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The yield of volume-produced H ions is investigated in several
configurations of magnetic multipole plasma sources as a function of
plasma density, gas pressure, electron temperature and other cperating
parameters. At optimum conditions, 6 mA H ion beam is extracted at a
beam energy of 10 keV with a current density of 12 mA/cmz. The gas
pressure in the plasma source is as low as 0.5 Pa. The H current was

confirmed by the calorimetrical measurements.
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1. Introduction

The neutral beam injectiom in future fusion reactors will require
negative deuterium ion beams in order teo achieve an acceptable
electrical efficiency at beam energies in excess of 200 keV. There
are three main methods now used to produce negative deuterium { or
hydrogen ) ion beams; double electron capture in vapor cell, surface
production and volume production. Out of these methods, the volume
producticn has big advantages over the other two methods. They are

(1) No use of cesium,

(2) Simple structure of the source,

(3) Low divergence of extracted beams,

{(4) Low impurity content in the beans,

{5) Stable and reliable operation.
These advantages makes the volume productien method the most attractive
cne for use in future neutral beam injectors.

In this method, however, there are two blg problems that must be
solved. One is the problem of electron separation., Since the negative
ions produced have ne more than thermal energies ( < 1 eV ), it is
difficult to separate the negative ions from plasma electrons. Leung et
al have installed a pair of magnets on a extraction aperture of the
accelerator and observed a significant reduction of electron current
/1/. But the ratio of electrons is still high and the problem will
become more serious in multi-aperture accelerators.

Another problem is the current density. For practical use, a
current density of more than 20-30 mA/cmz will be required. Although
such high current density beams were extracted in a modified Penning
type ion source /2/ or a magnetron type ion source /3/ from a very small
aperture, scaling up these sources is not practical because of extremely
low gas efficiencies. Bacal et al found that there can be a copious
amount of H ions in a large area hydrogen plasma source /4/. Since
then, the efforts have been made by the workers in LBL /1/, Culham /5/,
Ecole Politechnigue /6/ and Nagoya Univ /7/ to extract high current
density beams from a large area plasma scurce under a low gas pressure,

At JAERT, our efforts have been concentrated on the latter problem.
As a first step, the dependence of extracted H current on various
plasma parameters such as plasma density, gas pressure and arc voltage
was investigated in simple multicusp plasma sources in order to

determine what the most crucial parameter is. Then an attempt was made
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to increase the H vield by using a tandem multicusp plasma source,
where the discharge chamber is divided into two zones by magnetic
fields., The tandem structure has been studied theoretically by Hiskes
et al /8/ and experimentally by Leung et al /1/, Holmes et al /9/ and
Bacal et al /10G/. OQur tandem scurce is characterized by the fact that
the depth of the discharge chamber is changeable so as to optimize the
size.

It is the purpose of the present paper to describe the
developmental work being conducted at JAERT and te present the

experimental results obtained with volume H ion sources.

2. Experimental set-up

A schematic of the experimental apparatus is shown in Fig. 1.
Three types of plasma sources were used; a small size magnetic multicusp
plasma source ( 8-Bucket ), a high-magnetic field large size magnetic
multicusp plasma source ( L-Bucket ) and a medium size tandem multicusp
plasma source ( T-Bucket ). The S-Bucket source produces high electron
temperature plasma, and the ratic of molecular ions ( H; . Hg Y in the
plasma is relatively high /11/. On the contrary, the plasma produced by
the L-Bucket source has low electron temperature and has extremely high
proton ( HT } vield because of a good plasma confinement /12/. Since the
structures cf S-Bucket and L-bucket sources are shown in Ref.13
( in Fig. 15,16 ) and Ref.12, respectively, only the cross sectional
view of the T-Bucket source is supplied in Fig.2. TABLE I summarizes
the size and the characteristics of these three sources.

Beam was extracted from each source using the same accelerator.
The accelerator has three grids denoted plasma grid, extraction grid and
acceleration grid. Each has 1020 extraction apertures of 4 mm diam
within the requtangular area of 12 x 27 cm? In the present experiment,
all but the central 4 apertures of the plasma grid are masked by a
molvbdenum plate. Thus the extraction area is (.50 cmz.

