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In JT-60U, a high energy neutral beam injection program with the
negative-ion based NBI (N-NBI) has been progressed for non-
inductive current drive and core plasma heating studies in high
density plasma. The target performance of the N-NBI is the neutral
beam injection power of 1I0MW for 10 seconds at 500keV, and a
neutral beam power of 5.2 MW at 350keV has already been injected
into JT-60U plasma. The beam divergence and power loading onto
the beamline components are two important items to evaluate beam
performance. The beam divergence estimated roughly at the beam
drift duct in beam injection experiment into JT-60U plasmas is
around 4 mrad for horizontal direction and 6 mrad for vertical one,
which is close to the design value of 5 mrad. The power loading
measured at the beamline components showed a reasonable result as
compared with the design value.
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1. Introduction

High energy neutral beam injection (NBI) has been considered to be an
essential role for non-inductive current drive and core plasma heating in the
magnetically confined thermonuclear fusion research. Moreover it can be
worked for suppressing plasma instability and improving plasma
confinement by delivering the momentum to the plasma in the toroidal
direction, and for controlling the spatial distribution of the plasma current.
For those purposes, high power NBIs which can deliver tens of MW neutral
beams at an energy of 100 keV-class had been developed with positive ion
based (P-NBI). The large plasma confinement devices such as JT-60U, JET
and TFTR have already attained high performance plasma conditions with D
or D-T operation by injecting tens of MW neutral beams at an energy of
about 100keV, in particular JT-60U and JET have already reached the
breakeven condition which fusion thermal output is equal to plasma heating
power.

For the reactor-like fusion devices such as ITER and even the present

lar ge tokamak JT-60U, a higher energy (~0.5 MeV for JT-60U, ~1 MeV for
"ITER) and a long pulse neutral beam is required for effective central non-
inductive current drive and plasma heating at a high plasma density.
Considering ion beam neutralization efficiency, the conventional positive-ion
based NBI system decreases sharply as increasing of the ion beam energy
over 100 keV shown in Fig. 1. Therefore it is necessary to utilize a negative
ion beam with neutralization efficiency as high as 60 % with a gas cell.

A negative ion source used in the NBI device is required to accelerate
negative ions of a few tens of amperes at a higher beam energy. The
researches of negative ion source for increasing negative ion current have
been carried out at many laboratories in the world for a long time. The
negative ion current achieved, however, was only a level of 100mA until 15
years ago. At JAERI, R&Ds for the negative-ion source have been
progressed aiming at a higher beam current more than 10 A and a higher
beam energy over 500 keV since middle of 1980’s. Concerning a higher
current of negative-ion beams, a H current of 10 A at 50 keV had been
achieved in 1990 using a multi-cusp ion source with seeding Cs [1]. In 1994,
a negative hydrogen beam of 180 mA at an energy of 400keV had been
accelerated with a higher energy acceleration ion source [2].

In addition to these ion source R&Ds, the high voltage dc power supply
for ion source and beamline components had been developed [3]. The design
study for a 500 keV negative-ion based NBI system had been also executed
for several years. Based on these R&Ds results, the construction of the 500
keV negative-ion based NBI (N-NBI) system [4] , shown in Fig.2 and Fig.3,
had been judged having no technical problem. It aims at the target: the
injection power of 10 MW for 10 seconds at 500 keV. Since the first
operation of the N-NBI started in 1996, the negative ion beam power per
source has reached 14.3 A at 380 keV (5.4 MW) with deuterium and 18.5 A



JAERI-Tech 99-057

at 360 keV (6.6 MW) with hydrogen, and the neutral beam power injected
into JT-60 has been obtained 5.2 MW at 350keV with deuterium and 4.2
MW at 360 keV with hydrogen[5,6]. A neutralization efficiency of the
negative ion beam has been confirmed to be about 60 % at a beam energy
range of 250-385 keV as predicted theoretically as shown in Figure 1.

