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ABSTRACT

A plasma sputter negative ion source was studied for its
applicability to the potential measurement of a fusion
plasma. Both the beam current density and the beam energy
spread are key issues. Energy spectra of a self extracted
Au~ beam from the source were measured under the condition

of a constant work function of the production surface. The

FWHM increases from 3 eV to 9 eV monotonically as the target

voltage increases from 50 V to 300 V, independently from the

target surface work function of 2.2 - 3 eV.
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Introduction

The formation of a plasma potential and its correlation
to the plasma confinement have been studied as fundamental
problems in plasma physics. Recently, the potential and the
density fluctuations are considered to be important on the
particle transport in toroidal plasma devices for the
nuclear fusicn. A heavy ion beam probe (HIBP) has been used
as a reliable method to determine the plasma potential, and
to study the potential and plasma density fluctuations!-?.
However, the required beam energy increases up to several
MeV for recent big fusion devices, such as a Large Helical
Device (LHD, a ~ 0.6m, By ~ 3T)?. A HIBP based on a negative
heavy ion source is attractive because of the possibility of
tandem beam acceleration, and that of neutral beam
injection.

In a HIBP diagnostic, a high energy beam of either
neutral or charged particles, 2% ¢=-1,0,1,2,etc., is
injected into a magnetically confined plasma. Most of the
injected beam particles loose electrons by collisions in the

plasma ( a secondary beam) .
AY > A% 4o, .., AT 4 e, etc. (1)

When the primary beam is injected into a plasma, it is post-
decelerated ( or accelerated) by qf,where ¢ is the plasma
potential, and the secondary beam is accelerated{ or
decelerated) by (g+i)$ when it comes out of the plasma. The
plasma potential can be obtained from the energy difference
between the two beams.

In several experiments on toroidal systems, potential
formations of order of the ion temperature were cbserved.
The levels of potential fluctuations in the TEXT experiments
were reported to be one to several tens percents, depending
on the radial position®.

In the case of LHD, the ion temperature is expected to
be one to several keV. Energy spread of less than 0.1 keV is
demanded as a primary beam for the potential measurement,
and that of order of 10 eV is desirable to study the
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fluctuations of the local plasma potential and the density.
Considering the helical field strength of 3T, and the
practical configuration of the beam trajectories, the
energy of 5.6 MeV is required for a singly charged heavy ion
beam of mass 200 °

We have measured the longitudinal energy spectra of a
self extracted Au~ beam from a plasma sputter negative ion
source. The work function of the negative ion preoduction
surface was simultaneously monitored. Some relevant physics
on negative ion formation process obtained from those

measurements are also discussed in this paper.
1. A plasma sputter negative ion source

Negative ions of heavy elements are often produced by
sputtering processes on a metal surface of low work
function.

Various types of negative lon sources on the sputter
principle are reviewed by Alton®. Among them, we have
studied a plasma sputter negative ilon source because of its
high-brightness and stable cperation. In this source, the
target surface is sputtered by plasma ions with relatively
low energy.

The probability of negative ion formation has been
known, experimentally and theoretically, to be dependent on

the surface work function, ¢, the electron affinity of the
ejected particle, €, and its escaping velocity normal to

the surface, v,. The general form can be given by
P (vy)=2T exp{-cq (0-€x +V;) /v }, (2)
where the parameters of c; and V; are assumed constant?,

Negative ion spectrum expected from & plasma sputter
negative ion source with the target voltage of V¢ is then

I (E)

Un Ty (eVy) j £(E5,8) P (E,,0)dQ (3a)

E =eVg + M Vn2 /2 = eve + Ej cosZf ; {3b)



where I™ and Yg(eVy) are the incident target current and the
sputtering yield at the energy eVy. The negative ion
formation probability P (E,,8) is related to P (v,) in
Eq.(2) by v, = JZEZ /M cosB, where E;, and 6 are the ejection

energy and its polar angle. Following the theory developed
by Thompson®, the ejected particle spectrum f(E,,8) can be

expressed by

f(Ez,G) co Ej (E2+Uo)_3 cosH , (3¢)

and gives a maximum at Up/2, where Ugp is the surface
binding energy of the particle. In eq.(3a),the integral on
the solid angle d{ depends on the target shape, the target
bias, and the beam transport geometry.

