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Negative hydrogen ion production process

n
Uramoto-type sheet plasma

Kouichi, Jimbo; Institute of Atomic Energy, Kyoto University

Masashi, Iima; National Institute for Fusion Science

In the Uramoto-type sheet plasma,1 a plasma 1s generated by the discharge between the
cathode filament and anode in a guiding magnetic field created by two coils. Two magnets in cusp
geometry create a sheet plasma. The source was operated constantly with an arc voltage
V,= 150V, an arc current I ,=10A and Vg=-50V under the gas pressure 2x] 0~3torr and hydrogen
gas flow 40scem. The stainless vacuum chamber is insulated from both the cathode and anode with
two glass éyllinders. When the potential of chamber Vg was artificially biased hegative against the
anode with an additional power supply, the confinement of the plasma in the cold region was
improved. Negative hydrogen ion current I measured by J sz\ERLI;)robe2 was increased
exponentially against the plasma potential Vg as shown in Figure. The electron temperature
Te = 1eV was obtained from a trace of Langmuir probe in the cold region. Since no magnetic field
lines were directly connected to the anode or the cathode in the cold region (See Fig.2 in reference
1}, no ionization is expected to occur in the cold region. The plasma in the cold region is a kind of
decaying plasma. Therefore, we assume the following collisional equilibrium between negative
charged particles and hydrogen atoms H,3 however, we do not consider any equilibrium with
positive ions:

H+e & H .
We define densities NV of H, N~ of H™ and N of electrons, and Ny is represented by the

Boltzmann relation with an average electron density Ny ;



n_=n,ex (evs) 1)
e 0SXP Te '

Then,

T,

e

0
ne—N—_ o< exp(evﬁ) : 2)
N .
This is the Saha equation in the collisional equilibrium.

Since I 1s proportional to N~, we have,

- eV

I = exp ( s) | 3)
Te

From the real line in Figure and Eq(3), we obtain Tg=1.2eV, which is very close to Tg = 1eV

obtained by Langmuir probe measurement. Considering the accuracy of the Langmuir method, this

agreement is very good. We conclude that this analysis under Saha equilibrium is justified. Our

result implies that H™ is produced by collisional (three body) recombination process of electron

-attachment to H in the cold region of Uramoto-type sheet plasma.
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Abstracet

A compact beam transport system with variable field
permanent magnetic quadrupoles has been developed at
KEK. It aims to transport the intense negative heavy ion
beam from the surface-plasma negative heavy ion source
(BLAKE source} to the tandem electrostatic accelera-
tor efficiently. The system consists of four permanent
quadrupole magnets and the magnetic field strength of each
magnet can be changed from almost zero to 46 T/m. The
negative copper ion beam of about 500 A was successfully
transported by this system.

[. Introduction

In these days, development of negative ion sources for
accelerators has been pushed strongly at various laborato-
ries. Negative hydrogen ions are very important for intense
proton synchrotron because its beam intensity can be in-
creased by a charge-exchange multi-turn injection scheme
using negative hydrogen ion beam. (1] Recently, negative
hydrogen ion beams of more than 10mA beam current have
been obtained from cesiated volume type of negative hydro-
gen ion sources.[2][3] On the other hand, negative heavy ion
beams are very useful for heavy ion synchrotron using an
electro-static tandem accelerator as its injector. Of course,
intense negative heavy ions would be also very attractive
for ion beam applications such as ion beam surface analy-
sis[6], ion implantation and so on. Recently, negative heavy
ion beams of more than a couple of mA have been obtained
by a plasma-sputter type of negative heavy ion source.[7]

One of the difficulties for using intense negative ion
beams is to transport efficiently such low energy heams ex-
tracted from the ion sources. There is a strong space charge
force in such intense negative ion beams and the emittance
of the beam is commmonly deteriorated by it. The low en-
ergy beam transport system{LEBT) which transports the
beam from the intense negative ion sources to the next ac-
celerators such as an RFQ or a tandem accelerator is very
important. In order to overcome this problem, a continuos
strong focusing beam transport is preferred and various

*on leave from Nissin High Vollage Co.

schemes have been proposed and tested. (8](9] [10]

Recently, we have perceived a variable field perma-
nent quadrupole magnet{ VFPQM) and developed a LEBT
system for intense negative heavy ion beams using four
VFPQMs. In this paper, a design of the VFPQM, and
characteristics and performance of the LEBT system using
VFPQMs are described. A preliminary result of the beam
emittance measurement for a negative Cu ion beam in this
system is also presented.

II. VFPQM

The VFPQM used for our LEBT system is based on
the design of the VFPQM which was developed by Bar-
low for the SSC IMS.[11] This type of the VFPQM was
conceptually proposed by Haibach.[12]

The Quadrupole field is shaped by the four ion poles,
and the field strength can be adjusted by rotating a 90 .
degrees of the outer ring of the magnet material which also
forms a quadrupole field. Since the LEBT system using
this VFPQM aims to transport the various negative ion
beams from mass = 1(hydrogen) to mass = 197{gold) ions
whose energies are about 60 keV at the maximum, the field
gradient strength of the VFPQM has to be widely changed
from 1.56 T/m to 42.9 T/m.

Since the required maximum field gradient is quite
high and also the machining feasibility is requested, it was
decided to use the PrFeB magnet material.[13] This mate-
rial has a high remnant field(BH o, = 29 MGQe) which is
almost same as the NeFeB or Sm Co magnet, but contrary
from them, this material is processed for producing with
hot rolling. Therefore, an ordinary machining procedure
like drilling and tapping can be used to treat it, which is
very nice for our purpose.

The 2-dimensional program code, PANDIRA , was used
to design the magnet. The calculated field lines where the
two extremes of the magnetic field strength can he pro-
duced by a 90 degrees rotation of the outer ring of magnet
martial. The calculated maximum field gradient is 48 T'/m
and the minimum one is less than 0.3 T/m.

The LEBT system in our case comprises the four VF-
PQMs as described later. The length of each VFPQM
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Figure. 1. Measured magnetic field strength at the position
of 8 mm away from the center as a function of the rotating

angle of the outer ring.
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Figure. 2. Variations of the magnetic field strength as
a function of the position from the bore center when the
outer ring was set to have a maximum magnetic field at

the pole tip. The measured maximum field gradient was
46 T/m.

is 140 mm. Figure 1 shows the measured magnetic field
strength at the position of § mm away from the center as
a function of the rotating angle of the outer ring. As can
be seen from this figure, the magnetic field strength can be
changed smoothly by rotating the outer ring.

Figure 2 shows the variation of the magnctic ficld
strength as a function of the position from the bore center
when the outer ring was set to have a maximum magnetic
field at the pole tip. The measured maximum field gra-
dient was 46 T/m which is ahout 5% less than the 2-D
calculated value. This is probably caused by the leakage of
the magnetic field at the both ends.

The higher order multipole components of the mag-
netic field in this VFPQM such as 8-pole, 12-pole and so on,
have been measured with a harmonic method using rotat-
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Figure. 3. Typical result of the measurement for the higher
order magnetic field components. This is the case that the
outer ring of the VFPMQ was rotated by 60 degrees from
the maximum position.
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Figure. 4. Schematic configuration of the LEBT system

ing coils. The diameter of the rotating coil was 25 mm. Fig-
ure 3 shows typical result of the measurement for the higher
order magnetic field components. This figure presents for
the case that it was rotated by 60 degrees from the maxi-
mum position. As can be clearly seen from the result, the
12-pole components were less than 1072 compared with
a fundamental 4-pole components. This might be good
enough for transporting the beams without having serious
aberrations due to the non-linear higher order components.

HI. LEBT -

The LEBT system consists of the four VFPQMs. The
total length of the system is about 640 mm. A schematic
configuration of the LEBT of the setup are shown in fig-
ure 4.

The negative ion source, BLAKE-V[14], was attached
at the front of the LEBT system. The size of the anode hole
in the ion soutce is 5 mm in diameter and the maximum
available extracted beam current is about 1 mA in pulsed
mode operation for negative copper ion beam. The nega-
tive ions generatéd by the ion source is extracted by two
electrodes and the maximum beam encrgy allowed in the



electrade systern is about 60 keV. The vacuum in the beam
extraction region is evacuated by a 1500 1/s turbo- molec-
ular pump. The coperating vacuum pressure was about
1x10~%Torr. There is an optional gas feeding system in

this region. A amount of Xe gas can be introduced into

the beam extraction chamber through it and efficient space
charge neutralization is expected.