The estimation of the beam divergence and power loading on the
beamline components is a very important item for ameliorating performance
of negative ion beam aiming at higher beam power. In this report, the
power loading on the beamline components, estimation of neutral beam
divergence, and time evolution of the beam parameters for the injection
shots in the beam injection experiments of 1998 are discussed. Outline of the
N-NBI beamline is described briefly as well.

2. Outline of the 500keV N-NBI beamline [7, 8]

The schematic drawings for the 500 keV N-NBI system are shown in
Fig.2 and Fig.3. It is composed of one beamline, two ion sources, a power
supply system, a control system and an auxiliary sub-system including water
cooling, helium refrigeration and auxiliary vacuum pumping systems.

The negative ion source is composed of a negative ion generator, an
extractor and an accelerator. The negative ion generator is a cesium-seeded
multi-cusp type. A small amount of cesium vapor is injected into the
negative ion generator through a transport pipe from an external cesium
oven to drastically enhance the negative ion yield by a factor of about 2-5
higher than that of the pure volume production. Furthermore it makes
remarkably decrease the optimum operation pressure without deterioration
of negative ion production. The cesium effect strongly depends on the
temperature of plasma grid. The optimum temperature is experimentally
confirmed to be about 250~300°C. The extractor has three grids; a plasma
grid, an extraction grid and an electron suppression grid. The extractor is a
multi-aperture type and its aperture size is 14 mm in diameter. The
extraction area is 110 cm x 45 cm, which is divided into five segments. The
accelerator has also three grids; the first and second acceleration grids, and a
grounded grid. The beams are geometrically directed to the focal point of
24 m far away from the ion source with a steering mechanism, and each
beamlet focusing has been also made by an aperture displacement technique.

The beamline consists of an ion source tank, a neutralizer tank, an ion
dump tank and a neutral beam drift duct. The ion source tank contains a set
of cryopumps for minimizing a stripping loss of negative ions in the ion
source accelerator. The tank is covered with a magnetic shielding to screen
a stray magnetic field from JT-60. The neutralizer tank has two 10 m long
neutralizer cells corresponding to two ion sources. The ion dump tank
contains a pair of bending coils, a couple of ion dumps for D" and D', a
retractable calorimeter, a beam scraper and cryopumps. The calorimeter
placed after the ion bending coils is composed of arrays of a composite

_._2_



JAERI-Tech 99-057

material of molybdenum and copper, and it is used for measuring the
neutral beam power. It also serves as the beam target of neutral beams in
the ion source conditioning. The neutral beam drift duct is an isolation gate
valve, a bellows and a duct containing a series of beam scrapers.

3. Beam characteristics on the operation in 1998

3.1 Estimation method of beam divergence

Estimation of beam divergence[10] is very important item for
ameliorating the negative ion beam performance aiming at higher beam
power. The estimation procedure of the beam divergence is shown in Fig.4.

The beam divergences in the horizontal and vertical directions, ®, and @,

were determined by comparing the heat loads measured on the beam limiters
in the drift duct with the numerical computational results. A three
dimensional beam trajectory calculation code “BEMPROF” [9] is used for
beam fraction calculation deposited on the scrapers.

3.2. Time evolution of the beam parameters during the neutral
beam injection into JT-60

The time evolutions of the neutral beam parameters and ion source
performance for the injection shots in 1998 are illustrated in Fig.5 and Fig.6,
separately. In these figures, open symbols show operation result with two
ion sources and solid symbols are with one ion source. Beam species is
deuterium before October and hydrogen in October. In the beginning of
September, a cooling water leaking trouble broke out at a filament
feedthrough inside the arc chamber of the lower ion source during the beam
pulse operation. We had need one month for recovering from the trouble.

In the beam injection experiments, the beam energy Ey was around 350
keV and the maximum value was nearly 380 keV. The beam energy is kept a
moderate level at around 350 keV because the first priority in this
experimental period is to extend the beam pulse duration. In the operation
after water leak in the ion source, the beam energy was limited to 300-330
keV in spite of making the inside of the ion source clean. This voltage
deterioration seems to be caused by micro-contamination on the surface of
the accelerator grids owing to the water leak.

