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R&D efforts to realize a negative—ion-based neutral beam injection
system have been made intensively at JAERI for the past several years.
Concerning a high current negative ion source which is one of the most
important R&D items, a 10 A, 50 keV negative hydrogen iomn beam has been
produced successfully. The negative ion beam current and the current
density correspond already to the value required for the negative-ion-
based NBI system. In order to increase the beam energy further, a 350
keV, 0.1 A test stand has been constructed, and the test of a high energy
negative ion accelerator has started.

Concerning a high energy acceleration power supply, an inverter type
power supply which has a high speed AC switch was proposed and applied to
the 100 kv, 5 A power supply for JAERI Electron Beam Irradiation Stand.
The reliable operation indicates that the concept of this system can be
applied for a MV class acceleration power supply. As one of the promis-

ing candidates for a beam dump cooling element, an externally-finned
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swirl tube was proposed and tested to have a high burnout heat flux of
4.1kW/cm?, which is high enough for the next NBI system.

The R&Ds on the negative-ion-based NBI system have made great prog-
ress at JAERI in recent years. The construction of a 500 keV class NBI

system has become realistic from the engineering point of view.

Keywords: Negative Ion Beam, Neutral Beam Injection System, R&Ds,
Negative Ion Source, High Current, Negative Hydrogen,
Accelerator, Acceleration Power Supply, Inverter,

Beam Dump Cooling Element, Burnout
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1. INTRODUCTION

A high energy NBI system which can deliver a 1 MeV class neutral
deuterium beams is considered to be the primary heating and current
drive system for the next fusion machine, and expected to play an
important role to obtain a steady-state burning plasma. In order to
achieve a high neutralization efficiency at this high energy region,
negative ion beams must be utilized instead of the positive ion beams
which are used in the present NBI systems. However, it is not easy to
develop a high current negative ion source, on which much efforts have
been concentrated in many laboratories so farfl,2,3].

We have started to develop a high current negative ion source in
1984, just after having finished the developmental work of the JT-860 NBL

system based on the positive ion beams. Since then, the negative ion
beam power has been increased step by step using the volume production
type ion sources [4]. In our recent experiments using a newly-designed

multi-ampere negative ion source, a world record on the negative ion
production has been established successfully, namely, a hydrogen ion
beam of 50keV, 10A, 0.1s was produced [5]. This negative ion current is
close to the value required for the next NBI systems. However, the beam
energy is still low compared to the value required for the next NBI
systems. Therefore, we are concentrating our efforts on high energy
negative ion acceleration, using a 350 keV, 0.1 A test stand.

In parallel to the development of the negative ion source, we are
developing intensively a high voltage acceleration power supply system
and beamline components such as an ion beam dump. A new concept of the
acceleration power supply system, namely, an inverter type DC power
supply which has an AC switch instead of a conventional DC switch, has
been successfully demonstrated at an electron beam irradiation test
stand constructed in 1989 [6]. Concerning a beam dump exposed to a high
heat flux beam, an externally-finned swirl tube has been tested and
turned out to be able to handle a heat flux up to 4.1 kW/cmz[T}.
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Due to these recent progresses on the negative ion sources and
related technologies, we are now in a position to construct a 500 keV
class negative-ion-based NBI system. In the present paper, R&D results
on the negative-ion-based NBI system obtained at JAERI for the past few

years are reviewed.
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2. R&D STRATEGY
2.1 R&D Steps of Negative lon Beams

We have three programs about the negative-ion-based neutral beam
injectors. The first program is to develop a 500 keV deuterium beam
injection system for the JT-60C Upgrade tokamak (JT-60U). In the JT-80U
High Performance Experiment (3) starting in 1993, a high density current
drive experiment using a negative-ion-based NBI system is planned [1].
In this experiment, deuterium neutral beams of 500 keV, 10 MW are
injected tangentially with two beamlines [2].

The second program is to develop a 1 MeV class NB1 system for the
Fusion Experimental Reactor in Japan (FER) and/or the International
Thermonuclear Experimental Reactor (ITER), which will be built at the
beginning of the next century. This NBI system is considered to be the
primary current drive and heating system and is required to deliver a 50
- 75 MW neutral deuterium beam at 0.5 - 1.3 MeV to sustain a long pulse

D-T burning plasma.

The third program is to develop a 2 MeV class NBI system for the
Steady State Tokamak Reactor (SSTR) which is expected to be constructed
around 2020. The SSTR originally proposed by Kikuchi at JAERI makes use
of both the bootstrap current and the beam driven plasma current to
demonstrate a steady state electrical power generation of 1,000 MW [3].
This NBI system is required to inject a 80 MW neutral deuterium beam
with a total power efficiency higher than 50 %.

The major specifications of the above three NBI systems are shown
in Table 2.1-1. The long range R&D strategy depends on the above three
programs. In the first step, a 500keV NBI system will be developed for
JT-60U, In the second step, a 1MeV class test facility will be
constructed to develop the NBI system for ITER/FER. The physics and
technology data base obtained in the first step will be helpful and
utilized in the design of the 1MeV NBI system. In the third step,
aggressive technologies such as a plasma neutralizer will be developed
and'applied for the 2MeV class NBI system with high system efficiency.
The R&D steps are illustrated in Fig.2.1-1.
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Besides the above three programs, we are interested in developing a
2-5 MeV lithium or oxygen beam injection system for measuring the ion
temperature and the plasma current profile in a burning plasma [4]. The
specifications of this system are also indicated in Table 2.1-1.
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R&D Steps for Negative-Ton-Based NBI Systems at JAERI

HEATING AND CURRENT DRIVE

1st STEP 20d STEP FINAL TARGET | DPAGNOSTICS
TARGET MACHINE JT-60 U FER/ITER SSTR JT60U
TO BE OPERATIONAL 1994 2005 2020 1996
BEAM SPECIES D°f{ H” D"/ H D" Li-r0°
INJECTION POWER 10 MW 50175 MW 80 MW 20 mA
BEAM ENERGY 500 keV 0.5 - 1.3 MeV 2 MeV 2 - 5MeV
PULSE DURATION 105 1000 s / 2 weeks cW cwW
INJECTION PORT 2 2/3 1
BEAMLINES / PORT 1 3 1 1
SOURCES / BEAMLINE 2 1 10 1
BEAM CURRENT / SOURCE 12ZA 18 A 35A 100 mA
SOURCE TYPE Volume-Surface Yoiume-Surface Volume-Surface Volume
ACCELERATOR TYPE ES 3-stages |ES or ESQ 6-stages |ES or ESQ 10-stages| ES  Cockeroft

NEUTRALIZER TYPE

Gas Neutralization Do

Gas Neutralizaton Do

Plasma Netutrallzation:

Gas Neutralization Hop

TOTAL POWER EFFICIENCY 30% 40 % 50% < —
Eootnotes Q- Values 0.1 20 40

THE FIRST STEP

JAER]! NEGATIVE ON_ BEAN PROGRAN

mS-2M
75 keV JT60 U
;0 A PBEF N-NEBI
}-{2_5 Accelerator ,
Test oo me e e T i
500 keV 500 ke  —— %16-621!:’ | -3 Reactor Relevant R&Ds :
[TS-28a (NIAS) 3A 5MWx2 ; S HE
350 keV W0s bty : :
61A H D 3 ‘
cw i :
H” i :
AITS : Y
: [FER/ITER - NBI
1 MeV t |05 - 13 MeV FER/ITER
echnology 5A ‘| os0.75 MW L. CURRENT DRIVE
Data Base pad oW HEATING EXP,
D Lo

echnology
Data Base

A strategy of the development of negative-ifon-based NBIL

THE FINAL TARGET

Fig. 2.1-1

AITS - Upgrade

2 MeV
5A
CW

echnology
Data Base

SSTR - NBE

2 MeV
80 MW
cw

Dy

systems
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2.2 R&D Items and the Goals

There are four major components to be developed for the negative-

ion-based NBI system;

1. Ion Source

2. Accelerator

3. High Voltage DC Power Supply

4., Beamline Components
Among these, the most important component is an ion socource and
accelerator which can produce a multi-ampere convergent negative ion
beam at the beam energy of several hundred kiloelectron volts per
nucleon. However, we cannot realize a negative-ion-based NBI system
even if the ion source and accelerator should be developed. A reliable
high voltage power supply and high performance beamline components are
indispensable for a reliable NBI system. In order to make clear the R&D
items and R&D target values, we have initially proposed a new concept of
the negative-ion-based NBI system for the Fusion Experimental Reactor in
1987. Since then, all these conponents are being developed self-
consistently in our laboratory. Described below are the R&D items for
each major component and the R&D target values required to realize the

NB1 system.

1. Ton Source
20 mA/cm? for D~

a. Negative ion current density
30 mA/cm? for H-

>
at the plasma boundary J >
b. Spatial uniformity of the negative

ion current density P <2 10%
over - 30cm X 100cm
¢. Source filling pressure : < 0.5 - 1Pa
Electron extraction Jg, 1<~ 10 x J
Total extracted negative ion current T~ 20 A

2. Accelerator

a. Acceleration voltage : 0.5 ~ 2 MeV

b. Beam current Iacc : > 10 A

c. Beam divergence angle (1/2 x 1/e) < 5 mrad

d. Stripping loss po<< 10% of I, ..
e. High voltage insulator : Ceramic or FRP

1.5m ~ 2.5m OD
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3. High Voltage DC Power Supply

a. Voltage : 0.5 ~ 2 MV

b. Power : 10 - 20 MW

¢. Switching Type + AC Switch

d. Surge Blocker . Amorphous or Ferrite
e. SF6 high voltage transmission : Multi-core system

4. Beamline Components

a. Beam dump element : 1 - 2 kW/cm?

b. Large metal seal gate valve : 0.5m x 2m Diaghragm Type

¢. Steady state cryo pump system : Alternative regenerating
system

# The long range R&D items include a plasma neutralizer and a
energy recovery system. With these agressive R&Ds, the NBI
system becomes more efficient and attractive.

Figure 2.2-1 shows a 1.3 MeV, 18 A negative ion source which is cne
of the most important R&D goals for FER/ITER. In order to develop such
high energy and high power negative ion source, a MeV x MW class test
facility named AITS is planned at JAERT.

2.3 o0Outline of the JAERI Test Stands for NBI R&Ds

We have two test stands called ITS-2M and ITS-2a{(NIAS) for negative
ion beam experiments, and another two test stands called PBEF and JEBIS
for high heat flux experiments. The major specifications of each test
stand is shown in Table 2.3-1. The side views of both the ITS-2M and
ITS-2a(NIAS) are shown in Fig.2.3-1 and Fig.2.3-2, respectively.
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3-1

JAERT Test Facilities for NBI R&Ds

NEGATIVE ION BEAM EXPERIMENTS

HIGH HEAT FLUX EXPERIMENTS

TS - 2M ITS - 2a (NIAS) PBEF JEBIS
SME Naka Tokai Naks Heka
OVERALL -
. ' Porarity Negative and Positive Negative Pusitive Hegative
Beam Species H- O- Li- H- H+ Hes O+ HNe eiectrons
H+ Ar + etc.
Typical Record 50 keV, 10 A, 0.5 %, H - 100keV, 40 A, 16 8, H +
ypicw A0S, TSkeV,B0A, 104, H +
> 220 MW /m2 » 2000 MW /m2
Acceleration +T5kY  6A/DC  [-350kV 150mASDC | L 1D0KV/B0A/10s |-100kV/5A/1ms-DC
POWER Fosters 20A/1s 200 mA / Smin
SUPPLY 40A/058
Pre-Accel. SKV/35A/s 10kV/1A/DC 10-30% of Vacc —_
Electron Suppression )  SxV/12A/1s 3kV/TA/DC ~IKVI22AF108 —
1s0V/250A/0C
Arc 1 400A/1s 100 V200 A/DC 120V/2000 A/ 10 s 120V/S00AIDC
1500 A /02 180 V1000 A10 s
120V/2000 A/ 10 s
Arc ¥ 200V/300A/1s 100V/500A 0.1 180V /1000 A /10 —
Fitament { 15VI2T20A /108 15V /400 A/ DC 12V/400AX8/15s 15V/250 Ax4/DC
Fitament N —— 12V/400Ax8/15s —
Bias | 1SV/I200 A/ DC 15V/100A/DC _ —_—
Bias W ———— 15V /100 A/ DC _— —_
Coit 1 ,15VI200A/DC — 10V/200A/10s £200 A
Coil ¥ ——— —_ 10V/200A/10s ——
Radio Frequency 245GHz /! 5kW/DC e — —
Recavery P —— _— SKY/5A/DC
vacuum Chamber E0cmODx540cmL | 50ecmODXx200cml | Two Bemmlines 120em IDx2i9cmH
System 170 cm OD x 180 ctm K 1. Vertical Line
2 JT-60 Prototype NBI
Turbo-Molecular Pump 20 His x 3 2000 Iis x 1% 2000 I/s x 3 3000 /s x 1
Cryasorption Pump 10,000 I/s x 1
Cryocondensation Pumps 100,000 1/e x 3 2,400,000 1/
. . Scannning Calorimeter 1 1 1 .1
Diagnostics -
[Scannning Faraday Cup 1 1 J— ———
Mifti-channel Cakorimeter 1 1 1 1
Multichannel Faraday Cup 1 1 — —_
Momentum Mase Anatyzer 1 b _ -
Spectrometer 1 —_— —_ et
infrared Camera —_ -— 1 1
High Speed Video Camers —_— — 1 1
- Major Characleristics | 10 A Yolume - Cesium | 350 keV negative fon 90 % Prolen Source Piasama Electron Gun
Footnotes