The beam optics in this LEBT system was estimated
with a multi-purpose accelerator design code "SAD”. Be-
cause of the strong lens action at the anode hole which may
be largely affected by the sheath condition at the plasma
surface, it is rather difficult to estimate the beam emit-
tance configuration before experiment. In the beam optics
calculation with SAD, the beam emittance configuration
at the front of the LEBT was assumed to be an up-right
shape. The space charge force was not included in this cal-
culation. No electrie lens is used in the system, therefore,
complete space charge neutralization would be expected in
areal beam situation by introducing an small amount of
Xe gas. Electric lens such as einze] lens sweeps out the
low energy positive ions produced by ionization, which are
useful for neutralizing a space charge potential in the nega-
tive ion beam. Because there are four YFPQMs, the beam
configuration can be adjusted arbitrary independently in 2-
D(horizontal and vertical) phase space within acceptance
limited by a inner diameter of the vacuum chamber of the
beam transport line. A typical aceceptance for 60 keV H~
beam in the present LEBT is about 0.74 anim.mrad, which
is normalized by bg and for 60 keV Cu~ beam is about
0.093 rmm.mrad.

IV. Beam Test

Beam test has been done with negative copper ion
beams from the BLAKE-V ion source. The ion source was
operated in pulsed mode and the pulse width and the rep-
etition rate were 400 msec and 20 Hz, respectively. The
beam was extracted from the ion source at the positive
voltage of about 20 kV and the total energy of the beam
was about 40 keV. The beam current through the system
was measured with a Faraday cup placed at the position of
40 cm away {rom the exit of the system.

The beamn emittance in the vertical direction was mea-
sured at the position of 20 em away from the exit of the
final VFPQM. The measured beam emittance when the
magnetic field strength of each VFPQM was set to be a
design value is shown in figure 5. The Cu™ beam of about
500 nA measured by another Faraday cup after the emit-
tance monitor was successfully transported.

The measured emittance configuration is somewhat dif-
ferent from the calculated one. It is probably because the
actual beam was more convergent at the entrance of the
LEBT compared to the beam emittance assumed in the
calculation.’

V. Summary

A low energy beam transport (LEBT) with four
variable field permanent quadrpole magnets(VFPQM) has
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Figure. 5. The measured beam emittance at the designed

value of the magnetic field strength of each VFPQM.

been developed for the negative ion beams. The magnetic
field gradient of the VFPQM was able to be varied from
almost zero to 46 T/m. The 40 keV Cu~ ion beam was
well transported by the LEBT.

The authors would like to appreciate to Mr. Ikegami
for his technical support.
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Abstract
In order to study energy loss mechanism on a tandem acceleration system, a tandem
acceleration test stand has been constructed, and the charge state fraction, the beam profiles

and the beam energy spectrum of an Aut beam have been measured. A simple model is
proposed using the semi-classical internal energy transfer function of Firsov's and the
scattering by the unified potential of Ziegler's. The theoretical prediction of the present
model reproduces the energy and mass dependence of the broadening. However, the
absolute values of the theoretically predicted width are much smaller than the measured
widths. The present model predicts that the energy spectrum in the higher energy region
saturates with a FWHM of less than 10 eV, and the target mass dependence disappears.

§1. Introduction

A Heavy Ion Beam Probe (HIBP) has been used as a reliable method to measure a
plasma potential and its fluctuation on a magnetically confined fusion plasma'l. On the
Large Helical Device (LHD)", which is a magnetic confinement fusion plasma device under
construction in National Institute for Fusion Science, Japan, a singly charged beam of mass
200 amu with the energy of 6 MeV is required in order to explore into a large and strong
magnetic field region of 3 T®. The primary beam will be injected from a bottom port. The
secondary beam will be analyzed after escaping from a radial port that is toroidally displaced

by a half section. On LHD, a singly charged positive ion beam of gold (Au+) produced

from an Au beam with a 3 MV tandem acceleration system will be used to measure plasma
potentials. Here, the energy width of output beam must be small enough to measure a
plasma potential as small as a few keV. If the mechanism of the energy broadening is
understood, we will be able to design the stripping cell and optimize it for the potential
measurement. Thus, it is necessary to study the mechanism of the energy broadening,
energy shift of the beam in the cell and the stripping efficiency to a singly charged positive
ion beam.



§2. Tandem Acceleration Test Stand _

Figure 1 shows a schematic view of the tandem acceleration test stand, which consists
of a plasma-sputter-type gold negative ion source, a tandem acceleration system, an energy
analyzer and movable Faraday cup.

The positive ions produced in the cell are accelerated again to the ground potential and
their energy spectra are measured by a 90 degree cylindrical electro-static analyzer. In this
experiments, a pair of samarium-cobalt magnets are simply installed on the analyzer in order
to keep alignment of the beam trajectory. The spectrum with the magnetic field is separated
into different atomic components by the magnetic field. The measured value of the energy
width includes an expeﬁrﬁental width caused by the resolution of energy analyzer and that
caused by the ripple of the power supplies. The resolution of the analyzer, R, is

experimentally determined to be (3.930.4)x10™.

The beam current is measured by Faraday cup at 50 cm away from the exit of the
tandem acceleration, which can travel perpendicular to the beam line. This system can
measure the beam profile and the current. By applying the magnetic field at a place of 25 cm
upper stream of the beam line from the cup, impurity components of the beam can be swept
out,
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Fig. 1. A schematic view of tandem acceleration test stand.

§3. Energy Loss Processes

The energy loss mechanism of a projectile in collision with a neutral atom can be
considered through the elastic and inelastic processes which occur simultaneously. '

The elastic process corresponds to the scattering by the potential between two atoms,
whereas, the inelastic process corresponds to that accompanied by an energy transfer into
an internal energy, such as electron loss, ionization, and/or excitation of projectile and target

atoms.



3-1 Elastic Process
For the elastic energy transfer, the classical theory can be used. The scattering angle

[rad] in center of mass frame is expressed by an impact parameter b, and an impact energy
E, as follows,

O(b,E)=n-2[ =
( ) Vi Iro\/l_éi_m r2 . (1)
2

Here, r_ is the closest distance during the collision, and V(r) is the potential between the
two atoms, and the unified potential which was proposed by Ziegler et al. * is used in the
present work, because it is known that it well describes collisions between large Z atoms.
This potential gives good approximation for large Z atoms. The energy loss T by elastic
process can be expressed, T, (8) =T, sin?(6/2), where T_is the maximum energy transfer

from the projectile to the target atom. The largest scattering angle observed in the

experiment, 6__, is limited by the apparatus geometry. The minimum impact parameter,

bm, is determined from this angle 8 I

3-2 Inelastic Process ,

During the inelastic process, a part of the kinetic energy is transferred into an internal
energy of projectile and target atoms. The minimum energy required to produce an Au’ ion
from an Au ion is a sum of the electron affinity and the first ionization potential of an Au
atom. Firsov proposed a theoretical model to describe an inelastic energy transfer™, which
can be expressed as a function of an impact parameter & [A] and velocity v [cm/s],

513 -8
‘ (Zl“f'Zz) -4,3%10y
Tn (b.) = el O/ R P Y O
[1+031(2,+2,) 'b] 4~ Z,
In this model, the two-electron stripping process can occur when
T, (b)2 T, o auty = 11-5€V] 3)

by which the maximum impact parameter b__is determined as the following,

Tin(Au‘——)Au") = Tin(Bmx) - S

3-3 Total Energy Loss
The amount of energy loss due to elastic and inelastic processes depends upon the
impact parameter. The sum of elastic and inelastic energy losses causes the energy

broadening of an Au’ beam.



Tt () = T (B)+ T, (B) ' (5)
Figure 2 shows the elastic scattering angle 6 [rad) in the center of mass system, the
elastic energy loss T . [eV] and the inelastic energy loss Tin [eV] as a function of impact

parameter b [A], when Au ion is injected with an impact energy of 44 keV into the Ar
target. The elastic energy loss 7 does not affect the energy broadening in the energy range

of the present experiment.
The energy spectrum which is observed in the experiment can be expressed as

) o) ®
£

where b () is the inverse function of T_(b) defined in the region of b sb<b_, andf (0)

F(e)==27-ble)-

is the efficiency of particle detection in the present experimental system. To compare with
the experimental results, here we consider the energy width, F 2 which is FWHM of the

energy loss spectrum, F' (¢). Figure 3 shows the energy and the target mass dependencies

of F,. In the lower energy region, the energy width increases as an impact energy
increases, and it is larger for lighter target atoms. But in the higher energy region, the
energy broadening is saturated at about 7 €V, and there is very weak dependence on the

energy and the target mass.
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3-4 Energy Straggling

In the target density region that the multiple collision is not negligible, the energy
straggling of a beam is generally explained by the L.S.S. theory®. In the energy region
higher than é. few MeV/nucleon, the elastic energy transfer is not negligible. But in the
energy region less than that, like in the present case, the inelastic energy transfer is



dominant. Therefore, the inelastic energy loss function, T,m, can be used to estimate the
energy straggling.

