) f = 0.8, J = 500 
2 ° 2 

mA/cm , w = 0.83, (c) f = 0.5, J = 400 mA/cm , 
o 5 o 

cc = 0.77, (d) f = 0.4, J = 350 mA/cm , <o = 0.72, 
(e) f = 0.3, J = 300 mA/cm2, u = 0.74? 

Fig.4-8 Dependences of to . and P Q D t (or I t o t) on f, when 
the gap distances are determined by the equation 
d = (V/40)2(kV, cm) instead of d = (V/50)2. 

Fig.4-9 Relation between the divergence and the aperture 
diameter, where the total current is fixed to be 
15 A. 

Fig.4-10 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 f = 0.5, 
0.8 and 1.2. 

Fig.4-11 Typical examples of beam trajectories in the 
three-stage acceleration system ; (a) f, = 0.5, 

2 • • o f 2 = 0.5, J = 550 mA/cm , a> = 0.58 and (b) f± = 0 
2 ° 

f 2 = 1.0, J = 400 mA/cm , u = 0.63. 
Fig.4-12 Duopigatron ion source with two-stage acceleration 

system. 
Fig.4-13 Schematics of the two-stage acceleration system 

Composed of four grids, and the power supply 
system. 

Fig.4-14 Dependence of beam divergence and decel current 
I. on the pressure in the beam flight region Pvac' 
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Fig.4-7 Beam trajectories calculated by the cornputer code 

工ONORBfor typical values of f (a) f = 1.2， 
..， 0 

J 600 rnA/crn-，ω=  1.04， (b) f 0.8， J 500 
。

mA/αn2，ω=0.83，{C}f=0.5，J =400mA/cm2， 
。 ヮ。

ω=  0.77， (d) f = 0.4， J = 350 rnAノαn-，ω =  0.72， 
..， 0 

(e) f 0.3， J = 300 rnA/αn-，ω0.74. 

Fig.4-8 Dependences of wrnin and Popt (or 工七ot) on f， when 

the gap distances are deterrnined by the equation 

d = (V/40)2(kV，αn) ins七eadofd ={V/50}2 

Fig.4田 9 Re1ation between the divergence and the aperture 

diameter， where the七otalcurrent is fixed to be 

15 A. 

Fig.4-10 Changes of the bearnle七 divergenceand the tota1 

extrac七ioncurren七 (triangu1arpoints)， when the 

gap distance is increased frorn the reference 

poin七sdeno七edby the circular points at f 0.5， 

0.8 and 1.2. 

Fig.4-11 Typical exarnples of bearn七rajec七oriesin七he

七hree-stageacceleration systern (a) f
1 

0.5， 
2 ・。

f
2 

= 0.5， J 550 rnA/crn-，ω0.58 and (b) f
1 

= 0.37， 
ヮ 。

f
2 

1.0， J 400 rnA/crn-，ω0.63. 

Fig.4-12 Duopigatron ion source with two-stage acce1eration 

sys.tern. 

Fig.4-13 Schernatics of the七wo-stageacceleration systern 

Cornposed of four grids， and the power supply 

systern. 

Fig.4-14 Dependence of bearn divergence and decel current 

工decon the pressurezn the beam f1iqht region 

Pvac・

-63-



JAERI-M8 357 

Fig.4-15 Relation between the pressure in the ion source 
pfil a r u* ^ e ^ e a m divergence. Decel current I d e 

and required arc current I___ are also plotted. 
Fig.4-16 Beam divergence as a function of perveance per 

hole, where total beam energy is fixed to 50 keV. 
Fig. 4-17 Dependence of minimum beam divergence o>mi and 

optimum perveance P__t on the field intensity 
ratio. 

Fig.4-18 Types of aperture shapes studied. 
Fig.4-19 Improvement of beam divergence by chamfering the 

aperture edges. 
Fig.4-20 Dependences of beam divergence on perveance per 

hole in type 4 grid are compared with those in 
type 1, as parameters of V\ . and V . 

cX*C aCC 

Fig.4-21 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. 

Fig.4-22 Divergence and grid current (upper) and calori-
metrically measured heat loading of various grids 
and beam dumper (lower), vs. extraction current 
I , where field intensity ratio is 0.43. 