The H ions are extracted from the apertures by applving a negative
potential of 2-20 kV to the plasma grid. The other two grids are
- connected to the ground. Since we do not employ any method to suppress
the electrons, a large amount of electrons are extracted teogether with
the H dions. In order to separate the electrons and to have a clear

measure of the H flux, a magnetic field is appiied in the downstream
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measure of the H flux, a magnetic field is applied in the downstream
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beam drift region by using Helmholtz coils, whose center is placed at
80 cm downstream of the accelerator grid. The ceils have a diameter of
65 cm and tvpically produce a 50 Gauss magnetic field at the beam axis.
The H ions are scarcely bent by this magnetic field, while the fast
electrons are deflected completely toward the electron beam dump.

The H current and its profile are measured by the Faradav cup,
which is mounted on the two-dimensional scanning mechanism. The cup has
two grids hiased positively or negatively so as to suppress the beam
plasma particles and secondary emitted electrons. The diameter of the
entrance aperture is 1.0 mm, BRehind the Faraday cup is a movable
calorimeter, which is made of a copper disk of 8 cm diam with a
thermocouple buried in the back side of the disk. In order to identify
the H ions and to measure the impurity concentration in the beam, a
compact magnetic mass analyzer was used. The distances from the
accelerator grid to the Faraday cup, the calorimeter and the mass
analyzer are 85 cm, 92 cm and 135 cm, respectively.

The wvacuum in the beam drift tank is maintained by six turbo
molecular pumps. The total pumping speed is about 12000 1/sec. If
necessary, an additional pumping speed of 15000 1/sec can be produced
by a cryopump. But, too much pumping makes the beam divergence worse due
to the space charge effect. Thus the pressure in the tank is maintained
at typically 2 x 10_2 Pa. The hvdrogen gas is introduced continuously
into the ion socurce.

The experiment was made in a pulse mode. The beam duration was

0.1-1 sec with the duty cycle of 1/30.

3. Measurement of H current

In experiments on H ion sources special attention should be paid
to the measurement of the H current. Since the H ions often accompany
a large amount of electrons, the ohserved H current tends to be larger
than the true wvalue. To avoid this error, we empleyed both electrical
and calorimetical measurements, and spent a lot of time to confirm the
measurements.

In the electrical measurement, the two-dimensicnal profile of the H™
beam was measured by the Faraday cup. The unneutralized H current at
the position of the Faraday cup I (FC) can be evaluated by integrating

the H profile over the whole area. The extracted H~ current was then
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the H profile over the whole area., The extracted H current was then
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estimated by calibrating the neutralization efficiency. Figure 3 shows
an example of the beam profile for various Helmheltz coil current IB )
where the acceleration voltage Vacc is 2 kV. When IB = 50 A (17 Gauss),
the H beam is not separated from the electron beam. Although the tail
of the electron beam profile appears in right hand of the profile at IB=
75 A (25 Gauss), the H ion prcfile is separated completely at IB > 100
A (33 Causs). By integrating the profile, the H current was found to
be 0.025 mA in this case.

In order to confirm the accuracy of this method, the measured
currents were compared with the known approximate values for cases of
H+ extraction and H plus electron extractiocn. For H+ extraction the
true output current is approximately 90 % of the power supply 1 . while
for electron extraction the output and power supply Iace curren?scare
nearly identical., Figure 4 shows an example of the it ion beam profile.
The H+ ions were extracted by reversing the polarity of the acceleration
voltage and applying a deceleration voltage to the extraction grid.
Integrating the profile, the H+ current is estimated to be 7 mA, which
is consistent with the output current of the power supply ( 9 mA }. The
extracted electron current I, was also measured by this method by
turning off the Helmholtz coil current. The measured value showed a
good agreement with the output current. Thus in the following
sections, we regard the output current Iaccas the extracted electron
current [,.