In Table 1, the comparison cf various parameters which
are influential on negative ion yields and their spectra is
given for stable elements of mass > 150. The minimum work
function ¢min is calculated by the semi-empirical relation
proposed by Alton®. High production probability of negative
ions are expected for Ir,Pt and Au because of their negative
values of (¢min—£A). Sputtering yields of Pt and Au are
also large’. On the other hand, the energy spreads of Au, T1
and Pb are expected tc be small. Thus we have studied the
production of Au~ and its energy spectrum for a plasma

sputter source operated with argon.
2. Energy spectra of Au~

Negative ion spectra are generally related to the work
function of the production surface through Eg.(2). We have
measured the energy spectra of Au~ under the condition of a
constant target work function.

The source was a medium sized (d=10.8 cm, 1=12 cm)
multi-cusp magnetic field plasma container with a gold plate
target at the center. The target was biased negatively with
respect to the scurce chamber ( the ancde), and cesium vapor

from an oven was introduced onto its surface. The target



work function was simultaneously monitored by a photo-
electron detection system at two wave lengths (488nm,
633nm) . The longitudinal energy spectrum of the Au~ beam
self-extracted from the source was measured by a retarding
potential type electrostatic energy analyzer. The details of
the source, the work function monitoring system and the
energy analyzer are described in Ref. 9,10,11.

In Fig. 1 are shown the energy spectra at different
values of negative ion yields Yn ( the ratico of Au~ to the
target current). The position of the zero energy has an
ambiguity ef 1 eV. The work function of case 1 and that of
case 3 were estimated to be 2.2 eV and 2.4 eV from the
photoelectric current induced by an Ar+ laser based on the
Fowler's theory'l. Comparing Yn, it was conjectured that the
work function of case 2 and that of case 4 were around 2.3
eV and ~ 3 eV. The four spectra agree well up to more than
10 eV, in spite of the one order of difference in Yn.

In Fig. 2 the full width of half maximum (FWHM) of the
spectrum is plectted as a function of the target voltage,
which corresponds to the argon sputtering energy. The FWHM
increases monotonically as the target voltage increases,

independently from the target surface work function.

3. Discussions and Conclusions

The energy spectrum of sputtered particles calculated by
Thompson's formula, Eq. 3¢, predicts the FWHM of about 7.3
eV, while those observed in present work and in Ref. 10 are
less than that when Vi < 250 V. One of the reasons is that
negative ions are accelerated through the sheath at the
target in a plasma sputter source and the beam consists from
ejected particles with the polar angle to some extent in Eg.
3a. However, the target voltage dependence of FWHM cannot be
explained by this. Possible reason is that the sputtered
particle energy distribution depends on the incident energy
Ei, and its high energy tail falls off faster when Ej is

relatively small, Similar tendency has been observed in the



energy spectra of neutral Cu atoms sputtered by an argon
beam in the same energy region!?.

The work function dependence was not obvious in the
present experiments, and the weak dependence of the negative
ion production process on the work function can be

anticipated in case of ¢"’8A- The dependence ¢f the total

beam intensity of Au~ was also reported to be weak at ¢ <
€x°.

The measured FWHM's were less than 10 eV at the target
voltage less than 300 V. The sputtering yield Yo (eVy) and
thus the Au~ beam intensity do not increase drastically at
higher voltage. The Au  beam from a plasma sputter source
with the target wvoltage less than 300 V seems to be feasible
for the application to the HIRP of the potential measurement

in a fusion device.
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Element Ta W Re Os I Pt An Tl Pb Bi
Mass 181 184,186 187,185 192,190 193,192 195,194 197 205203 208207 209
182,183 189,188 196 206

€o4 08 05 015 14 20 213 231 05 12 10
Puin™ L72 162 151 158 158 139 143 182 175 165
Ys(02) ~03  ~03 ~06  ~1

Uy, 81 88 81 81 69 58 38 19 20 23
Table 1

Comparison of the electron affinity, €4 [8], the empirical minimum work function,
® win”> the sputtering yield by an argon beam at 0.2 keV, Y(0.2) [7], and the the surface
binding energy for various stable heavy elements. The €5 's, ¢ ™'s and Ugp's are in

eVv.
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Fig. 1 The energy spectra at different levels of negative ion yields ¥n . The spectra are
normalized to one at the peak. Notches in the spectra of case 1 and 2 are due o electric

noises.
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Fig. 2 The target voltage dependence of FWHM of a Au” beam at various levels of
production rate.