3iCC 

Fig.4-23 Divergence and grid current (upper) and calori-
metrically measured heat loading of various grids 
and beam dumper (lower), vs. extraction current I , where field intensity ratio is 0.25. ace 

Fig.5-1 Three cases in the aperture displacement, which 
are the displacements in the plasma grid (a), 
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JAERI-M 8357 

Fig.4-15 Re1ation between the pressure in the ion source 

P
fi1 

and the beam divergence. Dece1 curren七 Idec

and required arc curren七工arcare a1so p10七七ed.

Fig.4・16 Beam divergence as a function of perveance per 

h01e， where七ota1beam energy is fixed to 50 keV. 

Fig.4-17 Dependence of minimum beam divergence ω~~ and ml.n 

optimum perveance P~_~ on the field in七ensityopt 

ratio. 

Fig.4-18 Types of aperture shapes studied. 

Fig.4-19 Improvement of beam divergence by chamfering七he

aperture edges. 

Fig.4-20 Dependences of beam divergence on perveance per 

h01e in七ype4 grid are compared with those in 

七ype1， as parameters of Vext and Vacc・
Fig.4-21 Dependences of beam divergence on perveance per 

h01e in type 4 grid are compared with those in 

type 1， where to七a1beam energy is 60 keV and 

70 keV. 

Fig.4-22 Divergence and grid current (upper) and ca10ri-

metrica11y measured heat 10ading of various grids 

and beam dumper (10wer)， vs. ex七ractioncurrent 

工， where fie1d intensity ra七iois 0.43. 
acc 

Fig.4-23 Divergence and grid current (upper) and ca10ri-

me七rica11ymeasures hea七 10adingof various grids 

and beam dumper (10wer)， vs. extraction current 

1___， where fie1d intensity ratio is 0.25. acc 

Fig.5-1 Three cases 1n七heaper七uredisp1acement， which 

are七hedisplacemen七sin七hep1asma grid (a)， 
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the gradient grid (b), and the suppressor grid (c), 
respectively. 

Fig.5-2 Deflection angle divided by the aperture displace
ment 6/A for each case as a function of field 
intensity ratio f. 

-65-

JAERI-M 8357 

the gradien七 grid(b)， and七hesuppressor grid (0)， 

respec七ively.

Fig.S-2 Deflection angle divided by the aperture displace-

men七 e/flfor each case as a func七ionof field 

intensi七yratio f. 
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Table I Potential drops and gap distances when f i s 
equal to 0.6 and 0.8 . 

f V x (kV) v 2 <kv) dj (am) d 2 (am) W m i n 
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 

Z = Z. 

(Xg . Yg ) 

Figure 2-1 

- 6 6 -
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Table 1 Potential drops and gap distances when f is 

equal to 0.6 and 0.8. 

Inj鮒 ion向rt
Y 

Z=zp 

Z = Zf 

Figure 2-1 

-66-

• 



JAERI-M8 357 

1.0 

0.8 

0.6 

0.4 

0.2 

vv ^ 

R g »6cm,Rp»20cm 
with Focusing ( Z f " Z p ) 

— without Focusing ( Z f »°0) 

10 
Z p ( m ) 

Figure 2-2 

0.8 
\ Rg»6cm Rp«20cm 

\ Z p • Z f «8 m 

0.6 \ 

0.4 \ . 

0.2 

, _i i 1 1 
1 2 3 4 

DIVERGENCE O; (deg) 

F i g u r e 2-3 

- 6 7 -

l.a.. 

JAER[-M 8357 

1.0 

0.8 

0.6 

0.4 
Rg・6cm，Rp・20cm

0.2トー-with FI白山S加g(Z， .Zp) 

一--witho凶 Focusing( Zf • 00) 

o 

1.0 
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5 10 
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Figure 2-2 
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Figure 2-3 
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I . U " " ^ - J " ^ ^ 

0.8 
^ ^ ^ v * ^ v /Rg*6cm 

^ I2cnf^ ^ ^ \ 
^^ ^ vs. N v ^ v 

•^ v^ vs. 0.6 I 8 c i r i ^ X ^ s . 

0.4 - ^ - ^ 
Rp«20cm 0J«I.O* 

with Focusing (Zf*Zp) 
0.2 without Focusing (Zf»oo) 

5 10 

Z p (m) 
F i g u r e 2-4 
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( I N P U T ) 
Electrode Geometry 
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u o Measured 
• Calculated Tl-l.leV Te-IOeV 

X= 0.28 mm 

5 10 
Perveance (x 10" AV ) 

Figure '3-5 
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10 cm Figure 4-12 
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