Negative lon Source

acceleralor

e
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Crid Element

Feed Through

Filament o
lasma
Generator
~1300kV
-1200kV $oooooo loooano | Extractor
-1000kV =R ——
-800KY | s - Esuae
_B00KY L m:w:q':f: Flectrostatic
| - Accelerator
-200kV [ ! High Voltage
O
kv é&:i:: lusulator

D-Bean (A1, 0, or FRP)

L ] | | | ! |

L5 L0 05 0 05 LO Lo

DISTANCE (m)
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3. R&D RESULTS OF NEGATIVE ION SOURCES AND ACCELERATORS

3.1 Negative Ion Production

Development of a high current negative ion source is the most
"eritical issue in realizing the high energy neutral beam system. At
JAERI, we started to develop the negative ion source in 1984, and our
goal is to construct a high current ( > 10 A ) D ion source that is
directly applicable to the neutral beam injectors for future fusion
reactors. Out of three major methods to generate the negative ions;
i.e. double charge exchange, surface production and volume production,
we chose the wvolume production. Because this method has big advantages
over the other two methods;

{1} The structure of the source is simple, and scale-up is easy.

{2) Produced negative ions have low thermal energies. Hence, low beam

divergence is expected.

(3) Operation of the source is easy and reliable.

These advantages makes the volume production method the most attractive

one for use in neutral beam injectors.

When we started the development, however, the negative ion current
obtained in the volume source was of the order of mA, while more than
one ampere negative ion current had already been achieved in other two

methods.

Therefore, our efforts have been concentrated mainly on increasing
the negative ion current and the current density. After some basic
studies on the wvolume production, we constructed large volume sources
called 'One-Ampere Negative Ion Source’'[1] and 'Multi-Ampere Negative
Ion Source'{2]. Optimization of the volume source has been performed by

using these two scurces.

Figure 3.1-1 and Figure 3.1-2 show the One-Ampere Source and the
Multi-Ampere Source, respectively. Both sources have rectangular
multicusp plasma generators, where a source plasma is created by arc
discharge between the anode and the tungsten filaments. The negative
ions produced in the plasma are accelerated by multi-aperture extractor,
which consists of four (or five) grids called plasma, extraction,
electron suppression, {ion suppression; and acceleration grids. Major
specifications of these sources arc summarized in Table 3.1-1.
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In the volume source, the negative ions are considered. to be
produced by a two-step process [3]; In the first step, vibrationally
excited hydrogen molecules are produced mainly by the collision between
hydrogen molecules and energetic electrons. In the second step, the
negative ions are produced by the dissociative attachment of electrons
to the vibrationally-excited molecules. Since the optimum electron
energies for these two steps are distincitively different ( 60 eV vs.
>1 eV ), the effective method to enhance the negative ion production is
to divide the plasma chamber into two regions and to optimize the
electron energy distributions in both regions, respectively. In order
to form this "tandem chamber" configuration, all wvoclume sources
presently developed utilize a transverse magnetic field called "magnetic
filter”.

Figure 3.1-3 shows an example of magnetic field configuration and
typical orbits of the primary electrons in the One-Ampere Negative Ion
Source.. In this figure, the magnetic filter field is created by a pair
of strong magnets installed outside the source plasma. The energetic
electrons emitted from tungsten filaments are confined in the upper
region (discharge region } of the chamber, where vibrationally excited
hydrogen molecules are produced efficiently. Although the energetic
electrons cannot go through the filter field, the cold electrons can
diffuse with the ions to the region close to the plasma grid (extraction
region). As a result, the electron temperature becomes an order of 1 eV
in the extraction region, where the negative ions are produced by the
dissociative attachment. In the One-Ampere and the Multi-Ampere
Sources, various kinds of magnetic filter have been utilized to optimize

the negative ion production.

References

[1] Y. Okumura et al.; Proc. 4th Internaticnal Symp. on the Production
and Neutralization of Negative Ions and Beams, BNL, 1988, p.309.

[2] M. Hanada et al.; Rev. Sci. Instrum. 81 (1990) p.499.
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Table 3.1-1 Specifications of the One-Ampere and the Multi-Ampere Sources

Multi-Ampere Source

PLASMA GENERATOR

One-Ampere Source

21 cmx 36 cm

24 cmx 48 cm

SIiZE 7-35 cm depth 15 em depth
CATHODE W-filament x 8 W-filament x 16
MATERIAL sus Copper
MAGNETIC FILTER Rod Filter Rod Filter
External Filter External Filter
Electro-Magnetic PG Filter
EXTRACTOR
GRID AREA 12cmx 26 cm 15cmx 40 cm
(14 cm x 36 cm}
APERTURES 9 mm x 209 9 mm x 434
{(11.3 mm x 253)
EXTRACTION AREA 133 cm2 276 cm2
(253 cm2)
TRANSPARENCY 43 % 46 %
(50%)
GRID 4 (Grids 5 Grids
MAX, VOLTAGE 40 kV 75 kv
COMMENTS 1.6 A, 31 keV H- 10.2 A, 50 keV H-

ion beam was
obtained in 1987

ion beam was
obtained in 1980
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3.1.1 Optimization of Arc Discharge

The negative ion production depends strongly on the arc discharge
conditions. We studied the optimum arc discharge conditions for H ion
beam production using the Multi-Ampere Negative Ion Source coupled with
a 14 cm X 36 cm extractor, where the magnetic filter field is produced
by the magnets mounted outside the arc chamber ('External Filter').

(1) Arc Current Dependence

The Negative ion current increases with an arc discharge current as
shown in Fig. 3.1.1-1, where the filling pressure in the arc chamber PA,
the arc discharge voltage V.. are kept constant. The highest negative
ion current of 3.1 A was produced at the arc current of 1.2 KA. This
current corresponds to the negative ion beam current density of 12
mA/cmz. which is defined at the exit of the extractor.

The negative ion current tends to saturate at the higher arc
current. This saturation was initially found at JAERI [1]. The reason
why the saturation occurs can be explained as Tollows;

a. At the higher arec current, dissociation of molecular ions is
enhanced to produce protons and free atoms which destruct both
the excited molecules and the H ions.

b. The electron temperature increases with the discharge power and
becomes too high for the efficient dissociative attachment of an
electron to the vibrationally excited moliecules. Additionally,
the H ion loss by electron impact detachment is enhanced.

(2) Filling Gas Pressure Dependence

Figure 3.1.1-2 shows the pressure dependence of negative ion
current for different arc discharge currents [2]. There is an optlmum
pressure that makes the H ion current maximum for each discharge
current. The reason why the H 1ion current decreases at higher pressure
is mainly attributed to the loss of H ions by the collisions with H2

molecules.

It should be noted that the optimum pressure increases with the
discharge current. In other words, the larger H™ current requires the
higher source pressure. For a practical use in the neutral beam
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injectors, however, the source has to be operated at a pressure as low
as 0.5-1.0 Pa. Otherwise the stripping less of H™  ions in the
accelerator column becomes too big, resulting in a low acceleration
efficiency and a severe heat dissipation in the accelerator grids. The
reduction of the source pressure is, therefore, an important subject for

the ion source development.

(3} Arc Voltage Dependence

The dependence of the H ion current on the arc discharge voltage
is shown in Fig. 3.1.1-3 for two different types of magnetic filter in
the One-Ampere Negative Ion Source [3]. The arc current was kept to be
200 A by regulating the filament temperature. Although the optimum arc
voltage that gives the highest arc power efficiency is around 70 V for
both types of the filter, the efficiency decreases rapidly with the arc
voltage in case of 'weak filter'. This may be considered as follows;
since the energy of the primary electrons increases with the arc
voltage, those energetic electrons are apt to escape from the Tilter and
give undesirable effect on H production and also enhance the loss of
the H ions. The dependence of the power efficiency on the arc voltage

is weak in the case of 'strong filter'.

881027
T T

References 40 ' ‘ ’ '

MULTE-AMPERE SOURCE
[1] Y. Okumura et al.; Japan EXTERNAL FILTER
Atomic Energy Research
Institute Report

JAERI-M 84-098, 1984,

(2] Y. Okumura; Kakuyugou
Kenkyu 60, 1988, p.329.
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Fig. 3.1.1-2 Dependence
of the H ion current on
the pressure in the
plasma generator for
different arc discharge 3
current. The optimum
pressure that gives
highest H current
increases as the arc
discharge current
increases.
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3.1.2 Optimization of Magnetic Filter Configurations [1]

Since negative ion preoduction in the volume source is thought to be
two-step process [2], the plasma is divided into two regions, i.e. an
are discharge region and an extraction region, by a transverse magnetic
field called "magnetic filter". It was suggested in the early days of
the negative ion research that the filter configuration affected the
negative ion production considerably[3]. Especially in the negative ion
source for NBI, which is required to produce a high current beam, it is
necessary to extract the ions at high current density from a wide area.

Although many structures of the magnetic filter have been designed
and tested so far [3-5]1, it had not been attempted to compare their
performances on the negative ion production systematically. At JAERI,
installing three types of magnetic filters within One Ampere Negative
Ion Source, an optimization of the filter configurations was conducted.
The filters are illustrated in Fig.3.1.2-1. They are called a "rod
filter”, an "external filter", and an "electro-magnetic (E-M) filter",

respectively.
(1) Filter Strength Dependence

The strength of each magnetic filter was optimized in order to
obtain a maximum current from 9 apertures in the centre region of the
extraction area. The optimum filter strengthes were 200 G.cm for the
rod Tilter, 300 G.cm for the external filter, and 150 G.cm for the E-M
filter. Although theoretical model predicts that the negative ion
production depends on the magnetic flux (magnetic field (G) x field
thickness {cm) = Bl), the optimum Bl took various value for each filter.
From an analysis on the filter field profiles, it seems that the
magnetic field strength affects the negative ion production strongly
rather than the thickness does, namely, the negative ion production
depend on BZ1 {5] rather than Bl.

{2} Filter Position Dependence

The dependence of the H yield on the Tilter position was studied
using the E-M filter. The result is shown in Fig.3.1.2-2. When the
distance between the filter and the plasma grid was changed from 60 mm
to 40 mm, the H current was improved considerably. However, as the
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filter was displaced closer toward the plasma grid, the current
saturated gradually, then the improvement became negligible at a
distance less than 30 mm. This result indicates that there is a limit
to the impfovement of H™ current even by installing the filter closer

enough to the plasma grid.
(3) Comparison of Maximum Current Density

The comparison of H current densities obtained by the three
filters are show in Fig.3.1.2-3. The H current density of 22 mA/cm2
was extracted with the external filter. It seems that the H current
density was enhanced by applying a transverse magnetic field on the
extraction surface [8]. On the other hand, the current densities
obtained with the rod fTilter and the E-M filter were lower than that
with the external filter. Since these two filters have "obstacle”
streutures immersed in the plasma at the anode potential, the filters
themselves become plasma loss areas. Consequently, the plasma density
is low for the same arc current compared to that of the external filter.
Then the H™ current density is influenced very much by the filter

configuration.
(4) Comparison of Spatial Uniformity of the H Prtoduction

By changing the location of 9 apertures opended on the extraction
arca, the uniformity of the H current densities was Iinvestigated for -
each filter. An example of the rod filter is shown in Fig. 3.1.2-4.
Corresponding to the formation of an uniform magnetic filter field, the
deviation of the H current densities over the extraction area were
suppressed below 15 % in the rod filter, and 7 % in the E-M filter. TIn
the external filter,:on the contrary, the deviation was as high as 30%.
Since the magnetic field formed by the external fillter expands widely
into the source region and the field strength varies over the extraction
area, the Bl wvalue varies appreciably along the radial direction,
eventually the H uniformity becomes worse in the external filter.