NIFS-51

NIFS-52

NIFS-53

NIFS-54

NIFS-55

NIFS-56

NIFS-57

NIFS-58

NIFS-5¢

NIFS-60

NIFS-61

NIFS-62

NIFS-63

NIFS-64

NIFS -65

NIFS-66

Recent Issues of NIFS Series

O.Motojima, K. Akaishi, M.Asao, K.Fuijii, J.Fuijita, T.Hino, Y.Hamada,
H.Kaneko, S.Kitagawa, Y.Kubota, T.Kuroda, T.Mito, S.Morimoto,
N.Noda, Y.Ogawa, I.Ohtake, N.Ohyabu, A.Sagara,

T. Satow, K.Takahata, M.Takeo, S.Tanahashi, T.Tsuzuki, S.Yamada,
J.Yamamoto, K.Yamazaki, N.Yanagi, H.Yonezu, M.Fujiwara, A_liyoshi
and LHD Design Group, Ergineering Design Study of
Superconducting Large Helical Device; Sep. 1990

T.Salo, R.Horiuchi, K. Watanabe, T. Hayashi and K.Kusano, Self-
Organizing Magnetohydrodynamic Plasma; Sep. 1990

M_Okamoto and N.Nakajima, Bootstrap Currents in Stellarators and
Tokamaks; Sep. 1990

K.lich and S.-l.Mtoh, Peaked-Density Profile Mode and Improved
Confinement in Helical Systems; Oct. 1990

Y.Ueda, T.Enomotlo and H.B.Stewant, Chaotic Transients and Fractal
Structures Governing Coupled Swing Dyramics; Oct. 1990

H.B.Stewart and Y.Ueda, Catastrophes with Indeterminate Qutcome;
Oct, 1000

S.-l.ltoh, H.Maeda and Y.Miura, Improved Modes and the
Evaluation of Confinement Improvement; Oct. 1990

H.Maeda and S.-Litoh, The Significance of Medium- or Small-size
Devices in Fusion Research; Oct. 1990

A Fukuyama, S.-l.itoh, K.ltoh, K.Hamamatsu, V.S.Chan, S.C.Chiu,
R.L Miller and T.Ohkawa, Nonresonant Current Drive by RF
Helicity Injection; Oct. 1990

K.da, H.Yamada, H.lguchi, S.Hidekuma, H.Sanuki, K.Yamazaki and
CHS Group, Electric Field Profile of CHS Heliotron/Torsatron
Plasma with Tangential Neutral Beam Injection; Oct. 1990

T.Yabe and H.Hoshino, Two- and Three-Dimensional Behavior of
Rayleigh-Taylor and Kelvin-Helmholz Instabilities; Oct. 1990

H.B. Stewant, Application of Fixed Point Theory to Chaotic
Attractors of Forced Oscillators; Nov. 1990

K.Konn., M.Mituhashi, Yoshi H.lchikawa,Soliton on Thin Vortex
Filament; Dec. 1980

K.lioh, S.-Lltoh and A.Fukuyama,/mpact of Improved Confinement
on Fusion Research, Dec. 1990

A.Fukuyama, S.-l.lioh and K. ltoh,A Consistency Analysis on the
Tokamak Reactor Plasmas; Dec. 1990

K.ltoh, H. Sanuki, S_-I. lioh and K. Tani,Effect of Radial Electric
Field on a-Particle Loss in Tokamaks; Dec. 1990



NIFS-67

NIFS-68

NIFS-69

NIFS-70

NIFS-71

NIFS-72

NIFS-73

NiFS-74

NIFS-75

NIFS-76

NIFS-77

NIFS-78

NiFS-79

NIFS-80

NIFS-81

NIFS-82

K.Sato,and F.Miyawaki,Effects of a Nonuniform Open Magnetic
Field on the Plasma Presheath; Jan.1991

K.ltoh and S.-L.ltoh,On Relation between Local Transport
Coefficient and Global Confinement Scaling Law; Jan. 1991

T.Kato, K.Masai, T.Fujimoto,F.Koike, E.Killne, E.S.Marmar and
J.E.Rice.He-like Spectra Through Charge Exchange Processes in
Tokamak Plasmas; Jan.1991

K. Ida, H. Yamada, H. iguchi, K. Itoh and CHS Group, Observation of
Parallel Viscosity in the CHS Heliotron/Torsatron ; Jan.1991