The integrated injection power, Pinj.m, defined by the product of beam
power and beam pulse duration, was around 3 MJ and the maximum value
was 6.7 MJ.

Although the beam pulse duration was around 1 s at the beginning of
1998, the pulse length has extended gradually with the operation time, and
reached 2.2 s in maximum. The reason why extending the beam pulse is due
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to a stabilization of arc discharge by taking a longer pre-arc discharge time
in the negative ion generator.
The beam divergence estimated in the beam injection experiments has

been confirmed around 4 mrad in the horizontal direction (®,), and around
6 mrad in the vertical direction (®,). These divergences roughly agree with

the design value of 5 mrad. The beam characteristics of E,, Einj.m and
beam pulse duration have kept increasing gradually before October, in the
meanwhile the beam divergence did not change, almost kept constant. After
the water leak in September, these parameters became bad owing to the
contamination of the ion source by the water leak.

The other parameters of acceleration current (Iacc), extraction current

(Iext) and arc efficiency (n,,.), defined by the ratio of acceleration current
and arc power (Parc), are shown in Fig.6. In the operation during March
and April, the acceleration current with two ion sources reached a level
close to 40A. The current in the operation after July, however, had not
reached the level of the operation in March and April. This seems to be the
reason why an instantaneous air leak had observed sometimes in the
beamline during the beam acceleration, though we could not identified the
point where the air leaking broke out.

The acceleration current with two ion sources shows the same trace as
the arc efficiency. The extraction current had not changed so much during
the operation between March and September with deuterium. However the
extraction current decreased greatly after changing the gas species in
October. This means that the ratio of the electron component in the
extraction current with hydrogen beam is smaller than that of deuterium.

The arc efficiency of the ion source, which means the efficiency of
negative ion production, had been kept a higher rate of around 0.15 in
March and April. After the air break for the ion source maintenance in May,
though the efficiency has recovered gradually with the operation time owing
to cleaning of the arc chamber wall, it did not reached the level of March
and April. This means that bad phenomena for the negative ion production
such as a tiny air leakage might break out in the ion source.

Solid symbols in October of Fig.5 and Fig.6 indicate the operation only
with the upper ion source. Since the upper ion source had not suffered
serious damage as compared with the lower one through the water leak in
September, the beam performance is a little better than that of the operation
with two ion sources including the lower source.

3.3 Power flow on the beamline components

Power loading on the beamline components is measured with a water
calorimetry. A power flow diagram onto the beamline components is
illustrated in Fig.7 and current ratios measured in the beamline are shown in
Fig.8 as a function of arc power, where the current ratio shows the ratio of
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beam current impinged onto each component against acceleration drain
current.. In the extractor, both negative ions and electrons are extracted, and
only negative ions go into accelerator by dumping almost all the electrons on
the extractor grid. During the acceleration, 30~40 % of the accelerated ion
beams are lost that is due to a wrong beam optics, though the design value of
the loss is less than 10 %. The negative ion beams accelerated in the ion
source enter the neutralizer cell just after passed through the first beam
limiter. The beam losses in the beam limiter and neutralizer cell are 5 %
respectively. After the neutralizer cell, the residual negative and positive
ion beams, around 15 % each, are reflected to horizontal directions through
a stray magnetic field from JT-60U, and are finally captured in the ion
dumps. About 5 % of the neutral beam is lost in the drift duct owing to re-
ionization loss and geometrical loss, the rest of neutral beams, ~30 %, are
injected into JT-60U plasma.

Comparing the performance between the lower and the upper ion
source, the operation parameters of both ion sources were shown in Fig.8
and Fig.9. The lower ion source appears higher calorimeter current ratio
(neutral beam power ratio) and higher arc efficiency than the upper source
“and is of no obvious saturation. On the other hand, the current ratio of the
each accelerator grid in the upper ion source is higher than that of the lower
source.