(5) Extraction of 1 A negative ion beam
The H  .current extracted through 209 apertures for the external

filter is shown in Fig.3.1.2-5 as a function of the arc discharge
current. The maximum H beam current of 1.6 A was obtained, where the
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average H current density was 12 mA/cmZ, and the current density in the

center region was 22 mA/cm2. This is due to the poor uniformity over

the extraction area.

In order to realize a high current negative ion source for NBI, two
critical specifications have to be satisfied, i.e. high current density
and good apatial uniformity. From the experiments mentioned above, the
characteristics of the three filters are summarized in Table 3.1.2-1.
Although the highest current density was obtained with the external
filter, the uniformity was relatively worse. In the rod and the E-M
filters, on the other hand, the current densities were limited to
moderate values in spite of their good spatial uniformity. A further
study is necessary to realize both the high current density and the good

uniformity over the wide extraction area.
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Summary of the results obtained with the three types of
magnetic filters.

Table 3.1.2-1

Filter Uniformity Current Density Total H Current
(deviation) @ centre
Rod O 12 mA/cm? 1.26 A
{15 Z)
External X 22 mA/cm? 1.60 A
(30 7)
Electro— QO S mA/cm* 0.90 A
magnetic (7 %)= ® *

¥ at 400 A discharge
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3.1.3 PG ElectroMagnetic Filter [1]

From the results of three filter configurations mentioned in the
preceding sub-section 3.1.Z2, the conditions for an ideal filter

configuration can be listed below;

(1) the filter field is uniform spatially over the wide extraction area,

(2) the filter strength can be controlled easily depending on the arc
discharge conditions,

(3) there is no large plasma loss area such as the rods inside the

plasma,
(4) the filter field can be produced close to the plasma egrid.

To satisfy the above four conditions, we devised a new magnetic
filter called a PG electromagnetic filter. The concept of the PG filter
is shown in Fig. 3.1.1-1. The PG filter produces an uniform filter
field over a large extraction area by flowing a high current through the
plasma grid itself. The inverse filter field produced on ‘the side of
the extraction region works also as an electron suppression or
deflection. In order to confirm the performances of this magnetic
filter configuration, this filter was installed in the Multi-Ampere

Negative Ion Source and tested.

Figure 3.1.3-2 shows the dependence of the H™ ion current on the
arc discharge current. This figure alsc shows the H lion currents in
the rod filter and the external filter. The maximun H  ion current in
the PG filter was 3.4 A (13 mA/cm2) at the arc discharge current of 1.3
KA, the arc voltage of 70 V and the source filling pressure of 2.1 Pa,
where the optimum net filter strength was 430 Causs.cm at a plasma grid
current of 700 A. The H~ ion current in the PG filter is larger than
that in the external filter. This will be due to the good uniformity of
negative ion production, which can be confirmed by the trapezeid beam
profile. Although the difference of the H ion currents between the PG
filter and the external filter is small in the present experiment, the
PG filter will be superior in enlarging the grid width and in obtaining

good beam optics.
Reference
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3.1.4 Cesium Vapor Injection [1,2,3]

It is reported that the H ion production efficiency in a volume
source is remarkably improved by mixing cesium vapor in the discharge
[4,5,6]. To investigate whether or not the same effect is observed in a
large multicusp veolume source, we Iinjected a small amount of cesium
vapor into the Multi-Ampere Negative Ion Scource. In this experiment,
the plasma grid is made of molybdenum plate, which is insulated
thermally by ceramic spacers in order to control its temperature. The
inner surface of the plasma generator is covered with a stainless-steel
liner, which is also heated by the arc discharge to prevent the cesium

condensation.
(1) Enhancement of Negative Ion Current

The dependence of H ion current on the arc discharge current is
shown in Fig. 3.1.4-1 for different source pressures. The negative ion
current obtained before the cesium injection is also shown. Without
cesium, the H ion current achieved at the optimum pressure was 1.7 A,
which was about 30 % lower than the wvalue obtained in the original
Multi-Ampere Source because of the existence of the liner. However,
once the cesium was injected, the H ion current was enhanced
remarkably. At the pressure of more than 0.7 Pa, the H ion current
increased with arc discharge current almost linearly.. The highest H™
ion current of 10.2 A was obtained at the arc current of about 800 A.
The H™ ion current density reached to 36 mA/cmZ. This remarkable
enhancement is considered to be due to the surface production by the

atomic hydrogen incident on the plasma grid {3].

The consumption rate of the cesium is extremely small. Once the
cesium vapor of about a hundred miligrams was injected to the source,
the cesium effect lasted more than a week without additional cesium.
Typically, the source was operated for 0.1 second every 50 seconds.
Thus, the consumption rate was about 0.1 g/3000 shots for 0.1 s beam
pulse ( or 0.2 second Arc/ 5 second Filament pulse).

(2) Optimum [Filling Pressure

Figure 3.1.4-2 shows the H ion current as a function of the
pressure in the plasma generator for various arc currents. Without
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cesium, the optimum filling pressure increased with the arc cﬁrrent [7].
However, in the cesium-seeded ion source, the optimum pressure dose not
depend on the arc current. Moreover this optimum value decreased to
less than 1 Pa. '

(3) Other Effects

Extracted electron current became almost zero when the plasma grid
was biased positively with respect to the anode. Impurity contents (O
and OH ) in the negative ion beam was less than 1 %, and no metal
impurity was observed.
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3.1.5 Comparison of I and D Production [1]

Although deuterium beams are used in the actual NBI for fusion
reactors, most of the experiments on the negative ion production have
been performed with hydrogen. Therefore, it is important, from both a
physics and a NBI design points of view, to make clear the mass
dependence of the negative ion production.

Preliminary tests of D~ production were performed at LBL [2] and
Culham lab.[3]. They reported that (i) D~ current is about a half of H
, and (ii) electron current accompanied with D~ is considerably higher
than that of hydrogen operation. Both of them affects severely the
design of negative-ion-based NBI. However, these results were obtained
by small sources which were optimized only for hydrogen. The mass
effect was not clear in an ampere class large ion source, which can
operate at higher plasma density in the optimum source conditions for

each gas species.

As part of the U.S.-Japan Fusion Cooperation Program, we tested the
JAERT One Ampere Negative Ion Source at LBL with both hydrogen and
deuterium , where cesium was not utilized. By varying the filter
strength from 450 G.cm to 930 G.cm, we compared the differences of
production, transport, and extraction of the negative ions.

(1) Mass Effect of Negative Ion Production

By changing the strength of the filter magnets, the ion source was
operated at various arc conditions. Fig.3.1.5-1 shows the negative ion
currents as functions of the magnetic filter strength. The data were
taken at the optimized conditions for each gas species. The optimum
filter strength for D~ production is stronger than that for H . The
maximum current densities, which were obtained at the corresponding
optimum filter strength for each gas species, were 10.4 mA/cm2 for H™
and 8.4 mA/cm2 for D™ at the arc discharge power of 40 kW. The ratio of
the ion current densities (JD—/JH-) is about 0.8, which is higher than

1/¥2.
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(2) Mass Effect of Extracted Electron Current

Electron currents as functions of the bias voltage are shown in
Fig. 3.1.5-2 for both gas species. The electron current in deuterium
operation was more than twice of that in hydrogen at the zero bias
voltage. As the bias voltage increased, the electron currents dropped
exponentially. The curve of the electron current in deuterium operation
appeared as if that of hydrogen were shifted by 2 V to the higher bias
voltage. The variation of the ion beam current is shown in Fig. 3.1.5-
3. The shift was also observed in the ion currents. The H current
decreased monoteonously with increasing bias voltage starting from Vb =0
V {i.e. anode potential), while the D current kept constant up to 3 V.

Because of the heavier mass of the deuterium ions, it is expected
that the ion loss rate is smaller in the deuterium plasma than in the
hydrogen one. Hence the deuterium plasma potential may be 2 V higher
than that of the hydrogen. By applying the plasma grid bias 2 V higher
in the deuterium plasma, the same extraction condition as the hydrogen
operation can be achieved. This explains the shift of the extracted
currents. Thus, the D~ preoduction is not different from that of H™
basically by optimizing the filter strength and the bias voltage.
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3.1.6 Other Optimizations

Many challenges, some of them were successful and some were not,

have been performed in order to enhance the H current density.

(1) Chamber depth optimization [1]

The One Ampere Negative ITon Source was designed so that the arc
" chamber depth can be changed by installing or removing the side wall
units. The H  productions for three different chamber depths of 7cm,
1lem, and 17cm were examined.

The motivation to optimize the thickness of the source plasma is to
investigate the location of the H production region in the arc
chamber. The thin plasma will reduce the collisional loss of the
vibrationally-excited molecules. Additiconally, it can be expected that
Ho particles, which cause the loss of H by electron detachment process,
will be decreased. These are considered to be reasons why a sheet
plasma was successful as reported by J.Uramoto [2].

From a Langmuir probe measurement, it was confirmed that the plasma
density increased with decreasing the chamber depth for a constant arc
power. Thus the plasma density seemed to be proportional to the power
density. The plasma thickness produced in "7 cm chamber"” was only 3 cm
with the peak density of 5.8 x lOlz/cmS, which was three times higher
than that of "17 c¢m chamber”.

The H current densities for the three cases are shown in Fig.
3.1.6-1. In spite of a big difference of the plasma density profile,
the H current densities were not affected very much by the plasma
properties. The highest current densities achieved were about 22 mA/cm2

for each case.
{2} Pre-disscciation of hydrogen mclecules

Whether or not is the atomic hydrogen a "poison” for H production?
It was discussed at IAEA workshop at Culham in 1987 [3]. The One Ampere
Source seemed convenient for the pre-dissociation experiment; the
discharge chamber was divided into two regions by a copper thin plate
with cusp magnets. Several apertures were driltled on the dividing
plate. By turning on the intense arc discharge in the upper chamber,
atomic hydrogens are formed by the dissociation of H2 molecules, and are
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supplied through the apertures into the lower discharge chamber.
Checking the difference between H current obtained with and without
discharge in the upper chamber, the answer is given quite easily.

The result shows that the H current increases with the arc
discharge power supplied in the upper chamber. It seemed that the
increase was due to supplemental power input from the plasma leaking
through the dividing plate. We could not have a conclusion about the
influence of the atomic hydrogen on the negative icon preduction.

(3) Gas mixing experiment [4]
The gas mixing into the arc discharge plasma was performed from an

interest how the H  production was affected by the electron density in
the extraction region. A significant increase of U™ yield was reported

by argon or Xxenon mixing at LBL [5]. However the data could not be
reproduced by Ar mixing at JAERI. The result cobtained by the One Ampere
Source is shown in Fig.3.1.8-2. Actually, the extraction current

increased more than a factor of two by Ar mixing. This indicates that
the electron density in front of the plasma grid was increased. On the
other hand, H ecurrent kept constant for the pressure region concerned.
In addition, it was tested to mix the air into the chamber as a
check of air leak effect on the H production. Once the air introduced
into the source during the discharge, H current was reduced by several
tens of percent. In order to recover the H current, it was necessary

to clean up the chamber wall surface.
(4) Mistery of filament on H production

One of the important R&D issues on the high current negative ion
source is the cathode. Although the experiments described in this
section have been performed with tungsten filaments, 1t seems hard to
use it in the NBI for fusion reactor from the view point of filament
life.

An R&D on a long life cathode is mentioned inm sub-section 3.6.1.
However, the other crucial problem 1is the compatibility with the
negative ion production. From this aspect, several trials have been
performed for investigating the effect of the filament diameter, the
filament current, and the filament number.

Concerning the filament current, we observed that H current
increased after the filaments turned off. Since the magnetic field
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formed by the heater current interferes in the source cusp field, the
plasma, which is not suitable for the I production, will be produced.
The thinner the filament diameter is, the smaller is the heater current
required for maintaining the discharge. Therefore, this interference
can be reduced by a thinner filament. It was also found that the
increase of the filament number installed in the source decreased H
current. This is due to increase of the cathode area immersed in the
plasma, i.e. the ion loss area, then the reduced plasma density lead to
a decrease of the H yield.

Hall et al.[6] reported that the population of vibrationary excited
molucules are strongly affected by a filament materials. We also tested
tungsten and tantalum filaments, and observed about 50 % of increase in
H  current at maximum[7]. It seemed that the filament material
deposited on the chamber wall has some effects on H™ production.