In the L.S.S. theory, the squared energy straggling is given by an integral of the
squared energy loss function over the impact parameter from zero to infinity””. |

. 2
2 _ (] 2 i . o0 2 . - ZJIC nl
Q? = nlj; {Ty(b)+ Ty (b)) -2nbdb = nlfy [Ta(b)} -2mbdb= A (D
A=3.1(Z,+2,)% 107, - C=(2,+2,)"7-43x107% v
b [cm] : Impact parameter, v [cm/s] : Particle velocity.

However, when an energy loss spectrum of a singly-charged component of a beam is
measured at a forward angle, the energy loss function in a small impact parameter region
cannot contribute to the straggling. Therefore, the lower limit of the integral region, b

should be considered. The geometrical configuration of the gas cell and the tandem
acceleration system limit the maximum observable scattering angle, which determines the

minimum impact parameter, b =b__, as is described in section 3-1. Another limit is the

impact parameter, b_, which corresponds to the inelastic energy transfer to produce an Au.

The lower limit of the integral, b__ , is the larger of the two, b, or b_. Then, the energy

straggling, Q,, is defined as the following,

1+94b_. .
902, + 5« min (8)

2 = (™ AT ()} -27bdb = .
‘Qb _ nIbs_m{ m( )} (1+Abs_min)9

3-5 Cross Sections

The cross section, G,

measured under a certain geometrical condition, can be
expressedas Oy =7 (bmax2 - bminz) -

The cross section is determined by the minimum impact parameter, b ., and a maximum
impact parameter, b__, defined in the section (3-1) and (3-2).

Assuming that the potential between an Au and a target atom is not affected much for
changing the charge state of the Au atom, and the same energy loss function can be used for -
various charge states, then, the minimum impact parameter is again determined by
experimental geometry, and the maximum impact parameter is determined by the energy loss

required for each electron loss process. Consequently, some cross sections such as o,

o. ., o _and so on can be calculated.
-1,42 -143



§4. Results and Discussion ‘
4-1 Energy Width of Positive Ion Beams Produced at Small Target Gas
Thickness
In this paragraph, the widths in the region, where the effect of multiple collision

processes are negligible, are dealt with. We also measured the attenuation curve of the Au

beam, and selected a gas thickness region where the two-electron stripping process (Au —

Au+) was dominant. Several kinds of inert gases, He, Ar, Kr and Xe were introduced into
the stripping cell as the target gas. Figure 4 shows the energy width of the beam as a

function of an impact energy for those gases when its thickness is smaller than 2x10° cm’”.

The dependence of the energy width upon an impact energy and that upon the target
mass show the tendencies as the theoretical prediction. In order to compare them, the
calculated energy spectra are convoluted with energy resolution of the analyzer and the
stability of the tandem accelerator power supply. The result is shown in Fig. 4, here, the
experimental data points are the measured FWHM before the correction of the resolution.
The energy dependence and that upon the target mass are reproduced but the calculated
values are much smaller than the measured width.

Because the scattering angle is a steep increasing function for decreasing impact
parameter, the increase of the observation solid angle should not severely affect the
spectrum. Especially, the peak shape is mostly determined by the inelastic energy loss near
b__. The inelastic energy transfer model of Firsov uses an electron distribution function of
the semi-classical Thomas-Fermi model. This model is widely accepted to describe an
overall structure of collisions between heavy particles at low velocity, but the modification
of electron distribution function in an atom might affect the shape of 7(5).

4-2 Energy Width of Positive Ion Beams Produced at Large Target Gas
Thickness
In this paragraph, the widths in the region where the multiple collision processes are
not negligible are dealt with. The energy width as a function of target thickness are shown
in Fig. 5 when the target is Xe and the impact energy is 44 keV. The energy width, W, is

calculated as the following from the energy loss, F_, original width of Au, ng, and the

in’

energy straggling, 2, W = \/92 +F ,22 +W__2, is also shown in these figures.

org

In the region of target thickness smaller than about 2.5x10™° e¢m”, the energy width
increases gradually as the gas thickness increases. The energy straggling calculated by

considering minimum impact parameter, Qb, is closer to the measured value than that

calculated by the original L.S.S. theory, £
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4-3 Cross Sections by Beam Attenuation Measurement

The electron detachment cross section, o, can be mainly determined by two processes,
that are two electron stripping (o, ) and one electron stripping (o ) processes. Then, the
electron detachment cross section, o, is expressed as, 6,=C., ;+0. ;-

The o, can be determined by beam attenuation curve, where the higher ionization is

considered to be negligible in the present energy range. :
Figure 6 shows the measured electron detachment cross sections and the theoretical one.

They are consistent with in order. The difference of the cross sections measured by two

methods is due to the beam scattering effect. The measurements by the energy analyzer give

a larger cross section than that by the Faraday cup, because the beam attenuation due to
scattering is include.
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section, o, by theoretical calculation and

by energy broadening on the double charge
stripping and the energy straggling.

4-4, Energy Width and Charge Fraction on 3 MV Tandem Acceleration
System .

In this section, the 3 MV tandem accelerator system is considered which will be applied
to the 6 MeV HIBP for LHD. The performance of this system can be considered from two
aspects, the energy width and the beam current.

At first, the energy width of 6 MeV Au’ beam, W, can be estimated by the following

MV’
equation,

2
Wity =L 2u(D} + Fy 22 4 Wog? + Wi, [€V] (10)

where W, : energy width of Au” beam, W, : voltage ripple of accelerator.

The second, charge fractions can be calculated from the cross sections. These cross
sections are described in paragraph 3-5. In this paragraph, the electron loss and the
scattering cross sections are considered, but electron capture is not considered.

Figure 7 shows the energy width without power supply ripple and the charge fractions.
From this figure, the tandem acceleration should be operated where target thickness is

around the 6x10" cm”. To gether with the energy broadening due to the multiple collision at

this target thickness, the total energy width of the Au’ beam produced in a gas cell of a
tandem system might be less than several tens V. The energy broadening due to the voltage
ripple of the tandem power supply is about a hundred eV. Therefore, the total energy spread



of an Au’ beam is mainly determined by the voltage ripple. It will be small enough for a
HIBP diagnostics on LHD where the plasma potential is a few keV.
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The velocity distribution of alpha particles in a plasma has been thought to be one of
the key items on a burning experiment. Several proposals have been made to measure it.
One of them is an alpha particle measurement by using the double charge exchange
processf1,2,3]. An alpha particle is neutralized through a two-electron transfer process as

B 5 (R p— > 4Hel + AT? (1)
where “He? escapes from a plasma, and is detected by an energy analyzer. Here A1
represents a beam particle, which should be a helium or heavier atom.

In this paper, a measurement system applicable to the LHD or ITER project is
examined using a high-energy neutral beam in combination with a neutral-particle analyzer.
As has been pointed out in the earlier works [1,2], beam energy in the range of that of the
alpha particles is preferable. The escaped neutral particles should be detected at a forward
angle, in order to make the relative velocity between the donor atom and the alpha particle
small enough. It is considered that the relevant charge exchange cross section (1) decreases
rapidly when the relative energy is greater than 200 keV. In the present work, only helium
and lithium beams are considered, since a heavier particle beam requires a higher
acceleration voltage to achieve the same beam velocity.

In the present designs of the LHD or the ITER, it is not possible to inject a beam
vertically if neutralized particles are to be detected at a forward angle. Figure. 1
schematically illustrates the possible geometry of the tangential injection of a probing beam
on ITER Alpha particles, which are neutralized in the beam and pass through the port
adjacent to the beam dump, are detected at the biological shield. With this configuration,
the detector covers the entire region of the radial position in the plasma, from r=0 to r=a.