The neutralization efficiency of H ions was measured
experimentally. Figure 5 shows the unneutralized current at the
position of the Faraday cup I (FC) as a functicn of the pressure in the
beam drift tank, where the accel wvoltage, the accel current { or the
extracted electron current ) and the pressure in plasma source PA are
kept constant., The unneutralized current decreases expouentially with
the pressure. The extracted H current ~ can be estimated by
extrapclating the curve toward the zero line density. It should be
noted that the slope of the curve is consistant with the data of cross
sections for neutralization and re-ionization of H .

The current thus measured electrically was confirmed by the
cealorimetrical measurement. The equivalent beam current (which means
the current including the eguivalent current of neutralized beam ) was
estimated from the temperature rise of the calorimeter. Figure 6

presents the measured current as a function of the pressure in drift
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tank. All operating parameters are same as those in Fig.5. Although
the extracted H current is kept constant, the measured current
decreases at a lower pressure. This is due to the space charge effect;
at lower pressure, the heam divergence becomes worse as shown in Fig.é
by dotted line, and the fracticn of the beams intercepted by the
calorimeter decreases rapidly. (Remember that the diameter of the
calorimeter is relatively small.) In order to know the extracted H
current, the measured value shculd be calibrated by this geometrical
efficiency. If calibrated, the current becomes constant as shown in
Fig.6. The current is 4.05 mA, which almost agrees with the electrical
measurement in Fig.5 ( 4.7 mA ).

Figure 7 shows an example of momentum spectra of the negative ion
beam measured by the compact mass analyzer. Considering the
neutralization efficiencies for H and impurities, we can estimate
impurity content at the lon source. When the plasma scurce is
conditioned, the impurity content decreases to a few percent of

extracted H ions.

4. Experimental results on conventional multicusp plasma source
The dependence of the extracted H current on various operating

parameters was investigated in S-Bucket and L-Bucket sources.

Plasma grid bias voltage

Figure 8 shows the dependence of H current on the bias voltage of
the plasma grid for the S-Bucket source, where the extracted electron
current is kept constant. The bias voltage was applied with respect to
the anode and changed by using the outer electrical circuit as shown in
Fig.l. The H current is small when the plasma grid is left floating
electrically and it increases rapidly with the bias voltage. This
tendency is more evident when the pressure in the plasma source becomes
lower. The H current did not increase when the plasma grid was biased

more positive than the anode.

Pressure in plasma source
Figure 9 shows the pressure dependence for the S-Bucket socurce.
The arc voltage is 80 V and the arc current is changed in the range of 5

A to 10 A to keep the extracted electron current constant. There is a
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optimum pressure to maximize the I , which is 0.9 Pa in this case. The
optimum pressure becomes slightly lower in case of the L-Bucket source (

0.7 Pa ).

Arc voltage

Figure 10 shows the dependence on the arc voltage. The arc voltage
was changed by controlling the filament emission current so as to keep
the extracted electron current constant. The H current has its maximum
value at the arc voltage of 70 V and it decreases rapidly at lower arc

voltage.

Filament diameter

It was found that the filament diameter has a significant effect on
the H current. Our bucket source usually employ large diameter
filaments ( D= I.5¢—1.8¢) to obtain a leong life time. But it was found
that the H current increases by factor 2 or 3 when the large diameter
filaments were replaced by small diameter fiiaments ( D= O.8¢ ). Same
effect was observed when the arc discharge was turned on right after the
filament current was turned off. This effect is considered to be caused

by the magnetic field induced by the filament current.

Plasma density

The plasma density was then increased with keeping the parameters
mentioned above at the optimum condition. Figure 11 shows the H™
current ag a function of the extracted electron current for both
S-Bucket and L-Bucket sources, where the arc current 1s increased up to
230 A in case of S-Bucket and 500 A in case of L-Bucket. The
acceleration voltage V,., was also increased up to 18 kV with the
electron current Ie so as to keep the beam divergence { or perveance )
almost constant. The H current increases linearly with the electron
current at low density region but is gradually saturated at higher
density region. In case of L-Bucket source, the H current has a
plateau value of 2 mA ( 4 mA/cmz) at Ie =2 A (4 A/cm2 y, which
corresponds to the bulk plasma density of about 1.2 x 1012 cm_3, and
then decreases rapidly.