(5) Effect of Chamber wall material [8]

Ehlers et al.[9] and Fukumasa et. al.[10] reported the wall effect
on H production in low density plasmas. In order to clarify the effect
even at a high density plasma condition, and alsc from the study
mentioned above (4), the chamber surface materials were changed by
depositing some metals on the chamber wall surface. The dependence of
H current density on the gas pressure in the chamber is shown in Fig.
3.1.6-3. Three cases of the wall conditions (W, Al and Cu) were plotted
in the figure. It was apparently different by the chamber wall
conditions. It was confirmed that the surface affects the volume
produced H vwield even at the high plasma density conditions. Aluminum
surface gives about 20 % higher H ion yield than copper (main material
of the ion sources) or tungsten (usually the wall is covered with the

filament material).
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3.1.7 Tmpurities in the H Ion Becam (1]

The impurity concentration in the H ion beam was measured by a
momentum mass analyzer. Figure 3.1.7-1 shows an example of the mass
spectrum, which was obtained in the Multi-Ampere H Ion Source at the H
ion current of 4.8 A and the beam energy of 50 keV. In the spectrum,
there are some Impurity peaks of 0 and OH . The peak at M=15.1
corresponds to the O ions dissociated from OH . We have scanned the
mass number up to M=200, but no metal impurity was observed.

Since the line density of the residual hydrogen gas from the ion
source to the mass analyzer 1s as high as 5 x 101d molecules/cmz, some
of the negative ions are converted to positive ions. Taking into
account the conversion efficiency, the 0 impurity in the original ion
beam was estimated to be 0.8 %. The concentration is typically a few
percent at the beginning of the experiment, but it decreases to less

than one percent by discharge cleaning of the source.

The impurity level was confirmed by Doppler-shifted Spectroscopy of
the beam. Figure 3.1.7-2 shows a spectrum of Doppler-shifted Balmer-
alpha light. Besides the peaks of full and extraction energy particles,
we can see a small peak at energy of E/17, which corresponds to H atoms
dissociated from OH ions. Taking intec account the excitation cross
section, we estimated the OH impurity level to be around 1 %, which was

consistent to the momentun mass analysis.
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3.2 Electron Suppression

Since the negative ions are produced in a plasma and have no more
than thermal energies ( < 1 eV ), a large amount of electrons are
extracted together with the negative ions in the volume source. Those
electrons not only reduce the acceleration efficiency but alsc cause a
gsevere heat dissipation in the extractor and the accelerator grids.
Therefore, electron suppression is one of the Kkey subjects which should

be studied.
3.2.1 Effect of Bias Voltage

Biasing the plasma grid electrically in positive with respect to
the anode is very effective to suppress the electron extraction[1].
Figure 3.2.1-1 shows the typical dependence of the extracted electron
and negative ion current on the bias voltage. This data was taken in
the Multi-Ampere Source [2] in Cs-free operation. The extracted
electron current, which is nearly equal to the extraction current ( Toxt
), decreases significantly when the grid is biased positively, while the
H ion current is almost constant for negative bias voltage and
decreases slightly at high positive bias voltage. The Multi-Ampere
Source is operated typically at Vb: +2 V, where the electron current is
about five times larger than the negative ion current. However, if we
permit the reduction of the negative ion current by about 30 %, the
electron current can be suppressed to nearly the same value with the
negative ion current by biasing the grid above +5 V.

3.2.2 Electron Suppression in the Extractor [3]

Even 1f the bias voltage is optimized, a substantial amount of
electrons are extracted with the negative ijons. In order to prevent
those electrons from escaping to the acceleration region, the One-Ampere
and the Multi-Ampere Sources employ an extraction/acceleration grid
system. In this system, a large amount of electrons are extracted
together with the negative ions by applying a potential up to a few kV
as a first step. Then those electrons are deflected by a transverse
magnetic field, which is formed by a pair of small magnets inserted in
the extraction grid, and strike the grid wall. Only the negative ions
pass through the extraction region and enter the acceleration region to
be accelerated further. A cross section view of the grid system 1is
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shown in Fig. 3.1-1 together with the electrical connection of power
supplies. The unique feature of our grid system is that there is an
additional grid called electron suppression grid. This grid is
introduced to make an electrostatic barrier against the secondary and
the reflected electrons emitted from the extraction grid.

Figure 3.2.2-1 shows an experimental result on electron suppression
which was obtained in the same grid geometry as the One-Ampere Source.
The electron suppression factor, that is defined by the ratio of the
escape electrons to the extracted electrons ( =(1l,..- Ig~)/{Igxe~ Ig~)).
was measured as a function of extraction voltage for various strength of
the deflection magnets. It was found that, without the suppression
grid, the electron suppression is very difficult due to the escape of
secondary electrons ( see the solid lines in the figure }. However, by
introducing suppression grid and applying a negative potential to the
grid with respect to the extraction grid, the factor decreases
considerably as shown by the broken line.

In summary, the electron current in the accelerator region could be

suppressed to almost zero by biasing the plasma grid and employing the
three grid ( plasma, extraction and electron suppression grids ) system.
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3.3 BEAM EXTRACTION
3.3.1 Negative Ton Extraction Characteristic

The H extraction seemed considerably different from that of
positive ions, since the H extraction is accompanied with high current
of electron. Additionally, transverse magnetic field which may also
affect the H™ extraction is formed by a pair of magnets installed in the
second grid to suppress the electron current.

We usually plot the negative ion current as a function of
extraction voltage applied between the plasma (first) grid and the
extraction (second) grid. An example of H and D (and also electron)
extractions is shown in Fig. 3.3.1-1. A problem is how to account the
electron current into the characteristics. In the figure, D~ and
electron currents are normalized to produce the same space charge
equivalence as H, i.e. D7 current is multiplied by 2 and electron one
is divided by 1800 [27.

When the extraction veoltage is low, the H equivalent current
increases steeply as the voltage, that is proportional to V3/2 [2,3,4]
like positive ion extraction. This indicates that the negative ion
extraction including electrons in this region is dominated by the Child-

Langmuir law.

For extraction voltage above a threshold, there is a gentle rise in
H and D currents. This change for weaker dependence (or limit) is
interpreted as emission limit [3] or "depletion [5]" of negative ions.
Then the gentlie rise is supposed to be a "fringing effect" of the plasma

boundary [8].
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3.3.2 Optimization of Negative Ton Extractor

Prior to the high energy beam experiment, we are testing a beam
optics of an extractor combined with a pre-accelerater as an initial
test of a pure volume source at ITS-Za. Fig. 3.3.2-1 illustrates the
configuration. The beam is produced through a single aperture with an
energy of 40 keV or more. In this test, we have measured a very small
divergence of H beam by Faraday cup. The beam divergence angle defined
by the e-folding half-width was estimated to be 2.4 mrad.

The measurement is available to H temperature estimation, because,
if we neglect beam aberration in electrostatic lens, the beam divergence
is simply defined by H~ temperature. Although the profile measured has
a two dimensional structure, the minimum value is taken for the
estimation, which seems to contain smaller aberration component.
Agsuming that the ion temperature distribution function in the source is
Maxwellian, the temperature limited divergence is given by the following

equation:

_1r_ [lu
o

Where E and TH— are the beam energy and the ion temperature
respectively. Substituting o = 2.4 mrad, and E = 40 keV, the H
temperature is estimated to be TH“ = 0.3 eV, which is considerably low
compared to that of the positive ion beams.
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3.3.3 Beam Optics of the Multi-Ampere Source

An accelerator of a high energy ion source is composed of a pre-
accelerator and a main-accelerator. Optimization of the beam optics in
the pre-accelerator which accelerate the negative ions up to about 50
keV is important to obtain a small beam divergence less than 5 mrad
(0.29 degrees, e-folding half-width) for the next NBI system. The
accelerator of the multi-ampere ion source which produced 10 A negative
ion beams [1] corresponds to the pre-accelerator of the high energy ion
source. Therefore, we investigated and optimized the beam divergence by
utilizing the multi-ampere ion source. The result of the simulation
using the two-dimensional code [2] for the positive ion beam was
compared with the experimental results and the applicability of the 2D
code to the negative ion beam simulation was investigated [3,4].

Figure 3.3.3-1 shows a schematic of the accelerator of the multi-
ampere negative ion source. The negative ion beams were extracted from
the multi-aperture extractor which has 434 apertures within the area of
15 cm X 40 em. The beam divergence was measured at the position of 1.85
m from the 1ion source. The beam divergence was evaluated assuming
that the ion beam is produced from a point source. Figure 3.3.3-2 shows
the beam divergence as a function of the extraction voltage. Optimum
extraction voltages are varjied with the acceleration voltage. The
minimum beam divergence obtained under the point source assumption is
limited to 2.4 degrees, because the beam divergence was measured near
the source, namely; 1.85 meters from the accelerator. The broken line
shows the beamlet divergence by the 2D computer simulation. since the
tendencies of the beam divergence variation agreed well with the
experimental results, the 2D simulation code for the positive ion beam
can be applied to the negative ion beam simulation. A typical example
of the simulation is shown in Fig. 3.3.3-3.

More precise simulation including electrons can be done by the
modified three-dimensional computer code [5] which was originally
developed by K.Ota {6]. Figure 3.3.3-4(a) shows an example of 3D beam
orbits of negative ions and electrons. The current densities of the
negative ions and electrons are 10 mA/cm2 and 50 mA/cmz, respectively.
The acceleration voltage is 23 kV. Figure 3.3.3-4(b) shows a <cross
sectional view of the accelerator. The electrons are reflected by the
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magnetic field which is produced by the permanent magnets in the
extraction grid. The H ion trajectories are scarcely affected by the

magnetic field.
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Fig. 3.3.3-1 A cross-sectional view of the 50 keV accelerator
of the multi-ampere negative ion source.
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Fig.3.3.3-4 3D simulation of the trajectories of negative ion beams
and electrons in the extraction region.
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3.4 Beam Acceleration and Transportl
53.4.1 Multi-single Type Acceleration [1]

One of the most important points in developing a high energy and
multi-ampere negative ion accelerator is to suppress the stripping loss
of beam ions in the accelerator due to the collisions with the
background gas molecules. In the conventional multi-aperture type
accelerator as shown in Fig. 3.4.1-1(a), where each beamlet from the
pre-accelerator is accelerated through an individual channel of the main
accelerator{multi-multi type), it is difficult to lower the gas
conductance. Hence, we proposed an accelerator with high gas
conductance, where multiple beamlets from the pre-accelerator are merged
into a single large beam in the main-accelerator{multi-single type).
This acceleration system makes it possible to reduce the stripping loss
approximately by half compared with that in the multi-multi type

accelerator.

A muiti-single type accelerator which can deliver a 500keV D sheet
beam has been designed using a two-dimensional ion beam simulation code
[2]1. Figure 3.4.1-1(b) shows one of the optimum system, where three
sheet beamlets from the pre-accelerator are merged in the main

accelerator. Electrons accompanied by the negative ion beams are
deflected by the transverse magnetic field produced by the magnets
installed in the second electrode and are dumped on it. In order to

obtain a good beam optics with this system, optimization of the beam
emittance at the exit of the pre-accelerator is essential. Namely, the
convergence angle and the steering angle of each beamlet must be
optimized. The convergence angle are determined so as to compensate the
space-charge-expansion in the main-accelerator, since the focusing
effect can not be expected in the main-accelerator. The peripheral two
beamlets are steered so as to be merged into the central beamlet and to
be a large single beam with good beam optics. In this design, the
steering is performed by the axial displacement of the central two rods

in the fourth electrode.
Figure 3.4.1-2 shows a design of 500keV main-accelerator where 5

beamlets are merged. With increasing number of beamlets to be merged,
the required electric field strength in the main-accelerator becomes



JAERI-M 90-154

high. Therefore,
the voltage holding characteristics of the accelerator.
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density at the emitter are assumed Lo be SOmA/cm2

respectively.
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current density of 50mA/cm2 is injected in the main acéelerator at
an initial energy of 20keV.
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3.4.2 Experiment Simulating 500 keV Acceleration

The design of the multi-single type 500 keV accelerator as
described in the precedent sub-section, has been tested experimentally
[11. This accelerator consists of a pre-accelerator and a main-
accelerator. Each electrode in the pre-accelerator has three slots
whose dimensions are 5 mm X 50 mm, and the electrode in the main-
accelerator has a slot of 26 mm X 70 mm with high gas conductance. In
order to demonstrate the possibility of the merged beam acceleration
with small divergence, we measured the beam divergence at the beam
energy of 50 keV keeping the same perveance of 500 keV acceleration.
Figure 3.4.2-1 shows the configuration of the accelerator and the beam
orbits. Figure 3.4.2-2 shows the beam divergence as a function of
extraction voltage. There is an optimum extraction voltage for a fixed

acceleration voltage. Furthermore, the beam divergence became small
with increasing acceleration voltage. The range of optimum extraction
voltage became wider with high acceleration voltage. These

experimental result shows that the three beamlets can be merged

successfully to a single beam.
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3.4.3 FElectroStatic Magnetic Quadrupole Acceleration ( ESMQ )

Electrons are produced in the accelerator due to the electron
stripping of the negative ions by collisions with background gas
molecules. It is 1important to prevent the electrons from being
accelerated to high energy, because high energy electrons generate X-
ray that may decrease the voltage holding of the accelerator and give
high heat 1load on the acceleration grids. For this purpose,
Electrostatic Magnetic Quadrupole Acceleration system has been proposed
[117. In this system, magnets are buried in the acceleration grids to
produce a quadrupole magnetic field inside the aperture ( Fig.3.4.3-1 ).