The attenuation of the beam in the plasma of T,(r)= 10 keV x {1-(t/2)?)? is
evaluated, including electron impact ionization, ion impact ionization and charge exchange
processes. Here, contamination by impurity ions of 0.3% O®* and 0.03% Fe?®* are
assumed. The ionization cross section by naked impurity ions Uii’“P(v) is assumed to be
proportional to that by protons of the same velocity, and given by

O'ii'“p v) = 22 o,P (v).

In Fig.2, beam fractions that penetrate into the central position A of ITER(Fig.1)
are shown as a function of the central plasma density, for (a)neutral beams of He?, and
(b)that of Li? . The beams are injected with velocities of " 0.8 Vo o 0.6 Voo and 0.4 Va
. Here, v is the virgin alpha particle velocity. The main contribution to beam attenuation
results from ionization processes associated with impact by plasma ions and impurity ions.
The penetration of a beam greatly depends on the beam velocity and plasma density. More
than several % of the He® beam particles may survive at the center when the beam velocity
is greater than 0.6 v, (Ep21 MeV fora 3He? beam), and the plasma density less than 2 x



102°lm3. On the other hand, tolerable penetration of a Li” beam occurs only when the beam
velocity is greater than 0.8 v, (Ep23.4 MeV for the 61 ;0 beam) and the plasma density
less than 102%m?>,

In Fig. 3, the neutralization efficiency and penetrated beam fractions at the centre of
LHD are shown together with thier product as a function of the beam energy, for (a)neutral

beams of He® and (b)that of Li° .

The number of neutralized alpha particles per unit velocity bin, C(v) dv, detected at

the analyzer viewing the plasma volume of AV with the solid angle of d€2, can be estimated
using the following equation,

C(v)dv = nv) » ng, (v,0) ng (1) * OyyVie] * AV +dQ < dv.

Here, n, (v.r) and np (r) are the local densities of alpha particles and beam particles,

respectively, Oy is the two-electron capture cross section, and Vrel the relative velocity
between an alpha particle and an injected neutral atom. The transmission coefficient of

outgoing particles 1(v) is estimated in the same manner as in Section 1, and is included in

the above equation.
The counting rates expected for a neutral beam injection of the "160-mA™ port-

- through atom current (1 mA/cm2 , 10 cm x 10 cm) are estimated for an ITER plasma of
na(0) = 10%/m?® The plasma has a 1% alpha particle density of a classical slowing-down
velocity distribution. The attenuation's of the injected beam and neutralized particles are

considered. The expected spectra of two 3He? beam injections (a) and (b), and of a .10
beam(c). are shown in Fig. 4. Here the observation volumes are located in the central area
for (a) and (c) and in the edge area for (b). The acceptance area of the analyzer is assumed

to be 1 cm? for each channel covering the velocity of 1/10 Vo
Using a 3He’ beam of 0.8 Vo 2 VB2 0.6 v, counting rates per channel exceed 0.5
x 10% /s in the spectrum region of 0’4"(1 <v<09 2 (0.5 MeV<E<28MeV) for the

geometry that views most of the entire region of the plasma radius. For the SLi® beam,
nearly the same counting rates can be expected when the outer region is viewed, and those
from the central region are about one order less, as shown in Fig.4c, where VB2 0.8 Vo

and ng(0) = 10°%m’
In the case of ITER, the background noise of the detector could greatly depend on

the neutron flux, gamma-ray flux, and their associate energy spectra. The (n,p) and (n, o)
nuclear reactions are usually the crigin the background pulse spectrum in the alpha particle
energy region of the present interest. Their cross sections are generally on the order of
Imb. The flux rate of neutrons in the energy region above the proton or the alpha

production threshold, namely E, 2 3MeV, would be about 107-10'%cm%/sec in the area of
the biological shield. Assuming the thickness of the particle detector of 10%/cm?, the
background pulse rate would be in the range of 10-10*cm?/sec .

The estimated counting rate using an 0.1A-3He? beam (ImA/ cm2, 100 cm2) on
ITER should be above the background noise level, and that with an 0.1A-5Li? beam should



also be tolerable if the background level is reduced by use of a beam modulation technique,
or an additional neutron shield.

The signal countis expected with an 0.1A->He® beam (ImA/ cmz, 100 cmz) on
LHD and that with an 0.1A-°Li® can also be estimated.to be about (0.1-1) xlO“IS, at the
detector of 1 cm 2 at 5m away., when the alpha particle density is 10 cm?,

3_Diagnostic beams of *He® and °Li?

In order to produce a 3He? or a °Li® beam in the energy region above 1 MeV, the
conventional method of electron attachment to positive ions in a gas becomes very
inefficient. From detailed calculations of charge fractions and the fraction of long-life
metastable states in a gas cell, starting with various posxtlve ions and negative ions of

helium [5], the production of a ground state beam of He? from He™ is most efficient for
energies greater than 0.4 MeV. The typical efficiency is about 15 % at E = 1-2 MeV.

The neutralization efficiency of Li% into Li® s also presumed to be less than 1% at
energies greater than 1 MeV, while that of Li is 50%. Therefore, the developments of

high intensity negative ion sources of He™ and Li~ are essential to realize this measurement
scheme.

In order to produce negative ions, three methods are generally used. Some negative
ions can be directly extracted from a plasma under a special conditions. More than 50

mA/cm? of H- current has been extracted from a hydrogen plasma in a multicusp source

using a magnetic filter[6]). Both Li- and Na- have also been directly extracted from their
associated plasmas[7-9]. The other two methods are surface production, that by production
from a low-work-function surface bombarded by beam particles or plasma ions[10], and
production through two-step charge exchange processes[11,12].

3.1 Development of He" jon sources,

Among the various elements, the production of He", however, is known to be .
extremely difficult. The ground state of helium does not form a negative ion, but the a long-
life metastable state of 1s2s (°S) has a small electron affinity of 0.078 eV and a negative ion

state of 1s2s2p (4P5f2 ,4P3,2) can be formed. This is an autodetatchment state having life-

times of 10 us (50%) and 300 pus(50%) .
After much effort to certify the surface production of He", It has been concluded
that the production rate of He" from a Cs-Mo surface of minimum work function is nearly

zero or much less than that of H™ [13]. Moreover, it is known that He™ can not be directly
extracted from a helium plasma in a multicusp ion source.

On the other hand, He" has been produced via a two step process in an alkali metal
gas cell, such as Li, Na, Mg, K, Rb, or Cs [14, 15]. The maximum value of the He"
fraction of 1.7% is obtained through collisions with a Rb target, at an He* ion incident
energy of 6-9 keV[15]. Using a sodium gas cell, Dimov et al. have reported the production
of a 10-mA He" beam at 12 keV in a 100 psec pulse with a current density of 2.6 mA/cm?®
[11}. A 70-mA He" beam was also generated in a pulsed mode by Hooper et al.[12].

Development of an He- source using a Rb gas cell in a DC operation has been
recently initiated for the purpose of application to the alpha-particle measurement[16]. The
essential point of the development can be found that of an effective and long-life Rb gas
cell, which can be operated in a DC, or a modulated mode. In the present preliminary



experiments, the Rb cell was operated in a DC mode at high pressure to convert Het to He"
at an efficiency of greater than 2 %. Since a positive ion current density of greater than

200mA/cm? can be expected using a conventional source, a negative current density of
4mA/em? should be feasible.

Lithium negative ions can be produced using the three methods mentioned above,
that is, by the volume production in a plasma(7,8], surface production[17], and charge-
exchange processf18]. There are some difficulties, however, in the practical use of an ion
source to generate a beam. These difficulties include a lithium drain and lithium adherence
to electrodes during a long operation, and impurity contamination in the extracted beam.

Walther, Leung and Kunkel had directly extracted Li~ ions from a lithium plasma
confined in a small multicusp ion source, having a current density of 1.9 mA/cm?(7].
Similar to H™ volume production, it is thought that Liy molecules play an important role in

the negative ion production in a plasma, with higher vapor pressure being favorable for the
production of Li5{8]. In these production experiments, a small lithium block was placed in

the ion source with the lifetime of the operation being limited by the consumption of the -
metal or the adherence of the lithium to the electrodes. The charge exchange method has
the same problem. The conversion rate of Lit to Li- is 4% at most. In order to achieve a
high current density of positive ions, the consumption and the drain of lithium are
inevitable. The surface production method is more efficient in the sense of the amount

of consumption. A production of 0.1 mA/cm2 Li- ions has been reported, with the help of
Cs coverage and oxygen adsorption on the surface[16]. There is, however, a problem in
that large amounts of impurity ions, such as of H-, C-, O-, and OH"~ were also
simultaneously extracted .

i n mar
Alpha particles confined in an ITER and LHD plasma can be neutralized by a high
energy neutral beams of 3He® or 5Li® with beam velocities of 0.6-0.8 V- If the port-

through current density 1 mA/cm? with a cross section of 10 cm x 10 cm, the counting rate
would then be sufficient to measure the neutral particle spectra with good statistics for both
cases. The alpha particle spectrum can be obtained by dividing neutral particle counts by
the local beam particle density and the two electron transfer cross section, and by making
corrections for beam attenuation and detection efficiency.