At the condition of I, = 2 A, the positive ion current 1T of about
50 mA was extracted when the polarity of the acceleration voltage was

reversed. Thus, from Fig. 11, the ratio of I—/I+ is 0.04 for L-Bucket
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and 0.018 for S-Bucket. The maximum value of I—/I+ is 0.12 and 0.04,

respectively.

Discussion
The difference in the ratio of I--/I+ between the S-Bucket and the
L-Bucket sources is suggestive. It has been proposed by Bacal et al /l4&/
and Hiskes et al /15/ that the H ions are mainly formed by the
collision between cold electrons ( <l eV } and vibrationally or
rotationally excited hydrogen mnlecules. The excited molecules are
formed by wall collisions of the molecular ions ( H;

electron { ~60 eV ) collisions with molecular hydrogens. In the case of

, H; ) or by fast

the S-Bucket source, there will exist a large amount of excited
molecules because the wall collisions are enhanced by the small chamber
size and the population of excited molecular ions and fast electrons

is large. However, in practice, the ratio of I-/I+ is small. This is
thought to be due to the lack of the cold electrons. On the contrary,
the L-bucket source has a large amount of cold electrons. In this case,
the ratio I_/I+ is relatively large in spite of the low population of
the excited molecules. The electron temperature seems te be the most

crucial parameter.

5. Experimental results on tandem multicusp plasma source

For formation of H , not only the fast electrons to produce the
excited molecules but alsoc the low temperature electrons for electron
attachment are needed. These two requirements, which oppose each
cther in conventional multicusp plasma scurce, can be satisfied in the
tandem multicusp plasma source, where the discharge chamber is divided
into two zones by a magnetic field. 1In order to increase the H
current, we emploved the tandem multicusp plasma source ( T-Bucket ) and

made a preliminary experiment on it.

Optimization of chamber depth and filter configuration

The discharge chamber of the T-Bucket source is composed of four
units called cathode unit ( C-unit ), short ancde unit ( S-unit ), long
anode unit {( L-unit ) and filter unit ( F-unit ). In the present
experiment, the F-unit, which produces the magnetic filter like the LEL

source f1/, is not used. The transverse filter field is fermed by the
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and 0.018 for S—Bucket. The maximum value of T /I' is 0.12 and 0.0%,

respectively.

Discussion

The difference in the ratioc of I—/I+ between the S5-Bucket and the
L-Bucket sources is suggestive. It has been proposed by Bacal et al /l1l4/
and Hiskes et al /15/ that the H ions are mainly formed by the
collision between cold electrons ( <l eV ) and vibrationally or
rotationally excited hydrogen molecules. The excited molecules are
formed by wall collisions of the molecular ions ( H; R H; } or by fast
electron ( ~60 eV )} collisions with molecular hydrogens. In the case of
the S-Bucket source, there will exist a large amount of excited
molecules because the wall ceollisions are enhanced by the small chamber
size and the population of excited molecular ions and fast electrons
is large. However, in practice, the ratio of I_/I+ is small. This is
thought to be due to the lack of the cold electrons. On the contrary,
the L-bucket source has a large amount of cold electrons., In this case,
the ratio I'/I+ is relatively large in spite of the low population of
the excited molecules., The electron temperature seems to be the most

crucial parameter.

5. Experimental results on tandem nmulticusp plasma source

For formation of H , not only the fast electrons to produce the
excited molecules but also the low temperature electrons for electron
attachment are needed. These two requirements, which oppose each
cther in conventional multicusp plasma source, can be satisfied in the
tandem multicusp plasma source, where the discharge chamber is divided
into two zones by a magnetic field. In order to iucrease the H
current, we employed the tandem multicusp plasma source ( T-Bucket } and

made a preliminary experiment on it.