A preliminary investigation using a beam envelop code has been

carried out. Results are as follows:

1. Electrons are diverged or converged largely in the aperture and
most of the electrons cannot go through the downstream aperture.

2. Divergence of negative ions is not disturbed by the magnetic field.
Higher current ion beam can be accelerated through each channel
with this quadrupole magnetic field.

3. The leakage of the magnetic field from the grid plate is very small.
Hence, the negative ion production and the voltage holding

characteristics are not influenced.
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3.4.4 4D Fmittance Scanncr

A four dimensional emittance scanner using a micro channel plate
(MCP)l has been devised and its performance has been confirmed
experimentally.2 This scanner is composed of a pin hole, a deflection
electrode, a two-stage micro channel plate with a fluorescent screen, an

ocular lens and a CCD camera, as shown in Fig.3.4.4-1. The pin hole
with inner diameter of ?Pm is made in the stainless steel foil of 12.5Pm
in thickness. Beam particles through the pin hole are separated

electrostatically by the parallel plate deflection electrodes into
negative ions, positive ions and neutrals. Each particle collides with
the surface of MCP, causing an electron avalanche in each micro channel.
The amplified electron beam is accelerated further to the surface of the
fluorescent screen and makes an image of beam particles on the screen.
The image on the screen is focused by the ocular lens on the CCD camera
sensor. The above components are installed in a box, which is scanned
two-dimensionally across the beam crosssection. The image on the screen
at each scanning point are stored in a digital video memory, and
utilized to obtain a 4D emittance diagram, namely a super emittance
diagram.3 The intensity of the image at each point on the screen is
expressed by 8 bit data, namely 64 intensity levels.

The performance of this system was confirmed using a small ion
source with a single aperture extraction system which can deliver a 14
keV negative hydrogen ion beam. A typical image stored in the digital
video memory is shown in Fig.3.4.4-2. The relationship of the incident
particle flux and the total counts of the image is shown in Fig.3.4.4-3.
The total counts increased linearly with the particle flux so long as
the particle flux is less than 4 x lolz/cmz's, where the MCP voltage and
the screen voltage are 0.95kV and 1.3kV, respectively. A typical 4D
super emittance diagram is shown in Fig.3.4.4-4. From this figure,
conventional 2D emittance diagrams can also be obtained.

With this system, it is also possible to estimate the gas cell line
density by the ratio of the total counts of each beam components.
Additionally, it is possible to observe a beamlet steering angle and to
obtain a focal point of the multiple beams.
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3.4.5 Space Charge Expansion of Negative Ion Beams [1]

The pufpose of this study is to confirm that the beam can be
transported from the accelerator to the neutralizer and also in a long
neutralizer without space charge blown-up even at a 1low pressure. The
negative ion beams with various diameter were fired from the One Ampere
Negative Ion Source. The beam divergence were measured at various gas
pressure ranging from 10“3 to 1 Pa. From this experiment, following

results were obtained.

(1) Figure 3.4.5-1 shows a comparison of space charge expansion for H ,
H*, and He' beams. Although the beam divergence is almost constant for
a wide range of the pressure in the beamline, the beam divergence
becomes larger below a critical pressure for each ion beam due to the
space charge expansion. As shown in the figure, the critical pressure
of H- beams is lower by one order of magnitude compared to that of

positive ion beams.

(2) The dependence of space charge expansion of the negative ion beam
on the background gas species was measured. The result is shown in Fig.
3.4.5-2 for argon and XxXenon. The critical pressure decreases
considerably with the mass number of the gas species. For the heavier
positive ions produced by the collisions with the H  beam ions, the
longer drift time will be required to escape from the beam column. Then
the negative space charge of the beam will be ecasily compensated.

(3) A beam with larger diameter indicated more intense space charge
neutralization. This is because the drift time of the positive ions to
escape from the beam column increases with the beam radius.

(4) The H  current was varied by regulating the arc discharge current.
The beam divergences for three cases of the H current density are shown
in Fig. 3.4.5-3 as a function of the pressure in the beam drift region.
The critical pressure is independent of the H current density. Since
the beam plasma, which neutralize the beam space charge, is produced by
the beam itself, the density of the beam plasma depends on the intensity
of the beam. Therefore the beam blow up due to the space charge is
independent of the beam current density.

— 62i
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From these experiment, it was indicated that the space charge

expansion 1s strongly dependent on the beam plasma characteristics.

Then normalized generation ratel[Z], which corresponds to the ratio of

the positive ion density to the beam particle density, was introduced
from a particle balance equation of the positive ions in the beam
An example of the experimental data summarized by the

plasma.
The results indicate that

normalized density is shown in Fig. 3.4.5-4.
the beam divergence becomes large at the normalized generation rate of

less than about 1.
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Fig. 3.4.5-2 Space charge
expansion of the negative
ion beam for three
different gas species in
the beam drift region.

Fig. 3.4.5-3 Space charge
expansion. of the negative
ion beam as a parameter of
the negative ion current
density.

Fig. 3.4.5-4 Dependence
of the beam divergence on
the normalized generation
rate; an example for
variocus radius of the
negative ion beam.

JAERI-M 90-154

it ad

W] Ve

DIVERGENCE

DIVUKILN(JL w‘]e mrad.

30 e —— B80T E9~G9
H +H, o H+H,
a:H+pr
a:H+¥e
L jul
290 i Aperfure
B {R=0.45¢cm])
H +%e
10 F - i
Vyes T4V 1o 23704
Verr =3 kY Loy = 83~140mA
Vo221V 1= 33mA
P, =24Pa
- .ll3 L b il - Lo
10 16 16° 1¢' |
PRESSURE P, Fa
30 S : Bo03Ir OB me@~@
H +H,
Tt 400 A 07 [ 200A
(i > 2.5 mA/ea) lec®B00 A ®:15,, 74004
20 |- Hes amasem?y * lore600A
o \ Aperture
5 {R=045¢m)
Tyc*200A"
{jH ™« 1.3mA/em? } 5
10 Ve *T2~T4.8V 7
Vo 225~ 3KV
Voo 221 KV
P, 24P
0 — ‘;“!_ ij_ A o i1
g 16 16° (0 i
PRESSURE F. Pao
30 T T T T T Ty T T T T T T 71T
3
£20F =
3
Lt
[
G
g 1or Vo =21 KV Lépertre |
g R=045cm
a
O 1 | 1 f v raal - [ ]
0 102 0 e

NORMALIZED GENERATION RATE S



JAERI-M 80-154

3.5 Stripping Loss of Negative Tons in the Accelerator
3.5.1 Measurement of Stripping Loss by a Spectroscopic Method

Since the negative ion has a big cross section for neutralization,
some of the extracted negative ions collide with residual gas particles
and neutralized in the extractor and accelerator column. This stripping
loss is a serious problem in a volume source, because the operating
pressure of a volume source is generally very high. Not only the
negative ion current decreases but also a large amount of electrons are
produced and accelerated, resulting in a low acceleration efficiency and
a high heat dissipation in the accelerator grids.

Estimation of the stripping loss is not easy, because we have not
enough information about the residual gas temperature which might be
very high due to the heating by arc discharge. Therefore, we measured
the stripping loss directly by a spectroscopic method. In this method,
the energy distribution of the H  ion beams was measured by Doppler-

shifted spectroscopy of Balmer-alpha light. The beam contains
fractional energy neutrals which are stripped in the accelerator column
before fully accelerated. From the amount of the fractional energy

neutrals, we can estimate the stripping loss.

Figure 3.5.1~1 shows an example of the spectrum. Besides the
unshifted and full-energy peaks which correspond to the beam plasma and
fully accelerated particles, respectively, we can see a lot of signals
between the two peaks. The third peak denoted H&ﬂE=VeXt) corresponds to
the fractional energy particles which are neutralized in the extraction
grid where the negative ions propagate for some distance at the same

energy of extraction voltage.

The stripping loss ratio ( nol )} measured by this method is shown
in Fig. 3.5.1-2 by circles as a functicn of the pressure in the plasma
generator. The stripping loss increases with gas flow rate into the ion
source. The stripping loss ratio was also estimated from the gas flow
calculation using the Monte-Carlo computer code which assumed a constant
gas temperature. The calculated value is also shown in Fig. 3.5.1-2 by
solid and broken lines. The measured values agree well with the
calculation if we assume the gas temperature to be 400 K (broken line).
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The stripping ratio of negative ions is estimated to be 45 % for
the One-Ampere H  Ion Source at a typical operating condition of IH7=1.6
A and PA= 1.5 Pa, where IH— is fully accelerated negative ion current

and PA is the pressure in the plasma generator.
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Fig. 3.5.1-1 An example of Doppler-shifted spectrum of Balmer-alpha
light (656.3 nm). The negative ion beam contains a lot of fractional
energy neutrals which are produced in the accelerator column by

neutralization of negative ions. 871007
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3.5.2 3D Monte-Carlo Gas Flow Code Development

To estimate the stripping loss of the negative ions in an
accelerator, a 3D Monte Carlo gas flow code has been developed. This
code caleculates both the temperature and density distributions of the
molecular gas flow along the beam axis. Since the gas flow rate through
the accelerator is constant, the density distribution is calculated by
the following equation:

- 1/' 2
- = (1)
- 2
ng vi Np Sj VT; No° Sy,

where Vv, N, S, and T denote the mean velocity of the molecules, the
molecular number, the cross section area of the accelerator channel and
the temperature of the molecular gas, respectively. The subscripts 0
and 1 indicate the starting position and the arbitrary position along
the axis of the accelerator, respectively. The velocity distribution at
the staring pesition { in the arc chamber) is assumed to be Maxwellian.

In order to take into consideration the energy ftransfer between the
surface of the accelerator electrode and the gas molecules, an
accomodation coefficient & is applied in this code. The temperature of
the gas molecules after the collision with the electrode T, is expressed
as follows:

T, = Ti+'0c(Twn-Ti), (2)

where, TWn and Ti are the temperatures of the electrode and the gas

molecules before the collisicn, respectively.
To confirm the wvalidity of this code, the stripping loss of the

Multi-Ampere Negative Ion Source was calculated under the assumptions
described below;
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Numbers of projection molecules : 5000
Accomodation coefficient : 0.3
Gas temperature at the strarting position ¢ 500 K

( in the arc chamber )
Temperature of the electrode : 300 K
Molecule reflection law on the electrode : cosine law
Molecule reflection law at the boundary : mirror

between the electrode

An example of the molecule trajectories is shown in Fig 3.5.2-1. The
molecules frequently collide with the plasma grid and the extraction
grid. Consequently, the temperature of the gas molecules rapidly
decreases in the extraction region as shown in Fig.3.5.2-2. When the
gas pressure is 1.5 Pa and the gas temperature in the arc chamber 1s 500
K, the total stripping loss both in the extraction and acceleration
region is about 45 %, where the average temperature in the extraction
region is around 400 K. This value approximately agrees with the
experimental value described in section 3.5.1. From this result, this
code turned out to be useful for calculating the stripping loss in the
accelerator.
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3.6 Long Pulse Operation

3.6.1 Long life Cathode

Target performances of the cathode of ion sources for the next

neutral beam injectors would be as follows;

Pulse length : Steady State
Life time : more than 1 year

Flectron emission density : 5 to 10 A/cm2

To start the development of the cathode that satisfy the above

requirements, we devised, as a first step, a new cathode as shown in

Fig.3.6.1-1. The specification of the cathode is given below;

Electron emitter : barium oxide impregnated porous tungsten
cylinder

Inner/outer diameter : 1.0 cm/ 1.4 cm

Heater : tungsten rod of 2.5 mm in inner diameter at

the center
Heater power 140 A x 2.2 V ( Once discharge starts, the
heater power can be switched off).

Non-stop 10 hour durability test of this cathode was carried out using a
magnetic muiltipole line cusp plasma generator of 20 c¢m in inner diameter
and 27.5 cm in length, under the discharge conditions;

Operating gas : hydrogen

Gas presuure : 0.76 Pa

Discharge current : 50 to 60 A {( 2 to 2.4 A/cm2 at the cathode
surface)

Discharge voltage : 39 to 45 V.