On the operation with different species of hydrogen and deuterium, it is
obvious that the operation with hydrogen is higher performance than that of
with deuterium, as shown in Fig.10. In a higher arc power and a higher
extraction voltage, there are striking difference between hydrogen and
deuterium. The current ratio of the calorimeter with hydrogen is by
roughly 10 % higher than that of deuterium at same arc power even in the
lower extraction voltage. The arc efficiency with hydrogen is also 30~40 %
higher than deuterium. Excess arc power more than 140 kW, in general,
brings about the deterioration of both calorimeter current ratio and arc
efficiency.

4. Summary

Although some malfunctions such as water leak in the lower ion source
took place during the operation in 1998, it can be concluded to be injected a
moderate neutral beam power into JT-60U from the whole year’s operation
data of the N-NBI.

1. Beam divergence of negative ion beam has been confirmed to be around

4.0 mrad in horizontal direction and 6 mrad in vertical direction. These
roughly agree with the design value.

2. Power loading measured on the beam components is reasonable. The
upper and lower ion sources have the nearly same performance. The
operation with hydrogen is higher performance than that of deuterium.
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3. Beam performance is kept improved gradually. In 1998 experimental
campaign, the maximum beam energy of 380 keV, the maximum beam
injection power of 5.2 MW and energy of 7.6 MJ, the longest pulse
duration of 2.2 s, and the smallest beam divergence of 3.5 mrad in
horizontal direction and Smrad in vertical direction have been reached.
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Injection shots in 1998

Fig. 6 Time evolution of the ion source performance

|< Deuterium I Hydrogen $|
. Maintenance Water leak
E 018 March April & July August Sept. / October
L L) L) T l L T T I L) T T L) Ll T L] v l T Ll T L :
< 0.16 O | E
& 0.14 % ]
c e .
o 0.12FO e _, 3
-« - OOJ\‘ :
L 01F 3 Only
&’ 0.06 | o I 4 source
0.04 | 5 E
0.02f —t O _
“E 3
40 f % E
c o i 3
I E
B30 & | E
-3 & & 3
QCcoasF Nl E
TN ;
oE2EF A AL E
<315 3
Ve Al E
) S i ]
< o0f ;
= %% O ]
c 3
¢ °FH@, Al ;
5 60f ;
© sof HT| :
c  f o r -
S 40 -
uad o ]
O 30F .
S ool s
£ 20F , 'a
R [ : o
0 50 250



JAERI-Tech 99-057

Extractor Accelerator

Neutralizer lon

Negative cell dump
ion source
uJ \
D +e" D Lo NC) Loss(duct)
S — Drift duct Plasma
1BL on
dump
(D-)
<
PLG; Plasma grid AC1G; First acceleration grid
EXG; Extraction grid AC2G; seconfd acceleration grid

ESG; Electron suppresion grid GRG; Grounded grid
1BL; first beam limiter

Fig. 7 Schematic diagram of power flow in the beamline



0.35
0.3
0.25
0.2
0.15
0.1
0.05
0.15

Current ratio

0.1

0.05

Current ratio

0.15

0.1

0.05

Current ratio

0
0.7

0.6
0.5
0.4
0.3
0.2
0.1

0
0.2

0.18
0.16
0.14
0.12

Current ratio

Arc efficiency

0.10=
110 120 130 140 150 160 170 180 190

O

PN BT

JAERI-Tech 99-057

Tr Ty TTT YT T Y T T T Y Y

2 o & Q@ ° °:
. 3

CM E

A2G
0&‘ ° ‘e ogé . ’-

Vw v v'v v
v v 3

M V‘%RG
1BL
Ai‘ DX ﬁ A A
_# ID(D-) _
|

"z o® |

Vo
r 0 P 5 = -

" D-(total)
ID(D+)

LA Lpn A A A

B lacc/Parc

O O ] —
O n [ | 3

| I

sl s a s baasalasaaal Y T WH s

Parc(kW)

Fig.8 Comparison between the lower and upper ion source as a function of arc power

Parc at the same ion source operation condition (solid symbol: lower ion source,

Open symbol: upper ion source, CM;Calorimeter, A1G;1* Accel.grid, A2G; 2™
accel. Grid, 1BL; 1* beam limiter, NC;Neutralizer cell, ID(D-), ID(D+); Ion dumps
for D- and D+, D-(total); D- current.