Optimization of chamber depth and filter configuration

The discharge chamber of the T-Bucket source is composed of four
units called cathode unit ( C-unit ), short ancde unit ( S-unit ), long
anode unit ( L-unit ) and filter unit ( F-unit }. In the present
experiment, the F-unit, which produces the magnetic filter like the LBL

source /1/, is not used. The transverse filter field is formed by the
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permanent magnets on the anode like the Culham source /9/. Each unit
can be exchanged with one another or removed if desired. Thus we can
vary the filter position and the chamber depth. 1In addition, the filter
configuration can be varied by re-arranging the permanent magnets on the
anode,

Figures 12-15 show the extractable H™ current for various magnet
configurations. The symbols N and S refer to north or south pole of the
magnets facing the discharge, and the set of the symbols indicates the
row of magnets on tne left side of the source in Fig.2. The right side
is of the opposite polarity. The symbols N' and 3' refer to stronger
cusp lines which is formed by adding a strong magnet ( 10 mm wide, 20 mm
thick ) to the original magnet ( 5 mm wide, 15 mm thick ). The chamber
depths are 30 cm, 22 cm, 15 c¢m and 8 cm in Figs. 12, 13, 14 and 15,
respectively. The pressure in the arc chamber is kept to be the optimum
value of (0.5 Pa.

In all cases, the H current increases linearly with the electron
current at low plasma density, gradually becomes saturated at higher
density and then decreases. The maximum value of H current was 6 mA (
12 mA/cmz), which was obtained with the NS'NS configuration. TIn this
case the positive ion current of 30 mA was obtained when the polarity of
the acceleration voltage was reversed. Thus the ratio I7/I" is 0.2. The
maximum value of I_/I+ was obtained with the NS'NS and NS'
configurations at I, = 0.15 & ( 0.3 Afcm2 } and it was about 0.35.

The dependence of H current on the chamber depth is interesting.
Concentrating on the data from weak filter configurations ( NSNSNSNS,
NSNSNS, NSNS, NS ), which are shown by solid lines in Figs. 12-15, it
can be seen that the extractable H current tends to increase with the
chamber depth. This is thought to be due to the reduction of the
electron temperature. In the strong filter configurations, there exists

an optimum chamber depth.

Electron temperature

The electron temperature Ty was measured for three typical magnetic
configurations; NS'NS, NSNS and NS corresponding to high, middle and low
H—_yield. The maximum values of I~ are 6 mA, 2.1 mA and 1.2 mA,
respectively. A Langmuir probe, which was inserted into the center axis
of the source, was used to measure Te . The distance from the plasma

grid to the probe is 1.5 cm. Figure 16 shows typical probe traces for
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the three cases, where almost the same values of electron saturation
current are obtained by adjusting the arc power, The primarvy electron
component was nct observed in the traces. At a glance, we can see that
the plasma produced in NS'NS configuration, where the H vield is
highest, has the lowest electron temperature and the highest space
potential of the three configuratiomns. Imn Fig. 17, Te is shown as a
function of the electron current for the three configurations. The
numbers suffixed to the data points indicate the arc power in kW.
Although a large arc power is iuput in the NS'NS configuration, Te is
lower than other two configurations. There seems to bhe a strong
correlation between Te and the H vield; as Te increases, the H_yield

decreases.

Calorimetrical measurement

The H current was confirmed by the calorimetrical measurement.
Figure 18 shows the calorimetrically measured H current for NS'NS
configuration, where all operating parameters are same as those in Fig.
14, The currents are almost same but somewhat smaller than those

measured electrically.