The discharge was continued for 10 hours without any interruption, and
stopped by switching off the discharge power supply.

Thus, this cathode has shown the potentialities for a pulse length
longer than 10 hours. This result gives a good perspective to the

future development of the long life cathode.
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Fig.3.6.1-1 The newly devised impregnated cathode for steady state
discharge :
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3.6.2 Plasma Production by Microwave

A RF ion source has many features. One of them is that it can be
operated without hot cathode which 1limit the operation time. From the
view points of application to a negative ion source and a plasma
neutralizer, we are developing RF ion sources. The ion source is shown
in Fig. 3.6.2-1. The ion source consists of a pair of magnetic coils and
a cylindrical vacuum chamber. A waveguide is connected to one side of
the chamber. The microwave of 2.45 GHz, 5 kW generated by a magnetron
is introduced through a quartz window to the chamber.

Hydrogen plasma and xenon plasma were generated by 5 kW RF power.
The plasma density of higher than 1012 cm™2 was obtained. In the case of
Xe plasma, it was confirmed that the ionization rate was higher than 30
%[1].

After optimization of the magnetlic field strength, gas pressure,
etc., we could obtain similar plasma conditions as that of the volume

L.,

negative ion source. The hydrogen negative ion current was measured
using a negative ion probe. The results show that the negative ion
current of 7 mA/cmZ was obtained when the microwave power was 1 KkW.
Reference ' Longmuir Probe
[1] Y.Matsuda et al., Proc. T i _
12th Symp. on Ion Sources and TR = = i+ X
Ton Assisted Technology, Eﬁ%ﬁ%%&{lilwwm Window §
Tokyo, 1989, p.107. Z (Quortz} :
Y p Ty H
! Plosmo Chember E
U o Lt
Vocuum
Pump
|t
H i rob
lon probe Magnetic Coils
l
__‘28 kGauss
/—\_-I.O
18
+6
Resononces 1a Ieoit = 100A
Fig. 3.6.2-1 Schematic diagram T-2
1 1 1 1 L] - 1

of the high density ECR plasma 20 10 0 lb 20

generator. Z POSITION (cm)
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3.6.3 Long Pulse H Ion Source

To demonstrate the long pulse operation of the negative ion source,
we have designed and fabricated a new source called Long Pulse H Ton
Source. The objective of this source is to produce more than one ampere
H™ ion beams quasi-continuously at the energy level of 50-75 keV.

Figure 3.6.3-1 shows the cross section of this ion source. The
basic design of the source is same as the Multi-Ampere H Ion Source,
but has some features for the long pulse operation; i.e.

(1) All the elements of the scurce are efficiently water cooled.

(2) All the elements of the source including SmCo magnets and O
rings can be heated up to 300 C.( Special magnets and O-ring are
used.)

(3) Extraction grids have expansion mechanism ( bellow structure) in
the peripheral region for thermal expansion.

{4} Many thermocouples are installed +to monitor the temperature
distribution.

(5) Exchange of cathode is easy.

The source can he operated not only in the pure volume mode but
also in the cesium-seeded mode. When a large amount of cesium is
condensed in the accelerator column, the source will be baked up to 300
C and the voltage holding will be recovered.

Basic design parameters are listed below;

(Plasma generator)
Size: 22cm x 15 cm depth
Type: magnetically filtered Cs-seeded multicusp source
Cathode: W filament x 4

{Extractor)
Extraction Area: 10 cm x 9 cm
Apertures :11.3 mm X 44
Grid 1 4 grids
Insulater : alumina ceramic
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Fig. 3.6.3-1 A crosssection view of the long puse H ion source.
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3.7 Related Technologies

3.7.1 High Voltage Insulator

A high power negative ion accelerator requires a large high voltage
insulator compared to that of the positive ion accelerator, because the
acceleration voltage is higher by about one order of magnitude and the
ion beam current density is smaller by about one order of magnitude.
The major specifications required for the insulator are listed below;

a. Diameter : 1.5m ~ Z2.5m
b. Voltage holding along the inner
surface in vacuum : > 10 kV/cm
c. Qutgas c . 1074 Pa.ms/s << Ion source
gas flow rate
Vacuum leakage in 5 atm SFg gas : < 10_6Pa'm3/s
Carbonization : small enough to Keep voltage

holding characteristics

f. Strength : enough to support the total
weight of the ion source
g. Baking temperature : 150°C -~ 200°C
' if Cesium is used
h. Neutron damage 1> 1016 n/cm2

There are several candidates for the materials which have a
possibility to satisfy the above specifications, namely, FRP(Fiber
Reinforced Plastic), Epoxy, Porcelain, and Alumina Ceramics. As a step
to develope such a large insulator of these specifications, we
manufactured and tested two types of Iinsulator as shown below.

Type A Material : Voidless FRP
Dimensions : 2.4m 0D x 5.5cm thick x Z4cm long

Temperature(max) : 40°C

Type B Material : Aluminum ceramic
Dimensions : 42cm 0D x Z2cm thick x 10cm long
Vacuum seal : Metalized silber brazing

Baking Temperature : 200°C
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Figure 3.7.1-1 shows the structure and dimensions of the Type A
insulator. The voltage holding characteristic at the nominal applied
voltage of 150kV is shown in Fig.3.7.1-2. The insulator with wvacuum
flanges on both sides was placed in a dry nitrogen gas atmosphere. The
pressure inside the insulator was kept to be 5 X 10”2 Pa by introducing
hydrogen gas. This insulator was able to hold a nominal voltage of
150kV stably. This result shows that the large FRP insulator can be
utilized for a accelerator insulating column, so long as the baking of
the accelerator should not be reguired. Concerning the Type B
insulator, it is utilized for the long pulse source described in sub-
section 3.6.3 without any problem. We are now planning to manufacture
an alumina ceramic insulator with a diameter of 1.5m. This is a maximum

size of an aluminum insulator which can be made at present in Japan.
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Fig. 3.7.1-1 A large high voltage insulator made of FRP.
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3.7.2 Voltage Holding lxperiment

High voltage of 150 - 200 kV must be sustained in each stage of a
high enefgy acceleration system, whose gap length is 5-8 cm. We
investigated the DC voltage holding characteristics in the similar
condition of the accelerator. Figure 3.7.2-1 shows the experimental
set-up. High voltage was fed by a 1 MV, 10 mA DC power supply. A vacuum
chamber was made by cylindrical FRP insulator of 625 mm in diameter and
1000 mm in height. A couple of Rogowskii electrode of 160 mm in
diameter was mounted in the chamber. The voltage and the currents of
both the electrode and the insulator were measured. High voltage was
supplied with a rising speed of 100 kV per minute.

Figure 3.7.2-2 shows the flashover voltage as a function of gap
length. We confirmed that the breakdown mechanism obeys the Clump
theory [1] at least up to the gap length of 50 mm, because the flash

over voltage increases as go'5"0‘6.

In order to confine the secondary electrons 1in each stage, it will
be necessary to mount permanent magnets in the accelerator electrodes.
Therefore, it is necessary to investigate the effect of magnetic field
to the flash over voltage. TFigure 3.7.2-3 shows the flashover voltage
as a function of pressure of both cases of with magnetic filed and
without magnetic field. The effects of the magnetic field appear at the
higher pressure of 10 -3 Torr. The flashover voltage became lower when
the magnetic filed was supplied. This reason is considered to be the
enhanced confinement of the electrons by magnetic field. At the lower
pressure of l0_3 Torr, we confirmed that the flashover voltages do not

depend upon the gas pressure.

In recent years it was confirmed that cesium is very effective
to increase the negative ion current [21. However, 1if cesium is
deposited to the accelerator, the voltage holding characteristics will
be degraded. Therefore, the effect of cesium on the voltage holding
characteristics has been investigated. TFigure 3.7.2-4 shows the result
when cesium was deposited on the electrode. The quantity of cesium is
considered to be about 0.07 mg/cm2 and one order higher than that of the
actual ion source. When cesium was deposited, a glow discharge ocurred
initially followed by a spark breakdown at a higher voltage. The
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brealkdown voltage is about 70 % of the case without Cs. These results

are summarized as follows;

1} Breakdown mechanism obeys the Clump theory at least up to the gap

length of 50 mm.

2) The breakdown voltage became lower when the magnetic field was
supplied at the higher pressure of 10“3 Torr.

3) Breakdown voltage did not depend upon gas pressure at the lower

pressure of 1073 Torr.
4) Breakdown voltage is decreased by cesium. However, about 70 % of

the voltage in the cesium-free case can be held.

References

{11 L. Cranberg : J. Appl. Phys. 23, 518 (1952).
[2} Y.Okumura et al., Proc. 13th Symp. on Ion Source and Jon-Assisted

Technology, Teokyo, 1990, p.149.
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3.8 MISCELLANEOUS R&D
3.8.1 Lithium Negative Jon Source for Plasma Diagnostics [11
From the plasma diagnostic point of view, a high energy Li~ ion

beam is promising to measure the plasma ion temperature and the plasma
current profile. Hence, we have started a basic research on the Li~ ion

source.

A schematic of the Lithium negative ion source is shown in Fig,
3.8.1-1. This has the same configuration basically as a pure volume
production type negative hydrogen source. L1 wvapor was supplied from

molybdenum boat installing Li metal, which 1s heated by radiation of
filament and the arc discharge. To prevent Li condensation on the inner
wall of the source, entire wall was covered with liner made of
molybdenum and tungsten. The L1 arc discharge was observed from viewing
port mounted on the back plate. The following results were obtained
during the initial experiment on a volume production type small Li~ ion

source.

(1) The Li~ beam current increased linearly with the liner temperature.
Since the temperature rise cause the increase of lithium vapor pressure,
the Li~ current Iincrease with the Li wvapor pressure. We could not
observe saturation of the Li~ current even at a higher pressure than 200

mTorr.

(2} The ratio of extracted electron to Li~ was remarkably high, such as

an order of 106.

(3) A dependence of Li~ current on arc voltage shows an interesting
characteristics as shown in Fig. 3.8.1-2. With decreasing the arc
discharge voltage from 15 V, the negative ion current increased and
reached an asymptotic limit at the voltage of less than 10 V. This is
due to physical property of lithium; i.e. the dissociation energy is
1.06 eV, and the energy for production of wvibrationally excited diatomic
molecule is 1.8 - 2.5 eV, Since the energy which is important for the
Li™ production is very low, it is recommendable not to increase the arc
voltage higher than 10 V for high current Li~ preduction.

(4) The maximum Li~ current density of 1.1/;A/cm2 was obtained at the

optimized operation.
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Reference .
[1] T. Inoue, presented at TAFA three large tokamak NBI workshop,

Oct. 24 (1989), Naka
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4. R&D RESULTS OF BEAMLINE COMPONENTS

4.1 Beam Dump Element

In the ITER NBI, one side of beam dump elements is exposed to
intense particle beams in steady state. The heat flux on the dump
gsurface is estimated to be around 20 MW/mZ. This heat flux is beyond
the present technology. Therefore, developmental studies on high heat
flux components have been done at JAERI using a particle beam
engineering facility (PBEF) and an electron beam irradiation stand
(JEBIS). For the first step, we have conducted burnout experiments to
investigate critical heat flux of various tubes [1]. Experimental

results are summarized as follows.
a. Effect of External Fins

We found that eritical heat flux (CHF)® of tubes with external fins
is 1.4 times higher than that of tubes without finms. Main reason is
that nucleate boiling region develop widely along the inner surface of
the tube because the heat flux to external fins are transported by
conduction to the back side of the tube. However, we believe that both
tubes have the same CHF if it is defined at the inner surface. Another
merit of the external fins is that it helps to reduce thermal stress

across the tube.
b. Effect of Twistéd Tape Inserted

It is clear that a twisted tape enhances heat transfer because of
the vortex flow. The insertion of a tape with a twist ratio of 2.5
increases the CHF as high as 1.5 times at the condition where axial flow
velocity is 13 m/s and inlet water pressure is 0.9 MPa. Our CHF data
for an externally-finned swirl tube obey the following equation which 1is

a modification of Gambil correlation [2].

— Vri 3
({)CHF_I.27(Lh/Di)”3 + 18.