The absolute value of the alpha particle density in the high energy region can also be
obtained if the absolute value of the beam particle density in the plasma is known. The
incoming beam current can be monitored to an accuracy of about 10 %. The attenuation of
the beam in the plasma is more serious and should be estimated from the values of
ne(r), Te(r), and Zeff(r). This can be cross-checked by monitoring the current at the beam
dump. Another important factor is the two electron transfer cross section. Total cross
sections are measured to an accuracy of around 10 %. Fractions of the metastable state
atoms in the neutralized particles, which should be totally attenuated in the plasma, are not
known and should be measured. Even when taking into account the various uncertainties,
such as those of the beam particle density in the plasma, cross sections, and detection
efficiency of the system, the alpha density can be obtained to an accuracy of a factor of 2.

The required beam energy is around 1 MeV for the *He? beam and 3 MeV for the or

8Li® beam. Considering the neutralization efficiency, the acceleration of negative ions
should be adopted. Recent results of relatively small-scale or short pulse experiments with
these negative ion sources reveal that the required current of 100 mA, or current density of



1 mA/cm? can be attained, and the diagnostic beam will be realized after some technical R & D
works.
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Fig. 1

Schematic illustration of the possible
experimental configuration for alpha particle
measurement using a diagnostic beam on ITER.

O
&/’ 5

,'.i




perpendicular *He beam injection

{a) Ho"mma&ﬁnuaﬁon . into LHD(SkeV, 5 x 10'%)
o1 BN 35’5 3%'1515 08 ]
- Arirurw v A1 pvbel.| .
"y —_— att{Ha)vbu [ —— an(LHD) reft(Hs) ]
0.01 e NATo NG b ! o6 I e 1
NG 6 | s a(HoLHD) e
0.001 [ : ]

fraction

\\‘\\ W E T !

0.4
: 1 C ]
105 F \ \ ""“. \ Y ‘ ‘\‘-n‘ ]
. \\\ R N 0.2 - > .
107 ggeesmamnavanig ...vﬁ..=..‘:ga o \ "\ 4 L
10-7 "-‘ 1 0 TS P T T P TR
. AN o 05 1_ 15 2 25 3
LN P PP P A VI W AT E(He3) MeV
o 2 4 & 8 10 12

n(0)in 10%/cny®

(b} Li’beam atlenuation

al point A" perpendicular °*U beam injection

e b8 Into LHD(SkeV, 5 x 10"
antum-Mi 1 e AASE RABAS REARS RiLSSR 5- A
atti{Li)ivoud 6 o 4 e
arararas A{LIVVDL0 .8 "
. 3 A A 3 08 s /"‘—.
<L - L
k-] 0.001 u e “='f'\ ] 0.8 "
5 AN : § °°f
¥ 0.0001 v AT ! 3 - & o ©
g \'\. \ ] = 0.4 F L et
3 3 -
3 " 06\.&‘ \ : 0.2 . el At REML) § ]
v \ gy -'.‘ \ . 3 . o -—.—IT!(LHJSD}
W p - H H
TP =083 5 [ J] T SWETE PPETE PR TR FETTY FTe e
LWL NN L P S
4 6 8 10 12 ECL) MeV
n (0) in 10%cm?
Fig. 2 Fig. 3
Beam fractions at position A in Fig. 1, fora The neutralization efficiency and penetrated beam

neutral beam of He? (a), and of Li¥ (b), injected  fractions at the centre of LHD are shown together
with thier product as a function of the beam
energy, for (a)neutral beams of He?, and (b)that

is the virgin alpha particle velocity.  of Li’.

with velocities of Va ! 0.8 Vo 0.6 Vo ! and 0.4

v .
o HenavOL



Heli-9506LiA
p 5000 —ypoy—yrr—rr=rr S—
410 - :('c) L) T T LI 1 3
4 o J
3510 . a0 b ;
- 4 b L
g 3| L [ ]
22510 . 3000 3
§ 20 i 2000 5
S1510* g E 3
2 1100 ¥ 1000 b
5000 3
o b
° 1.2
_ Fig.4
s 10° Heli-9506HeB The expected spectra of neutralized alpha

particles by a 100-mA 3He® beam for velocities

ofva , 0.8 Vo : 0.6 Vo ! and 0.4 Va when

observed with (a) the geometry shown in A of
ITER in Fig.1, and (b) that shown in B in Fig.
1. Figure (c) is that for the 100-mA SLi® beam

for velocities Ofva , 0.8 A 0.6 Vo ? and 0.4

3

counts /sec /em

Va when observed with the geometry A in Fig. 1.




7wwuﬁz£wu;5mﬁ4#y%®%%

A BHUS. SR SREZT. BFA SR,
EEMA fMET, B UEAE. BT EETE

BE. HRASHETRTCRETONI Y AEA T Y BEE—FORBERIZIOVTHET 2,
H1AY AR VEOBBRIYR T "7 AEA 4 Y BETERS hAES+ Y70
ANH AL NZEBPNR, —HOEAF M 2HOMBERIRILTES A LD, ~)TA
EAFERAA VL BIC beam profile MIERAOEERBZEH . EROWHBTHEEINS,

AN TAEAT ViR, BER]L 2OMAP[BRSEHIATHE T, HEXEBEFALE L. 7
AFAL MRS TRFERENAL T 74 78 LB, OTHEHLAVTVS, BE6mmDY

LICEBEEHMLT, Ly XR—BTHD, H2. M3+ EHEN, RUEEHY R,

ThHVHTALN (H4) id,. TERHTKEFRALVE (EVEX8am, I A— ¥ —EHE
1.5ecm) CHHEFNAOL D, BVHTEIILL - TAMXBRINIZED TV LEIIL, BES
HOAAML, BORMET I FLERMEML B L THI130, BRI FiITshi-v—%
—Z& N, FALNHOBELHFHZER2LIIIFHEL TS,

BSiHE4 OT VAN ERT AL ZHEEROCHE R, OEHE S hiz, HeNBEERT

D, kBmEWEET, #OTE3FIBVERIRIELRZF AL LT, SEO—EOLE
TR b HREHVEE LI L7,

EBIER b LV OEREY A6, BEMIBTERA 4> ORRMELHAL (D6) . &
B EEH L (A7) o ENVOREERIH- T, EA 4 Y RBEASAKEY R+ —F O
A4 VRREHEIIEML, ZhF CIUMEEERkVTRAERGEH IBEBE TV L, ZOEH
SEid, REOERBMELZRTLL, R TRLATRYE LRBELTEL LWL 5, Ll
HA 4/ BifimEfid. LIpAREToTEY, Ly AHBELSLPV TRV EHER & # 2
B, &M LRORBIVETH B,

SHRIZABIEMLRUERL v XM F VEOTEEIIOWTRNYT2FETH 2,

1)A.S.Schlacter,D.H Loyd,PJ.Bjorkholm,L.W.Anderson, and W.Haeberli, Phys.Rev. 174(1968)201.
B |

K1Y TA84F Vi,

2~ AL F VEREE,

H3~Y 9 LEAF BESE,

B47nHh)HALVEHERH, H: e—%—,

B 5 KGHEHE» o ROZZEA VPSR A + v~ BERDE,

6 RbUEVEEERIZHEE. 84+ NEELH,

B7 il EFIZED IEAS F B A F v ~OERDEA,



Cooling manilobds

+ .
lle ion source

Gate valves

To T.M.P.