6. Concluding remarks
The experimental results on the three types of multicusp plasma
gsource ( S-Bucket, L-Bucket and T-Bucket ) are summarized as follows;
1) The maximum value of H current of 6 mA ( 12 mA/cmz } was obtained
in T-Bucket source by optimizing the magnetic filter configuration
, chamber depth and other operating parameters. The pressure in
arc chamber was as low as 0.5 Pa.
2) The H current increases linearly with the electron current at
low plasma density but is gradually saturated at higher density.
The maximum value of I-/I+, of 0.35, is obtained in the T-Bucket
source at lower density.
3) The electron temperature seems to be the most crucial parameter
affecting the H yield.
4) Extractable H current increases when the plasma grid is biased
positive with respect to the anode.
5) Optimum arc voltage is 30-70 V.

6) Optimum pressure in the arc chamber is 0.5-0.9 Pa.
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the three cases, where almost the same values of electron saturation
current are obtained by adjusting the arc power. The primary electron
component was not observed in the traces. At a.glance, we can see that
the plasma produced in NS'NS configuration, where the H vield is
highest, has the lowest electron temperature and the highest space
potential of the three configurations. In Fig. 17, Te is shown as a
functien of the electron current for the three configurations. The
numbers suffixed to the data points indicate the arc power in kW.
Although a large arc power is input in the NS'NS configuration, Te is
lower than other two configurations. There seems to be a strong
correlation between Te and the H vield; as Te increases, the H_yield

decreases.

Calorimetrical measurement

The H current was confirmed by the calorimetrical measurement.
Figure 18 shows the calorimetrically measured H current for N3S'NS
configuration, where all operating parameters are same as those in Fig.
14. The currents are almost same but somewhat smaller than those

measured electrically,

6. Concluding remarks
The experimental results on the three types of multicusp plasma
source { S—-Bucket, L-Bucket and T-Bucket ) are summarized as follows;
1) The maximum value of H current of 6 ma ( 12 mA/cm2 } was obtained
in T-Bucket source by optimizing the magnetic filter configuration
» chamber depth and cother operating parameters. The pressure in
arc chamber was as low as 0.5 Pa.
2) The H current increases linearly with the electron current at
low plasma density but 1s gradually saturated at higher density.
The maximum value of I—/I+, of 0.35, is obtained in the T-Bucket
source at lower density.
3) The electron temperature seems to be the most crucial parameter
affecting the H vyield.
4) Extractable H current increases when the plasma grid is biased
positive with respect to the anode.
5) Optimum arc voltage is 30-70 V.

6) Optimum pressure in the arc chamber is 0.5-0.9 Pa.
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We are now going to make additional experiments with the T-Bucket
source to enhance the H yield. Our present objective is to obtain the
B~ current density of 20-30 mA/cm2 at low pressures. In parallel to the
study of H™ production, the study of the separation and the acceleration

of H™ ions will start in near future.
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TABLE I Parameters of JAERI volume H source

JAERT-M §4-098

S-Bucket L-Bucket T-Bucket
Chamber length 19.2 cm 40 cm 36 cm
width 12 cm 25 cm 21 cm
depth 15.5 cm 34 cm variable
Cusp length 258 cn 950 cm variable
Cusp arrangement parallel perpendicular l-direc; per.
to beam axis w—direc; par.
Magnetic field 1,25 kG 2.7 kG 1.25 kG
strength at wall
Filaments 1.0¢x 4 1.0¢x 8 1.0¢x 8
Chamber material Copper Copper sus
Cooling active active inactive

_14W
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Fig. 7 An example of momentum spectra of negative ion beam.
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are almost the same in each case, while the arc powers are

(a) 30.8 kW, (b) 14.5 kW and (c) 8.7 kW.



JAERI-M 84-098

B40210. 11

Py =05 Pa NS
210

NSNS

(aV}

NS'NS

Te

ELECTRON TEMP.

OO 0.5 t.0 1.5 20
Ie {A)

Fig.l7 Electron temperature for three types of filter configurations,

Je (A/cm?d)
O 1 z
7 n T ? 4%4
( Y
B4G213
6F 12
5k o E
= =
E 4t 18 =
! |
- 3_ _ 6 "'_'D
NS'NS
> CALORIMETER 1a
Py =05 Pa
l -2
0 L — L 0
O 05 i.0 1.5 20
Ie  (A)
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