Vri — 3.28;_76{4‘[2_*_“’2)1’2
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where, .
¢)CHF : ¢critical heat flux (MW/mz)
Di . inner diameter of the tube (mm)
Lh - heated length (= 100 mm)
Va . axial flow velocity (m/s)
Y . tape twist ratio (= length to 180 deg rotating/D;)
i

This correlation can be applied for the condition of 4 < Va < 15. Figure
4.1-1 shows CHF data of the externally-finned swirl tube. The effect of
tape twist ratio on CHF is found to be small compared with predicted
value with the correlations.

o. Flow Velocity dependence

Figure 4.1-2 shows the CHF of wvarious tubes as a function of flow
rate for different inlet water pressures. In tubes with twisted tape
inserted or internal fins, CHF linearly increased with flow velocity up
to 13 m/s, which corresponds to the flow rate of 30 1/min. 0On the
contrary, CHF in tubes without heat transfer enhancements saturated in
spite of the open and closed circles and the open triangle.

Table 4.1-1 shows a summary of CHF data obtained by PBEF together
with data from other laboratories. However, CHF data obtained by PBEF
loock lower than other data; they are attributed to long heated length,
since CHF depends on heated length. For example, heated length at ORNL
is less than 3 cm compared with that of 10 cm at JAERI. We have
originally developed the externally-finned swirl tube for the beam dump
element of the next generation NBI.

«CHF: we defined a critical heat flux on the outer surface because it is
very difficult to evaluate the heat flux at the inner surface from

a limited number of temperature measurements.

Reference
[1] M. Araki et al.: Fusion Fngineering and design 9 (1989),

vol.B, 231-236 (1989).
[2] W.R. Gambill, R.D.Bundy and R.W. Wansbrough : ORNL-2911 (1960).
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4.2 Plasmg Neutralizer

Plasma neutralizer has a capability to offer higher neutralization
efficiency {( -85 %) than the conventional gas neutralizer, and to
improve the system efficiency of the neutral heam injectors. For this
purpose, we have tried to produce a highly-ionized, high-charge-state

plasma by using a Microwave.

As a first step, a Xe plasma was produced in the ECR Plasma
Generator that is described in Section 3.6.2 and shown in Fig. 3.6.2-1
[1]. Figure 4.2-1 shows the plasma parameters of the produced plasma as
a function of the pressure in the plasma generator, where the microwave
power is 1 kW at 2.45 GHz. A dense plasma, which has an ion saturation
current density (Jis) of more than 100 mA/cmz, was obtained at an
extremely low operating pressure of 0.01 Pa. The average charge-state
was estimated by the ratio of Jis to Jes' In order to take account of
the effect of magnetic field, the ratio was compared with the ratio
obtained in He plasmd where it was assumed that there was no double-

charge-state He ions. The plasma density, the average charge-state
(XeZ*), and the ionization ratio were estimated to be 1.3 X 1012 em 3,
z= 3.6, and 30 %, respectively. These parameters appears to be

promising for the plasma neutralizer.

Then, we fabricated a multicusp ECR plasma generator for the
neutalizer study. Figure 4.2-2 shows a schematic of the plasma
generator. Microwave of 2.45 GHz, 5 kW is injected intc the field free
region of the multicusp chamber, and electron-cyclotron resonance OCcurs
at each line cusps close to the wall. In the preliminary experiment, Xe
plasma was produced at low pressures less than 0.1 Pa.

Reference

[1] Y. Matsuda et al.; Proc. 12th Symp. on Ion Source and Ion-Assisted
Technology, Tokyo, 1989, p.107
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4.3 Fnergy Recovery System .

Direct energy recovery of the residual ion beams 1is one of the
interesting technology to improve the overall power efficiency of neutrl
beam injectors and to reduce the heat flux on the beam dump surface. In
the neutral beam injector based on negative ions, the residual ions are
composed of negative and positive lons. Hence, we propeosed an energy
recovery system which can decelerate both ions. In the system, both
ions are separateed by the stray magnetic field from the tokamak and
guided to the collectors. Since an additional power supply is needed
for positive ion recovery, the energy of positive ions 1s not recovered
but consumed by a resistor comnected to the collector, namely, the soft
landing beam dump. Figure 4.3-1 shows an example of three dimensional
jon trajectories in the recovery system. Both the ions are separated by
the stray magnetic field and successfully guided to the negative ion
collector and the soft landing beam dump[1].

As a first step to understand the energy recovery mechanism, we are
conducting a collaborative experiment of the energy recovery using a
JAERI high proton plasma generator[2] at Cadarache. Experimental
results showed that more than 90 % of the residual full energy ions were
recovered electrically and the overall power efficiency of neutral beam
injector was improved by 25 % at 100 keV for deuterium ion beams using

the energy recovery system[3].

To investigate an applicability of the energy recovery system to
the negative-ion-based NBI system, the collaborative experiments using

negative ion beams is scheduled in succession.

Reference

[1] M. Araki, Y. Ohara and Y. Okumura : Fusion Tech. 17,555 (1890).

[2] K. Watanabe, et al.: Proc. 15th Symp on Fusion
Technology, Vol.1l, Utrecht (1988) pp.647-651.

[3] J. Pamela, M. Araki, K. Watanabe et al.: to be published in Nuclear
Tnstruments and Methods.
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5. R&D RESULJS OF POWER SUPPLY
5.1 Inverter Type Acceleration Power Supply

In the NBI system for FER/ITER, a DC power supply of about 1 MV is
required. However, DC switch can not be available from the viewpoint of
reliability. Hence, we are investigating the inverter type DC power
supply, that controls and cuts off the output voltage quickly by the
operation of the AC low voltage circuit ( Fig.5.1-1 ). As the first step
of R&D, we adopted the inverter type DC power supply for JAERI Electron
Beam Irradiation Stand ( JEBIS ) [1], that is the test facility for
high heat flux component develcpment.

The power supply is an electron acceleration power supply. Features

are as fTollows [21:

1. Output of 100 kV, 5 A, continuous rating.

2. Power supply 1is composed of 10 inverters, 10 rectifier-
transformers and' 1 converter ( Fig.5.1-2 }.

3. Switching frequency of inverters is 5 kHz and the switching
timing is shifted to reduce the ripple.

4. Qutput voltage is controlled by the pulse width control Qf the

inverters.
5. Inverters cut off the output when breakdown occurs.

The results of the operation combined with an electron gun are:

1. Electron beams of 100 keV, 4 A are extracted successfully
( Fig.5.1-3 ). '

2. By turning off inverters, the breakdowns do not cause severe
damage to the accelerator ( Fig.5.1-4 ).

These results shows that the inverter type power supply has sufficient

protection function for breakdowns and 1is applicable for the bcam

aceeleration power supply.
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Reference

" High heat flux experiments at JAERI," Proc. of

[1] M. Akiba et al.,
13th. Symp. on Fusion Engineering, Knoxville, Oct. 2-6, 1989,

pp.529-532.
[2] M. Mizuno et al., " Inverter type high voltage DC power supply for
negative-ion-based neutral beam injectors, " Proc. of 13th. Symp. on

Fusion Engineering, Knoxville, Oct. 2-6, 1989, pp.574-577.
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Accel.
voltage
50 kv/div

Accel.
current
2.5 A/div

793.4 ps/div

Fig.5.1-3 Waveforms of the acceleration voltage
and current at 100 keV, 4 A electron

beam extraction.

Accel.
voltage
25 kV/div

19.835 ms/div

Fig.5.1-4 Waveforms of the acceleration voltage
with a breakdown.



JAERI-M 90-1b4

5.2 Amorphous Surge Blocker

Output voltage of the acceleration power supply for ITER/FER NBI
reaches 1 MV. Energy stored in the stray capacity amounts to several
hundred joules. To develop a compact surge blocker, amorphous surge
blocker is investigated. An amorphous core has flexibility in shaping
and has large saturation magnetic density compared to a ferrite core.
Experiments by means of small amorphous cores have heen carried out.
Major results are summariied below;

1. Saturation magnetic flux density is about four times larger than
the ferrite core at around 5 MHz.

2. Permeability at around 5 MHz is almost same as the ferrite core.

3. Amorphous ceore prove to be effective for surge suppression in
the simulation experiments of breakdowns ( Fig.5.2-1 ).

From the experimental data, the weight of the amorphous surge blocker is
estimated about half of the ferrite core surge blocker. On a basis of
the experimental results, the amorphous surge blocker of 0.05 vs for 350
KV test stand ( NIAS } is under manufacturing ( Fig.5.2-2 ).
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5.3 SFg Cable Duct

Output of an acceleration power supply have to be Transmitted
through SFB cable duct. In a DC voltage system, the effect of conductive
dusts and charge up of insulators on voltage holding may be different
from an AC voltage system. Experiments on these effects are carried out
by means of 500 kV / 300 kV model ( Fig.5.3-1 ). Before the experiments,
the calculations of electric field distribution for AC and DC voltage
were carried out ( Fig.5.3-2 ). Maximum electric field at the surface of
the insulator for DC voltage is around 10 % larger than that for AC
voltage. By optimizing the shape of the insulator, conventional AC GIS {
Gas Insulated Switchgear ) seems to be applicable to DC voltage
transmission in a steady state. Considering the calculation results,
conductive dusts are attached to the insulators. Experimental results

are as follows:

1. There 1is no difference on DC voltage holding up to 600 kV
whether the dust exists or not.

2. Tmpulse voltage holding decreases down to around 50 % when the
dust is attached on the insulators.

3. When the impulse voltage is applied after the DC voltage, the
voltage holding decreases by 20 %.

From these results, it is shown that the elimination of the conductive
dusts and suppression of the surge voltage are important. They may
change the dimension of SFB cable duct by factor 2.

500 KV model 300 kV model
---I'"--‘-“F}-- Outer duct z - o
- J Lo w0 1G] o
o -
s e o~ - <
o =y 3:,.:9 — -
T_':,/” i
?{_ Inner duct i fl /\{: N b -
,_h_\‘:‘:\\_ " Epoxy insulator —ra T
.‘"i |
. Sl
800 | 1250 930
X I "

Fig.5.3-1 A SF6 cable duct model
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Insulator - Outer duct

{ a ) AC electric field

Insulator— Quter duct

(b ) DC electric field

Fig.5.3-2 Simulation of the electric field intensity distribution
of the 300 kV model.
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6. SUMMARY

R&D efforts to realize a negative-ion-based neutral beam injection
system have been made intensively at JAERI for the past several years.
Concerning a high current negative ion source, a 10 A, 50 keV negative
hydrogen ion beam has been produced successfully. The negative ion beam
and the current density corresponds already to the values required for
the negative-ion-based NBI system. In order to increase the beam
energy, a 350 keV, 0.1 A‘test stand has been constructed, and the test
of a high energy negative ion accelerator has started.

The development of the negative ion sources at JAERI is illustrated
in Fig.6-1. The negative ion beam current has reached to a level of the
typical ion source for the present NBI systems based on the positive ion
beams . Figure 6-2 shows the negative ion beam current and energy
obtained so far together with the target values to be attained for the
JT-80U and FER/ITER. The beam energy must be increased further by one

£

order of magnitude.

An 100kV, 5A acceleration power supply, which has a high speed AC
switch based on 5kHz inverters, has beecn developed for the JAERI
electron beam irradiation stand. The reliable operation indicates that
this system can be applied for a MV class acceleration power supply. AS
one of the promissing proposal for a beam dump element, an externally-
finned swirl tube which has the burnout heat flux up to 4.1kW/cm2 has

been developed.

Due to these intensive efforts and results, construction of the
500keV class negative-ion-based NBI system has become realistic in the

near future.

— 100 —



[ON BEAM POWER

{MW)
160

10

{kw)
100

10

0.1

0.01

I i I I

JFT-2 32.5A)  (200keV, keV,104)
3.54,He) (75keV 3.4A)
7 (25KkeV, 6.04) HIGHER BNERGY
ITS-2 J(@21%eV,1.26A
HIGHES CURAERT
{25keV,0.14)
]
MODIFY
UPGRADE PSETF CONSTRUCT
IT5-2a AITS
(10KeV.7.5m A (350keV, (500keV, (1MeV,

l

JAERI-M 90-154

O A e e B

EOSTIYE IO BEAW

REZENTIVE 100 REaR

JT-60U

JT-50 ({EME%W, 7]5&? ,."' D
(100KeV,404) o

(75keV, 35A)
(40keV, "

ITS-2M

100mA) 54} 5A)

I N NS NS SN (U O O U O O R N N O SO S |

197576 ¥7 7679 80 81 828384 85 86 87 8889 90 9192 9394 95 96 87 88 99 2000 01

‘ YEAR

Fig. 6-1 Progress of the negative ion sources at JAERIL

Fig. 6-2

Increase of the negative icn beam current and energy.