H. Kaneko, Spectral Analysis of the Heliotron Field with the
Toroidal Harmonic Function in a Study of the Structure of Built-in
Divertor ; Jan. 1991

S. -1, ltoh, H. Sanuki and K. ltoh, Effect of Electric Field
Inhomogeneities on Drift Wave Instabilities and Anomalous
Transport ; Jan. 1931

Y.Nomura, Yoshi.H.Ichikawa and W.Horton, Stabilities of Regular
Motion in the Relativistic Standard Map; Feb. 1991

T.Yamagishi, Electrostatic Drift Mode in Toroidal Plasma with
Minority Energetic Particles, Feb. 1991

T.Yamagishi, Effect of Energetic Particle Distribution on Bounce
Resonance Excitation of the Ideal Ballooning Mode, Feb. 1991

T.Hayashi, A.Tadei, N.Ohyabu and T.Sato, Suppression of Magnetic
Surface Breading by Simple Extra Coils in Finite Beta Equilibrium
of Helical System; Feb. 1991

N. Chyabu, High Temperature Divertor Plasma Operation; Feb.
1981

K.Kusano, T. Tamano and T. Salo, Simulation Study of Toroidal
Phase-Locking Mechanism in Reversed-Field Pinch Plasma; Feb.
1991

K. Nagasaki, K. ltoh and S. -I. ltoh, Model of Divertor Biasing and
Control of Scrape-off Layer and Divertor Plasmas; Feb. 1991

K. Nagasaki and K. ltoh, Decay Process of a Magnetic Island by
Forced Reconnection; Mar. 1931

K. Takahata, N. Yanagi, T. Mito, J. Yamamoto, O.Motojima and
LHDDesign Group, K. Nakamoto, S. Mizukami, K. Kitamura, Y. Wachi,
H. Shinohara, K. Yamamoto, M. Shibui, T. Uchida and K. Nakayama,
Design and Fabrication of Forced-Flow Coils as R&D Program for
Large Helical Device; Mar. 1991

T. Aoki and T. Yabe, Muiti-dimensional Cubic Interpolation for ICF
Hydrodynamics Simulation; Apr. 1991



NIFS-83

NiFS-84

NIiFS-85

NIFS-86

NIFS-87

NIFS-88

NIFS-89

NIFS-90

NIFS-91

NIFS-92

NIFS-93

NIFS-34

NIFS-95

NIFS-96

K. Ida, S.-I. lioh, K. ltoh, . Hidekuma, Y. Miura, H. Kawashima, M.
Mori, T. Matsuda, N. Suzuki, H. Tamai, T.Yamauchi and JFT-2M
Group, Density Peaking in the JFT-2M Tokamak Plasma with
Counter Neutral Beam Injection ; May 1991

A. liyoshi, Development of the Stellarator/Heliotron Research; May
1891

Y. Okabe, M. Sasao, H. Yamaoka, M. Wada and J. Fujita, Dependence

of Aw Production upon the Target Work Function in a Plasma-
Sputter-Type Negative Ion Source; May 1991

N. Nakajima and M. Ckamoto, Geometrical Effects of the Magnetic
Field on the Neoclassical Flow, Current and Rotation in General
Toroidal Systems; May 1991

S. -I. ltoh, K. ltoh, A. Fukuyama, Y. Miura and JFT-2M Group,
ELMy-H mode as Limit Cycle and Chaotic Oscillations in Tokamak
Plasmas; May 1991

N.Matsunami and K.Kitoh, High Resolution Spectroscopy of H*
Energy Loss in Thin Carbon Film; May 1991

H. Sugama, N. Nakajima and M.Wakatani, Nonlinear Behavior of
Multiple-Helicity Resistive Interchange Modes near Marginally
Stable Strates; May 1991

H. Hojo and T.Hatori, Radial Transport Induced by Rotating RF
Fields and Breakdown of Intrinsic Ambipolarity in a Magnetic
Mirror; May 1991

M. Tanaka, S. Murakami, H. Takamaru and T.Salo, Macroscale
Implicit, Electromagnetic Particle Simulation of Inhomogeneous
and Magnetized Plasmas in Multi-Dimensions; May 1991

S. - . ltoh, H-mode Physics, -Experimental Observations and
Model Theories-, Lecture Notes, Spring College on Plasma Physics,
May 27 - June 21 1991 at International Centre for Theoretical
Physics ( IAEA UNESCO ) Trieste, Italy ; Jun. 1991