A»rla]yzing magnetic ficld
Faraday cups
L~

LI

=L

Analyzing magaatic ficld

P v

X 1

Iy =
— T
—l I R
f]ﬁl—ﬁ“ﬁ—l ST RIRARAY]
= TS -
Nt
L

——

|

B2

i w I

Faraday cups

Q\F’ong for beam diagnostics

Sy S
—
B

— 1]

X 4



conversion efficiency(%}

0.1 ! 1 W/
1 2 5 10 20 50
Energy (keV)
X 5
100 o —— ————
% L He+ \
i L -
£ 10 | ]
= E ;
= C
o
s
[ h
] [ He- pt100)
1 i PR PR P T
40 60 80 100 120 140
Rb cell temperature(degrees)
X6
6k
10— —
1 | ‘.ﬁll'
o .
.. ]
0.1 :
0.0% | . :
£ .o 3
. 3
e ?
0.001 Lo i
40 60 80 100 120 140

Rb cell temparature{degrees)

& 7



R TEM ST XMk BL i TR
|, U, A LR I0ER. BRLS

AL KRS, LEH

1. BLHIC

%i?ﬁ%%%%ﬂmbtmﬂ®4ﬁyﬁ®ﬁ%%ﬁh”\Reﬁﬁ%@ﬁﬁ%%ﬁﬁt?%ﬁﬁ
. 300 0 KIRTEBIHENTZEDNBoN, JOAF VBEEBOCTERA A L EROVFHIT
BhTX7:22090 g 75 XHilicBOIBAVF—L i JRFE - AEROEREN T
FLTL i A4 A B - AEBOURET->THEY, A VERBICEY S, AL Y LBFO
SECI Y - APUEICREICRRENMN, T —E(BOBOCKIDIABLTN S, SETEIARED
AL LR YBRO AL ML > TRREMITE A, JOaANTRE—-LBE2FIZERIOID .
:mmﬁuxo174ﬁ+4ﬁ—WT7§X7ﬁ%ﬁW&ﬁb\W%T@iﬁfvim&\E—A@_
W UITEREAE5Z TOATERNRS B Edbh - TEl, ZOMEERWTLLHIC. 50
OBRTIR. KBOIA NOHbYIC, NEBEZOHRFICEOI/NNOKOA D BREICE VEH
KmibtmﬁﬂiD@?&ﬁ4ﬁ?€—b®ﬁm%ﬁ5:&Kb\75X7ﬁ%£ﬁ?5mﬂ@%
%%%rjéiﬁi: l./f-.'.u ’

LHL. BFOSEAMEBBZOBRFTITOA. FBRIALB 2 VF-DBFE-LRAA
ﬁ%%iiéiﬁ%u%tD‘Eﬁ@:&ﬁ%ﬂ&%%ﬂ:b‘F4??&—uﬁy¢ﬁ5¢yF&
LTA-TL B5D0MR->TE, COMEELTHRUABTE-LENYACHOBFMBEHZOKR
ﬁ%ﬁw\R‘?4?79—uﬁmﬁ47xﬁE%b65%\ﬁ%w¥4?9&—uﬁ0ﬂ§ﬁw;
KA L T,

2. ERIGE

HEREROMER AEFig. HoRd, 77 XATHETERIN A4 Vv E~ A, BRINE L » XRICL
S THEMIXN, E - WHXRTAAVYE—LERD, T47/9-RKIDEOBREALE - LD
P07 A NDMEEITEZEE I T E, BAAVE-LEBODBAR. A AV EBEFLOD
WOBITEE THOTOREANLARAYBO A NVOMWIH L MROKLA D BRA EHFEINE L
yf%o&ﬁu%ﬁbfhéox\3000Km%ﬁtﬁmf%fﬁzvﬁbémﬁnxéﬁﬁ%ﬁ
WEERLTAA VBERAFKERREZRE. BXMNETT 4775 - 2WHATH S,

Wiz TS X2 liOE4Fig 2R d. RETHEEBL I ECs@BENTNHIN2DUF—"—KKA
hohTEh. M RSFEA2HETELL AN -5 - 2RI THE, TAFFA¥-&L
Tid. BERSmmOR e GAKHNEZAL. 7454y MK AEHMBALBETFHRNBMTE - TH
S000KDBEINTEELAHLTVS, AAA Y EFAKCs ZRBALTVANC s WHET
(#H3000K) KTRAA VERBCEDIIRELIHIVEAXIOLHBEO-D2TH 5,

Sl A D BHEOHEZFig IRFRT, BHEAE. BEBH LATIHITZ00H/VAOWAETRES
BRI EMME, 400 ARELU T CHREBERICH URBCRHRAEREZE TS, ATA Y
AR, BRBREOENLIIRIAFATII-—TOAA /E-LOEUEIL L >TIT>T D,



MAGNET
ION BEAM cot

DETECTOR f| ELECTHON ION BEAM
DETECTOR LIGHT SHIELDING CYLINDER |  NET SOURCE

FO%TOF. I CET:L‘_1
. B e

-{f DRIFT TUBE j{f(i>uEHBﬂ=:9A
Lj-‘ l | DEFLECTION ]\\ICC)EéﬂAﬂNG

TO VACUUM PLATE PAIRS

' . PUMP ELECTRON ELECTRODES
y Tm ‘ CATCHER
Fig. | ER%EBOERSK ELECTROMAGNET
IRON CORE
IONIZER PART _ PRESERVDIR PART /W 7
THERMO- B /
I . e N \
W- g == | L / \ - \/
= RN 7/& - K\’//
2l NN : /4’; %
cchoe 77
- WO mRvE R FRONT VIEW
: 5cm :
Fig.2 735 X< ifO Fig. 3 O A D BEA OH:E

3. ZRER
KEDANLRILIBID A NERNTITF 2 ERT — ¥ %Fig. 4, Fig.5, Fig. 612 . NEOELA

DBEGEROI-ERT — % %Fig. 7, Fig.8, Fig.9, it¥hFhmrd. L i B4 A L BHEEL Y
PN —HELOBEEFig 4EFig Tic. Li A4 A vBHERECs U —N-HELtOBEFRE

Fig. 5&Fig. 81, L i A A VBRBETAA AV - BHEERERLEOMFEEFig 6&Fig. G2 5R9,
RKEOANNVLAFIYBOIANVERCTITERT -7 &, MO OLAYBRAZTH LR
TR ETEE, FOF-F bR E LTREUHIZE > TOT/HUOKOADBRELR
HR—HBEERBRIEE > THEEFRTRA S,



JON GURRENT LI~ (ON CURRENT
MU 0 e | s Em BRI

S TUPIGIWEBLP20UN o e FHPIT2W EBMP120W
EREEL ¢ ,
g. 60t Jao% § A /\_’\/
a0}
.é —e_8 4 5
§ aot - : Jsu E 6 0%
.’ a
2 / 460 &0 Lﬁﬂp —m—-—-—-—-n—-w_-___.___
L RESERVOIR TEMPERATURE (T} U RESEAVOIA TEMPERATURE ('C)
Pigd LifA4A BIEEL i Y~ —BE Fig.7 Li &4+ BRREL i V5~ $— @
EDMIFE (ANNVAENYERID AL EDE (Bl A b BEAM MR
U~ 10N CURRENT ' = ION CURREN
. '.:..I;'.a;%"s.'aﬂm a0 ' lgut;':}n;';;’ ‘g.;“,'.‘é"?’“‘
bt S soof
'o’-
2 Z
: 5
g 3 10q)
h 10|r t
g d¢ 80 °'° T [ e
Ca RESEAVOIR TEMPERATURE (T) Cs RESEAVOIA TEMPERATURE ('C)
Fig.5 L i a4 A v BHEBECs VY —/"—BF Fig8 LiAMAVEBRELCs V¥ —"-RE
EDOMIE (ALY RED A AEMIE) LD (O D BBA MR
U~ ION CURRENT
TARS (e o B
" . LHPITZW
<
Z w0 2 _
B g
& 1o E Q y
g 150 ~ T {2200} (2600)
E. B H.P. M’J ) E.8.HP.W
1830 2600C {IONIZER TEMP. (C))
IONIZEFI TEMF
Fig.6 Llﬁ’fﬂ'/ﬁﬁﬁé?”fﬁ'f’f'ﬂ’ HAKF Figd Lifad4AyBREEETAA >4 —EE
EKEHE (AL ENLYRIOA L) KEFEYE (BROAD REAMEME)

COERBIIENTAA VHEOFER. BRAMEOEILIDBIBZT4 T/ -TOAF E-LD
BAIEILL > T ok COBAAAVE-LRZ T4 775 - 2HBICHY->TRULTS LD
ItBXx 3, OO DT7 A ADEAEFig IKRT. Shid b, SFHEEREEIIGSL->TH
HNEZZShATTIR. ERAMZIZNRMO VS 7OMELE>TWIDTIDOASMF VE—- L
mLiﬁ&%iBh%oﬂﬁﬁ&%ﬁﬁ@ﬁﬁ?%ﬁ&“ﬁﬁ?o