Beam condition; deuterium beam, Vacc=350kV, lacc=15-23A, Ipg=4.5kA,

Vb=4.5V, Vext=5.9kV, Ipg=4.5kA ,Vb=4.5V, Pis=0.14-0.29Pa



JAERI-Tech 99-057

0.35E ";"'l"'l"!'l‘i'l'-'m
2% *m B B o
‘E% 0.25f ™ -
[=§= : :
g S osf lacc/Parc “5
<< "'YF .
og00® 8 8 8 8 ]

0.1¢ e L LY ¢ Ml B e

0.14 O'.;

o “2f g 0@ ° CE E
= 01f 8 A2G ;
= o.08f O E
S 0.06[ , ]
S 0.04f 1BL E
O o2 ®ee O © § oo,
of ]

0.1 FHHHHHH e
0.12 [ O 3

o Vilees § § § eoe:
g 0.08 F CRG E
S 0.06 | N B H O ]
5 0.04;_ . O -
OQoo2fHER B g g mBE_
of |

0.15 Fr g
Y v Y ¥V ¢

2 v g v ID(D+) :
o i A ]
"GC-J' 0.1E—|D(D_) . A . A_:
= i A L, A2 4, 2 ]
& 4 A :
0.05'_._4.%“[.1.%.1...|...|...|...‘

54 56 5.8 6.0 6.2 6.4 6.6 6.8
Vext(kV)

Fig.9 Comparison between lower and upper ion source as a function of extraction
voltage (solid symbol; lower ion source, open symbol; upper ion source)
Beam parameters; deuterium, Vacc=370kV, Iacc=19-22A, Parc=150kW,
Ipg=4.5kA Vb=4.5V



Current ratio (Igp/lacc)

Arc efficiency (lacc/Parc)

JAERI-Tech 99-057

Vacc=350kV, upper source

0.36 [ : T
0.34 | H/5.0Y HIS 6
0.32f v WA ;
B 3 o * Uv, ]
0.3F O o) ]
[ ¢ D/ 5. 9‘?)g ]
0.28 | A o -
g A ]
0.26 f A Aa ;
: A H/ 4.5 :
0.24 h
022f LA L]
0.22 |  § ) ) 1 1 1 8 1 1 g .
L A ]

0.2 [ A A )
: AHA45 L A W0
0.18 A v .
[ 2 ]
0.16 i ¢ H/ 5.6 ’
0.14 ‘ o) '
i O D/59o (o) o Og :
0.12 00 -

01 i U SN T B R S T B R R T R 2
80 100 120 140 160 180

Parc(kW)

Fig.10 Comparison between different operation species at the same ion source and

nearly same condition (solid symbol; hydrogen beam, open symbol; deuterium

beam)



EERBALR O LHBERX

£ SIEARALIUREMEAL x2 SIiHtHIh 286 &5 SIHEGAE
& % B i 5 % B i 5 {52351 be:3e: ic 5
& S|A - b m %, ¥, 0| min, h d 10 =7y E
®" Bl o754 kg g, o, B ., 10 ~ ¥ P
By 5] w s y oy b |l L 0] = 5 T
<o w7 v 7 A b vt 10° | ¥ # G
MOFEE |7 v b v K BFAALL | eV 100 | # #H M
il I v mol RFEREG | u ol A B
% Elh v TS cd 100 | ~ 2 b h
T Em ml|s v 7 v | rad 1 eV=1.60218% 1074 0|7 #| da
Tk B{RFIITV sr 1 u=1.66054% 10" kg ot T d
1072 € v F c
107 | % y m
%3 BEHOLHE S SIHTRE 0o | w470l a
£4  SIEHLITYEMIC "
e 10 + 7 n
# 5 owo s |BOSEY H15 & B Mt O IO R
& i M~ o v|H| s &4 W 2 5 107" 724k f
7] = a—-F Vv N m-kg/sz AV A boO— LA A 107'* T k a
¥ B, & Hhi & # | Pa N/m? < _ o b
i i MR |V 2 - A J | Nm S —  a{ bar (e
T&, M &V 4 b W[ Is # vl Gal LoE1 53 (EBEIR) B5 K, [EE
& X E: B — o v C As ¥ . v - Ci ER%&R 1985 EHiTIc Kk %, 1251, 1eV
;ﬁ;m, srx. E’%; oo l; ;’ :’3\’//\;4 [ N R BLU 1 uDfEid CODATA D 1986 FFEH#E#E
€ B 7 7 7 F 5 ¥| rad filite & - 7
® @ B Hilr - 4| Q| VA v 2| rem’ oo
v g sy va|lv-svz| s A/V 2. RAWIBE, /b, T-w, ~7 5
i3 #|v = — x| Wb | V.s 1 A= 0.1 nm=10""m ~ALEEFNTVANEHORMNDTE
w = # |5 7\] 3 :‘{ vwvb/zz L b=100 fm?= 102 m? ZTIFABL 1,