Y. Miura, K. lioh, S. - 1. Itoh, T. Takizuka, H. Tamai, T. Maisuda,

N. Suzuki, M. Mori, H. Maeda and O. Kardaun, Geometric

Dependence of the Scaling Law on the Energy Confinement Time in
H-mode Discharges; Jun. 1991

H. Sanuki, K. lioh, K. Ida and S. - 1. ltoh, On Radial Electric Field
Structure in CHS Torsatron [ Heliotron; Jun. 1991

K. ltoh, H. Sanuki and 8. - L. ltoh, Influence of Fast Ion Loss on
Radial Electric Field in Wendelstein VII-A Stellarator; Jun. 1991

S. - I. ltoh, K. ltoh, A. Fukuyama, ELMy-H mode as Limit Cycle and
Chaotic Oscillations in Tokamak Plasmas; Jun. 1991



NIFS-97

NIFS-98

NIFS-99

NIFS-100

NIFS-101

NiFS-102

NIFS-103

NIFS-104

NIFS-105

NIFS-106

NIFS-107

NIFS-108

NIFS-109

NIFS-110

NIFS-111

K. itoh, S. - I. lioh, H. Sanuki, A. Fukuyama, An H-mode-Like
Bifurcation in Core Plasma of Stellarators; Jun. 1991

H. Hojo, 7. Watanabe, M. Inutake, M. Ichimura and S. Miyoshi, Axial
Pressure Profile Effects on Flute Interchange Stability in the
Tandem Mirror GAMMA 10; Jun. 1991

A. Usadi, A. Kageyama, K. Watanabe and T. Sato, 4 Global Simulation
of the Magnetosphere with a Long Tail : Southward and Northward
IMF; Jun. 1991

H. Hojo, T. Ogawa and M. Kono, Fluid Description of Ponderomotive
Force Compatible with the Kinetic One in a Warm Plasma : July
1981

H. Momoia, A. Ishida, Y. Kohzaki, G. H. Miley, S. Ohi, M. Ohnishi

K. Yoshikawa, K. Sato, L. C. Steinhauer, Y. Tomita and M. Tuszewski
Conceptual Design of D-3He FRC Reactor "ARTEMIS” ; July
1991

N. Nakajima and M. Okamoto, Rotations of Bulk Ions and Impurities
in Non-Axisymmetric Toroidal Systems ; July 1991

A. J. Lichtenberg, K. ltoh, S. - |. ltoh and A. Fukuyama, The Role of
Stochasticity in Sawtooth Oscillation ; Aug. 1991

K. Yamazaki and T. Amano, Plasma Transport Simulation Modeling
Jor Helical Confinement Systems; Aug. 1991

T. Sato, T. Hayashi, K. Watanabe, R. Horiuchi, M. Tanaka, N. Sawairi
and K. Kusano, Role of Compressibility on Driven Magnetic
Reconnection ; Aug. 1991

Qian Wen - Jia, Duan Yun - Bo, Wang Reng - Long and H. Narumi,
Electron Impacr Excitation of Positive Ions - Partial Wave
Approach in Coulomb - Eikonal Approximation ; Sep. 1991

S. Murakami and T. Sato, Macroscale Particle Simulation of
Externally Driven Magnetic Reconnection; Sep. 1991

Y. Qgawa, T. Amano, N. Nakajima, Y. Ohyabu, K. Yamazaki,

S. P. Hirshman, W. |. van Rij and K. C. Shaing, Neoclassical
Transport Analysis in the Banana Regime on Large Helical Device
(LHD) with the DKES Code; Sep. 1991

Y. Kondoh, Thought Analysis on Relaxation and General Principle to
Find Relaxed State; Sep. 1991

H. Yamada, K. Ida, H. iguchi, K. Hanatani, S. Morita, O. Kaneko,
H. C. Howe, S. P. Hirshman, D. K. Lee, H. Arimoto, M. Hosokawa,
H. Idei, S. Kubo, K. Matsuoka, K. Nishimura, S. Okamura,

Y. Takeiri, Y. Takita and C. Takahashi, Shafranov Shift in Low-
Aspect-Ratio Heliotron | Torsatron CHS ; Sep 1991

R. Horiuchi, M. Uchida and T. Sato, Simulation Study of Stepwise
Relaxation in a Spheromak Plasma ; Oct. 1991