T

”“‘G,Hﬁ{( \7 _'sfi-f-s‘:;;asmel 2
\ \-{—3_300[91 ¢
N - ]
/ N
e i 0 T E0 a0
-] """B=250[G]‘?_ _ BR (Gauss)
Fig.10 E— 4707 7 1 LOEA Fig. 11 707 7 A VEMBOIAMH & EER M

4. £ &
IhETORREEL2EEDHEE. FATI4 - ~OFHHNE (CRBFHEDEBFHE) i0&?
FA4728 -—OREXB EL, R LifAM4 AV E-LELTRARL. S ADE - LABPEBSHT
héo%h&%ﬁﬁﬁﬁkomf%ﬁ«bn\«wA+w/&®:4w%mht&%& INRY O B R

AEAVGKEZEOBIZODOLTHHARS N,
WEL., Time of FlightZRIZX B3 AA A OREEITI, AF HYL i A v THEEVIE
MEFEEAIELTVE, TORITE-LOWNHELDE LEENAHEEI TS,

& E MR
1) Y.Sakai, I.Katsumata and T.Oshio:Jpn. J. App. Phys. 22 (1983) 1048.

2) BRASB. WHIERE. BERR. A LRE : 52 O FROEHMCHEHICE T3
T—YayTRXE (1991) 35

3) Wk ERE, XM, & LR, BRAT  H2ENFROAMICHERICET S
D—2vayTRXE(1991) 41

4) # Lokl BER. BRFN. BERALE  # 30O FHROERACAE#HICHT 3
T—7ayTmX$E (1992) 167

5) BWEFF. LEFERE, AR, H L. BRAY : 53 O FHRO EWHNERE e
MEa7—2av7THhVCE(1992) 75

6) BEFF. HHER. & LFukg, BEAS : B4 DR FROEWMPAEHEHIZHT 3
P—7vayT@wNE(1993) 67

7) l.Katsupata, M.Yamasaki, K.Murakami, M. Fujimoto, H.Tsukahara, Y,Nanjo, and
H. Yoshimura:Rev. Sci. Instrum. 65 (4), April (1994) 1392

8) BEFM : BBBEAF L HICLAEHAF  E~-LER; T 44, Li 442
CER S EE ARINIRELEVRR #1H30



BOFBOREALZF B — LMK

Hir B3k X

1. B

FE. LR PESHEORTCBNT, A - AHFEEAKBICERLT
Sk, ATV LERNSRESNTAK<RRERSE, BRAAFTIALEROD
xR B MENHGTES, LAL—FT. ZORBCANBAKSARDLIELDTYS
LRUADIR. BEOHOREELA >IN ?, HEMAE LT, CORBEBRLA
ERAEEBILNBELBLAEOT, ABEERLLARETH S,

WEE. DMBREAA L VY —ARREBCREL, TORMATOLHICEL.
| B OBUHAL LTI — L BNOBBEBOEETHE, UTR. 201 %
SBETEMULABEORA (LF) T, ETEO0ORRLHB N, ROL LT VY
—A&ﬁ@ﬁ%&@#%%t%@%ﬁabfﬁﬁﬁwtwo

2. 4 A E—LEMARORR LB
HWERORKE, OHPRBIIENENTWEOT, ThE HP-1 KRY. £,
TORERBEAMICEBT 3.

CRATVEORBO— 2. E—4A
[OHP-1] ORBENEARENEBTFEIU R
BEDAF Y~ LEE CHBwolThB. TORBIE. BR
MR ERCRTD, |
¢ /MF . E—LHA X, E-—LT )N @ OHP-1 - TEWwWEWILZ., REA

¥—  EBRERLSAEEOEHBRTE — A FryE—LEBOEEESZ., —A

HEEHIFERLTWS. £, E-A BRI o HSs., LHrL. ER

BRoEELE. —REMAERILOEN EHMNBEr BT L, 53R

Hd, FOLBRIIEN N 20HELE

F3eTHI, Bl 1T HEE

SRAZFTVEBRRCLBVWTABLRERNFR RicHavhsd e <, Multi-cuspA
Ehied, SHEBNCREFORALYE FUER. EABRCHEALYTL

LREULND, ERMBLLT. ERCARYDDDH

3. 2OBROAFEE, T

/T EOHERELTE, NTHY ., BERBEHFE OB L0

Multi-cusp {+RF} Source SiLRUEDHD.

HERTHBELEEZFLSNS,




K. BHROMESE OHP-2 R T.

[0HP-2]
(FMES)

ORI - LAREBER K. EHEN
BAR—BODELBICHZS2TVD, LA
L. KER4r D8 &A% B4 8 8E % M
IRXBEOCRAERY (L2 W7) @
@@E%¢brw5;5cﬁiéo

O —BHE - LAHENOEZCEBMEIHRE
Eh > EN, RAERYPERTHB,

SAZPHERBMOMEH bk, 371
72 AR AR RE 0 TR R A D BE R I Bk
ER-THY., —H., WEEELE., B
BLULEEBOHLUWERE (BE) 2L
CEBHLTWDE, ZTOWHEMIZELAHOD
TFHNESND,

/T VEHREOBRENERRIAONS,

DuoPlGatron—Multi-cusp—DuoPlGa.?
( Ion sourcery ~®MEEHLE)

LEREBEEED,

(MR
QR UHD2EER, 2 —F—0D A4
LkoT, A4 XE—LEROFHL .
WRERBZENREZ IS L3 kER
~LTWw3, |
QFOFEED—DIC, HREE WAL
EDOBEZRORELrHD., THIE
BROHY>BDIZEL. ENBEOES
EREE 250 TEEEET D,
MEHER. FLOREICEICHRE
THRVWHEBRZE--TWE, Z0f
B ZERETCOEHARE L
EDBRBEIERITIL 055,
IREHNBEISAZ L, [HRE
DEDRENERIDH BRIV &
WO T kb, —H., BEHIE.
FRIGHEE. BREXRZLEOHM
(EREBEHHEM) PEBETHY, &
OFICHHBEE L OF L FO phase
OINPBI-TLBD, ZOFEM
@ Phase O T A, AT EH
DREBFICEBETDIZLiZRE, 20O
IR EARANEHROERL 2D
TeHFHB, TOMBEORRICE,
HMEGCHTE TEEY ] ORR

QAT VERROBENERCO>OVWTERT S,
EELS ., WIEF JAERI K EWT ., 7y R_"T7PHRhAATVEORERARCEFL
EH,. 2orEERELEDODI ORNL (k) THEZH A DucPlGatron. THh o =,
FOROBROAFTVERROEBROF T CLMEF () @ Multi-cusp source #

EFghk, AT BLEFTHZ, TOH,

RARYEHOREERETH - -

JT-60 NBIZ A FALiICBLAEAT B E LT Multi-cusp source #BAEDN, Al
DANLOHCE, FOEIRS [ DuoPlGatron A A L) L BELEADBVWE, R
ZFHBOERTERLEDETNE S, B, Multi-cusp source DREE L L
THET DuoPlGatren S A 2DA4F YEABHLTWS, BAEG~OEROEKE.
HEEEHBICELZ R LY T 524, WEBNPE L2 IIELTHERDL D,



WEOA A FHRERDODOE, REFILLAFT L FHEBRBEOEBRBHIBE
e HETMLT T ion sourcery* | ¢Ebht, B4O0HEOBO—D2F,
Z @ ion sourcery A BLORHMTH > . Multi-cusp source R ICEHFRKREH
BERLTWAIZREELY, COHXRBAF VEARBTORNBEOERTH S,
BIEOAZVERBEOSB{LICEE R, ion sourcery NOBEHEEYDRNE D

HBEITRETDH S,

() * sorcery(HE) EWHEBCHT LTI -,

3. MRAMBHEKOLRKEBILT

A F - hHBEREAOEDD—-TRE HP-3 IZRT,

[OHP-3]

P~ L BNAREEDEZDD AR

[RRBHE]

OE—HICAENBEREROERRHE+BE L
AL LTWEHBETHS.