1000
10MW
1MW

100
; T100kW
© 10
5 -
=
&)
5
3 1

{i7S-2)
s
I}
‘85

N
= / ITs-2
Lo
[403
=z

.01 .Sdf\/

001 — -

1 10 100 1000 10000
Beam Energy { keV }

— 101 —

T



JAERI-M 920154

Acknowledgement

The authors would like to thank other members of the NBI group for
their supports and encouragement in the experiments. They are indebted
to Y. Yamashita and T. Uede in Hitachi Ltd., A. ©Ozaki in Toshiba
Corporation, and K. Nakada in Nissin Electric Co. Ltd., for their
participation in the R&D activities. They are also grateful to S.
Matsuda and S. Simamoto for their continuous encouragement.

— 102 —



JAERI-M 90-154

Appendix 1 Negative Ion Source Development in the World

Since the neutralization efficiency of the positive ions become
fairly low at the energy above 100 keV/nucleon, it is impossible to
realize a positive-ion-based NBI system with high system efficiency.
Hence NB scientists in the world changed their scopes to negative ion
source R&D after developing positive-ion-based NBIs for the existing
large tokamaks such as TFTR, JET and JT-60.

In the initiation of the R&Ds, three basic processes were
investigated as candidates for the high current negative ion production;
i~e. charge exchange[l-3], surféce production[4-7], and volume
productionf8-17]. Table Al-1 summarizes typical parameters achieved in
some negative ion sources based on these three processes.

Throughout several years of the research, it was recognized that
the volume production is the most attractive method for the future NBI
systemns. The reasons are summarized as follows: 1)This process requires
no cesium, then ii)it makes the source operation stable and reliable. In
addition, iii)their structure is simple enough to scale up, and iv)the
produced negative ion has good beam qualities[18,19]. Owing to these
advantages, R&D of the volume negative lon sources have been progressed
as a main current[20-23].

Iin this decade, many scientists worked on the volume production
type source, especially multicusp source with magnetic filter, which is
an extrapolation of the bucket type positive ion source. However, it Iis
not successful vet to obtain high negative ion current density {more
than 20 mA/cmz) at the low operating pressure, which is a key to realize
a high efficiency and compact NBI systems. Up to now, the current
density obtained by the pure volume source is very low at the pressure
required for future NBI systems, as shown in Fig. Al-1l. R&D on the
source of this typ'e is energetically continued at Culham[24]. They
proposed to overcome its defects by mounting cryopumps in the
accelerator region, which will reduce the pressure in the extractor and
accelerator, and subsequently the stripping loss is minimized.

Resently, a small amount of cesium vapor was seceded into the
conventional multicusp source called "Multi Ampere Negative Ion Source”
at JAERI[25], then the current density was improved by a factor of four
at a low pressure of 0.5 Pa. In addition, the electron current
extracted from the plasma was reduced to almost zero. The source could
have operated stably for a week at a low Cs consumption rate. 1t was
also confirmed that impurity content in the beam was less than 1 %.

— 103 —
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Another cesiated source, called hydrogen-cesium plasma-volume
source, Iis Being developed at Kurchatov[28]. The source is an axi-
symmetric geometry with a hollow cathode as a cesium injector. They
have succeeded in extracting H stably at the current density of 60
mA/cmz (at the emission surface).

LLBLI27] started to develop an advanced surface source. The source
uses barium, of which vapor pressure is two orders of magnitude lower
than that of Cs. This change of the coverage material on the converter
may reduce problems of voltage holding and beamline contamination. They
have obtained 145 mA of D~ from 6 cm diameter converter at a quite low
pressure of 1.25 mTorr. They encountered a few troubles in the source
operation; One is the contamination of the Ba converter, which affect
negative ion production considerably. The other is high transverse ion
temperature in the extracted beam, which is proportional to the

~converter voltage.

As described above, they are trying to improve the source
performance by Cs or Ba, which was thrown away once and now being looked
back with some high technolegy supports. Fig. Al-2 shows a summary of
negative ion source R&Ds. Thus the production of the high current
negative ions has become realistic for the next generation fusion

reactor.
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Appendix 2 Types of Negative Ion Sources for the NBI systems

various types of the negative ion sources and accelerators Tfor
tne ITER NBI are illustrated according to the articles
nresented at the ITER specialist meeting held in 1989-1991,
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(2) EC Design PLASMA NEUTRALIZER
ELECTRON TRAPPING STECRING

RESIDUAL 10N DUMF
\ |NSU7/ATOR
\ 1

< m I ACCELERATOR

\ ]
: i

= 4 ¥
_ 0 ! ("\ H \ vl ﬂ§
S N 1 f%@ BN

L\ PRE

CRYCPUMP SH]ELD/ \‘ \
ISOLATING VALVE

TA

SUPPORT INSULATOR SQURCE
NEUTRON SHIELD
BEAM LINE
— =]
= £
B £
s __._j__'
SOURCE & ACCELERATOR
] 0 0 O 0 00Df |
P a < = a0 1 1 ;u——c:— ]
e 0 O 0 0 000O 39\
=D 0 0 0 0 0dp 5\z|
e = ] -G’-'H*'@-ﬂ— o [ Z O
w0 0 0 0 0 0Oot \S— 2 <o
wms] 0 O 0 O 0000 > : /“‘
o e o 5 o NS
=m0 0 0 0 0 0001 S Ig/
om0 00 0 08 2 4
i,ﬁ,d-._ - 5§08 - Ll UCH‘BW# b
ELECTRO STATIC ACCELERATOR GROUNDED PURE VOLUME SOURCE

— 109 —
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(4) Soviet Union

CRYOPANNEL - i

\ i / . .

NEUTRALiZER CRYOPUMP
DUMP MAGNET
CORRECTING MAGNET

3500

== =
- Y e e " TH-
'F = LE“REZISTOR

SO0
D00
D000

ELECTRO STATIC ACCELERATOR

R e

et |
16000
Cs
BEAM LINE
anode
INNER MAGNET POLE—AHT ,é? ;
LA 4
HOLLOW CATHODE 5§i ;
N A
i N, | | :&’_ o (i
g/ A Wb ST 4 3|
i,
%
i v
—
o3 ™.
NTAN;
K—
H2
ﬁ INSULATOR
tm

OUTER MAGNET POLE

Cs-SEEDED VOLUME SOURCE
1 A/SOURCE

— 111 —



JAERI-M 80-154

sweaq uol - |

ya2 seb e vy weag uol ayy SYJdINQD oL
enwnyg "4z Aq padojarag PUE + H }0 AOURIOA UGHRZIRIINAN j0 ADUBIDINR UONHBZIRINIY JO UGHEINIED
ey W
Ag payipow pue ‘(gg6l) Ausiaaun L= 3\ 0% m_ 0 ﬂ‘aﬁ o+
n B
Ewﬁ“wau__n_ wcnt”_um:c_m”mu c_“M”..__HMM _” A B, ucpel jo usnenby play aneubew aeNeOd m
Ag vvnc_u>.uv s1 apao |euibiuQ 3ro2ai ABisue joailg SNNIE] UG - Al uojienb3 s uossiod [(GE B Ul SNHGIO WEaq udl JE jo UoNeINe]
0= g¢d 0713
Ry - abuny uoljely Jo uoienby %, R aeN02d 54
ABiaus yan snnsje) ajuasayig - e uoenby s uossie SRWLIPIOCI 2+ Y PUE AT X Ul SHG
Moy W A padojaasg Liaroaa) 1alg 21D Hi - Ul HENDI SUOSSISE luueeq el suleliwAsixe QZ jo wonenoED
i
wubew Bupusg rﬂi O%m anﬂ. Oum—
dwnp weag
sugio vo| paziuclay enny - 9buny ueliow jo uoyenb3 tomod waul o) Buipiosos paudibiam doacian | £
eieyp ‘A Aq padojaaag 5| Joied yoea aiaym ‘play Maubew gg
lajjojues ayold weag ® U] suqio Aoiued pabieya jo uoiiendjed
{assueder u)) {EM Jg) SNUO) Yl Uo pUE BU)
{zg61} 990~ 28 W~ 1H3VP | -weaq ay) Ul uopaguIsIp Xny jeBy 2o iajueaq supwesq | 40HdWY3H 9
TBWRALNY W PUR BRUO A | Aouarol)e voisSIwsURL SPWO9D Ml-ueissned jo venesBal | g u) sy joid Apsuei weed o uopENoED
walpesf aimelsdwa) £1ISNIG m
BWNUBQIYG M pu BINWMG ‘A J0}E43|3308 2DINOF Yilm mo|] Jejnzajow B Ul uohngisip G
‘eprURH ‘W Ag pedelassq | uor ue u| uopnquIs|p Ausuap seo cleD BlUoK lejeds Aysuap seb jo uanenoe)
$1GI0 LONRAT WeaNSHIEY _ <\ _ -
L ‘(z861) sNqI0 Uonpale AEwugZ L= 0¥ d o nﬂ 0= 119890334 v
£2EL ‘(p) 19 ‘shug ‘ddy uonnguilsip play opaubey | piay opeubew
B WU H puw BIRYD ‘A 10lRIFUIY) BLISE|d 2DUNOG UD| =iy - sbuny udtie Jo uopenby Qe & uf suqio Loos|E@ jo Uohenae]
ereyo “A Ag pajipow pue '(ggeL} L= 1\ 0 0
eAyo] jo Austsaiufy ‘Bupeaubuz juawase|ds)g sunpady i m 0 Hm nﬁ 71 acwv3g %
jo Aynseg jo sisay) : myQ ¥ Ag uoney jo uoienb3 piay anaubew
padotassp s apaa [euiblig | 1OWISIADIY [ I0106IIXT S2UN0G UG snnsjEy uBwWalg - AUl uojenb3 s uossiod [np v Ul syqie wesq ue| Qg Jo LONEINDED
- z
un [TLeX b3 1] O ﬂ m o ﬂ m\ NHW HU—W N
‘[ asaueder up] (9s61) M 3 ucpoy Jo uvonenby anaubew B u)( - %) SHge wesq uo) AXWY3dg
1529 W-HIAVE: eRYO A 10]e13|2ITY / 10jaKIIXT @nog ug) SNININE] U] - Fuld uaienby s u0SsI0g |1224s JARLWASIXE - UOU JZ O UehEINIRG
ung U3 0 Hm 0 ¥ nﬁ I |
[ esaveder ] (9261) uollow jo uoEnb3 S9IBLIPIOSD T -4 JO 'A-X Ayl ul LIGHONOI 1
L8519 W+ IH3VP - BRYD A 10]B13]300Y [ J010RX] ADIn0g Uo| SniAdIED BdUAIAYIQ - Al uojienby s uossiod [ suQIQ uoj DUjEWWAS|XE (QZ JO uofiENDIED
s5a3ualajay sa|dwexy poulap |eouauny suollenby oiseg asodingd suweN apod

SWiBISAS [N oul Jo ubisag oy} 10}

padojonag sopo) Joindiuoy Jolepy

SWS)SAS TN JOo udiss( aul Jo] pedoreasq sope) Jd9indwo)d

¢ XI1puoddy

— 112 —



JAERI-M 90-154

L - PV

"aoueU ejUIBW |edueyaw annbay
“JUSLIND BSEBIDUI O] YINDNKIQ

(Wil |2I8ADS ~ ) JUBLIND ||BLUS
{ AW SQLletaAsS ~ ) alenoa ybBiy

( uoneljad ‘Heed ap uep )
Jjojelaual olelso4i08|g

‘uonetado Aauanbayy yBiy Ag
a|gissod ag AWl ¢ | UBY} 3I0W JO JUBLIND

'S101S1Sal §alles AQ uolloajoid
{ yw spgL M8} ~ ) usaing [ews
{ Al G > ) aBeyjoa ybiy

(j9uayos }
UoUBA-HOIDY00D

¥ 001 0} dnjuanng sy pue uoifal
AN 01 dn aBejoa 8y} 9SBAIOUI O} 31qISSO

“‘Yaums ov Aq

s 001 ~ uey) $S3| Ul Jo N2 aq ues nding
(v g ) wanns wnipay

(AW L0 } aBeijoa moT

(youms - oy )
Jawojsued] -1aljoay

-ajqissod og Aew y Q0L UBY} 2101 JO JUBLIND
‘uoibal
AW 0} dn abejjon ayy aseasaul of ynonia

*SWISAS [gN 1uasald ayy Uy pasn AjUcWoD
youms 0q

Ag s1pl ueyl $s3[ Ul Ho 1R2 aq ues hding

{ v 00L ~ ) wanna abie

( A% 002 ~ } oBei oA Mmo7

{yosums - 0Q)
swliojsuely ~-1allijoay

[

5103dS0Hd

) SNLVLS INIS3Hd

3dAlL

A[dONG 1oM0d UOHEI9[900Y B} JO SaUA

£1ddng Jamod UOTIRIST200V U] Jo sodAl v xTpueddy

— 113 -



JAERI-M §0-154

Typical Operational Region of the Acceleration Power Supply
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