N - N N — =4 - - a
17595 YA~ ) E b/ 1 bar=0.1 MPa=10*Pa 3. bar i}, JISTUHKEOHNEROTHE
vty ZABE |ervyoRE|l C | Gal=1em/s? = 10-2m/s? SR E2ONF Y —KHMIhTL
b H | — 4 ¥ Im cd-sr al=lcm/s m/s 2
[ 2 1Ci=3.7x10"°Bq °
Eiv 7 2 x| Im/m . 4. ECHMEHLIEH T bar, barnbs
" 5 g l~x 2 L 4| B s ! 1 R=2.58x10"‘C/kg A N )

e a DO U (MEDHE ) mmHg 2 &20h 53
®oW K B|7 v 1| Gy | Jke lrad=1cGy=10"Gy CRARTLS
WO’ Y B|v-—-~Nwnwb| Sy J/kg lrem=1¢Sv=10"°Sv °
# " 3
71| N(=10*dyn) kgf Ibf £ {MPa(=10 bar) kgf/cm? atm mmHg(Torr)| 1bf/in’(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 h|  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ & 1Pa-s(N.s/m*)=10P(#7 x)(g/(cm-s)) 1.33322 x 107 | 1.35951 x 107 | 1.31579 x 10~° 1 1.93368 x 107?
BHE 1m¥s=10'St(Z + — 2 %) (cm?/s) 6.89476 x 10™* | 7.03070 x 10~¢ | 6.80460 x 102 51.7149 1
x| J(=10"erg) kgfem kW< h cal Gt &) Btu ft « Ibf eV 1 cal = 4.18605 J (it&H:)
3
fé 1 0.101972 | 277778x 1077 |  0.238889 | 9.47813 x 10°* 0.737562 | 6.24150 x 10*® =4.184J (#MIL¥)
| 9.80665 1 272407 x10°¢ | 2.34270 9.29487 x 107 7.23301 6.12082x 10" =4.1855J (15°C)
g 36x10° | 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10% = 4.1868 J (EBERR)
. 4.18605 0.426858 | 1.16279 x 10°* 1 3.96759 x 10°* 3.08747 261272x 10"  (+4i8 | PS LE M)
[ 1055.06 107.586 2.93072x107* | 252.042 1 778.172 6.58515 x 107" — 75 kgf-m/s
1.35582 0.138255 | 3.76616 x 107 | 0.323890 | 1.28506 x 10~ 1 846233 x 10 ~ 735.499 W
1.60218 x 10°'* | 1.63377 x 1072°| 4.45050 x 1072°| 3.82743 x 10°%° | 151857 x 1072?| 1.18171 x 10" 1
b4 Bq Ci %% Gy rad g C/kg R Sv rem
al 1 270270 x 10~ 8 1 100 2 1 3876 7 1 100
HE ® 4
3.7 x 10% 1 0.01 1 2.58 x 107 1 0.01 1

(86 % 12 A 26 HBIE)



POWER LOADING ON THE BEAMLINE COMPONENTS AND BEAM DIVERGENCE OF THE NEGATIVE-ION BASED NBI SYSTEM FOR JT-60U