OMEE - RS -EXR - FEEERD
YRESFAOEBENFELIL. ¥
AT LEROSZRILOFHEZRATH
5, b, TORMCEANARKRIRD
hiLHTHD,

OHWOEMIL, ———> BEREHART -
TOHFHLERL, ——— BWEFE
B RVRRAABTFHERCRD (B
REBIERTHS) , ——— -

F-~"OWEIFEN, BE5OFH 2R
< '

(xfsid ? ]

SEHMILLEHARENETL2ERIIILE >
TREL. ERBBIHEAT LR
MLT, IR~V EHERET S,

CHEMREFOHMEBANLVEER. —
- HREMEBOARR.

1 -HY-DEREFHERIALLD>. ——
HEAYELEDOEAPLTELDOERE
roa~H— TRy -—BREEN
DEH,

OF NI AFADEBEREAN &
CHEHEL XD,

[ZORRIZ?]

SEEERELENBAOLAEIDOESR
“HERBENARORRNATRE R D,




A Large Hydrogen Negative lon Source Driven by a Microwave Discharge

Makoto Hamabe, Motoi Wada
Department of Electronics, Doshisha Univ., Kyoto

Nacki Miyamoto, Y oshikazu Okumura
Japan Atomic Energy Research Institute, Naka, Ibaraki

1. Introduction
DC-arc-ion-sources with tungsten filaments are widely used for present neutral beam injection ( NRI )
systerns. The filaments have to be replaced after certain time of operation, as they are evaporated and sputtered in
a plasma. However, NBI devices possibly become radioactive like the main plasma chamber of Tokamak or
Helical devices, so that they are preferred to be free from maintenance. In addition, continuons operation of a
NBI system is required in future. Therefore, RF or microwave ion sources are needed to be developed because
they are expected to have a longer lives than that of a DC-arc-ion-source.
Information related with the operation of RF and microwave discharge sources is not sufficient to develop
a large scale source. Thus, we have tested the plasma production with microwave of 2.45GHz in a multicusp ion

source compatible for the actual NBI system. As preliminary experiments, plasma parameters of the produced
plasma in the ion source were measured with a Langmuir probe, and H -~ beam extraction and acceleration

characteristics were also measured.

2. Experimental Apparatus

Figure 1 shows a schematic diagram of experimental apparatus. The ion source has a semi-cylindrical
shape and is 340 mm in diameter and 340 mm in length. Permanent magnets are arranged on the wall in multi
linecusp in order to configure a plasma. Magnets are arranged on one of the end walls to close the linecusp
magnetic field produced by the magnets on the side wall. On the other end wall, magnets are equipped to produce
the magnetic field parallel to the ceramic window that launches the microwave of 2.45 GHz into the ion source (
Fig. 2 ). The microwave power supply is connected to the ion source as shown in Fig. 1. Microwave from the
generator is led to the ion source through rectangular waveguides, the power monitor to measure incident and

reflected power, and the stub tuner to tune the absorption of microwave to the load.

The gnd system to extract H ™ beam consists of 4 gnids, i. e. a plasma grid ( PG }, an extraction grid ( EG ),

an electron suppression grid ( ESG ) and a ground grid ( GG ), in the order from the ion source to the
downstream. The exiraction parts from PG to ESG have 7 apertures of 10 mm in diameter in the area of 50 mm in

diameter ( total aperture area: 5.50 cm 2 ), and they are curved spherically to let beam from each aperture merge

into a single beam line. The ground grid has a single ﬁperture of 50 mm in diameter (Fig. 3).

3. Measurement of Plasma Parameters in the [on Source

In order to find a condition suitable to produce a plasma, ion saturation current density was measured with
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the probe set near the center of the ion source. The ion saluration current density was measured as a function of
absorbed microwave power for different hydrogen gas pressure. Two types of magnet arrangements ( Type A and
B in Fig. 2 ) were tested and compared. The results for Types A and B are shown in Fig. 4 and 5 respectively.
Maximum ion safuration current‘density was observed at the minimum gas pressure of 0.2 Pa in the case of Type
B, and it was considerably larger than that for the case of Type A. This difference in characteristics can be due to
the difference in magnet arrangement. Namely, Type A geometry produces magnetic lines of force nearly parallel
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to the microwave window. so that a dense plasma produces near the window a confinement along the magnetic
lines of force and can not diffuse into the center of the ion source. Meanwhile, the magnetic ficld arrangement of
Type B can make the microwave produced plasma easily diffuse into the center, because the magnetic lines of
force are perpendicular to the window. Observing the preferable result that densest plasma was produced at the
lowest gas pressure of 0.2 Pa in Type B, all of the following measurements were made with the magnet
arrangement of Type B.

Spatial distribution of ion saturation current density was measured in the longitudinal direction ( Fig. 6 ).
The measured ion saturation current decreased with the increasing distance from the microwave window at 0.4
Pa, It is supposed that a dcnée plasma was produced near the window but could not diffuse to the center, At
higher gas pressure the similar characteristics may predominate. At 0.2 Pa, a dense plasma was produced at 50
mm from the window, and the distribution showed encugh uniformity. The maximum ratio of local deviation

from the average density to the average was about 6.5 % in the area of 180 mm, or from 110 mm to 290 mm.

4. Measurement of Extracted H - Beam

Amount of the extracted H™ beam was measured thermally with a calorimeter to reduce the effect of

electrons from a plasma produced in the measurement area by the extracted ion beam as small as possible.
Cylindrical copper tips were used as the calorimeter and set at the position 320 mm downward from GG. They

were arranged to form 10 channels with an interval of 20 mm to simultaneously measure the distribution of beam

current density. The H™ beam was extracted pulsively in every 60 seconds, and the discharge was maintained for

6 seconds while the extraction was made for 2 seconds.

Figure 7 shows the dependence of the H - beam current upon the extraction voltage that were measured for

the H™ beams accelerated up to 20 keV at gas pressure of 0.2 Pa and the net microwave power, Pnet, of 2 kW.
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Under this condition, the maximum beam current of 1.3 mA was measured with a good convergence of 45 mm in
half-width diameter,

5. Conclusions
Plasma production by the microwave discharge in the semi-cylindrical actual scale negative ion source was
examined. The ion saturation current density of source plasma was measured, and the uniform plasma was

observed along 180 mm at the area around the center of the ion source where magnetic field was comparatively

weak at low gas pressure of 0.2 Pa. The maximum H ~ current of 1.3 mA ( 0.24 mA/cm 2 ) was obtained with

the extraction voltage of 1.16 kV, the acceleration voltage of 20 kV, and at the microwave input power of 2.0

kKW. With the further increase in microwave power, a microwave driven H ~ ion source for intense NBI system

can be realized.
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Simulation of Electron Orbits and Energy in RF Ion Source
Y.Okuda , M.Ogasawara , and A .Hatayama
Faculty of Science and Technaloéy, Keig University, Yokohama

ABSTRACT

Numerical simulation of electron orbits in an early stage of electrical discharge in a RF ion source is made. In
the simulation code each electron orbit is followed and elasric collisions between electrons and H, molecule gas
and ionization are considered by Monte Carlo Method. Electron orbits, ionization points , and electron energy
distribution are obtained in the electric and magnetic fields created by one tum RF antenna.

1. INTRODUCTION

Recently experiment on RF negative ion source has been made."" It must be interesting to compare several
points between RF negative ion source and conventional filament source, such as the production rate of H™ and
electron energy distributions. In this paper, we will investigate behavior of electrons in RF ion source in its early
stage of electrical discharge with computer simulation.

We will first calculate RF electric and magnetic fields, depending on lime and position, originating from the
RF antenna. Then we observe electron behaviors in these fields. Electrons and neutral molecules of hydrogen
make elastic and ionization collisions. In order lo see how large the effect of elastic collisions, we vary cross
section as a parameter.

2. SIMULATION MODEL

Fig.1l shows a schematic diagram of a model of RF ion source.
The size is taken from RF negative ion source at NIFS."! Electrons
will be reflecled by cusp magnetic field near the wall. In this

paper we simply assume that electrons reflect on walls, density
of H, molecule is 10°[m™], a current in RF antenna is
I=1sinw,t , where w,, = 20[MHz] , I =20[A]. Electric

and magnetic fields, that is a function of position r, z and time,
[3]

are given by,
I . 2+r2+ H
B’=Fun5mwm,t 22 : }{(_ +_‘.'_,_ZZE), (1) ‘
2 rla+r) +7) (a—r)'+z Fig.1 Schematic diagram of model
RF ion source
[ . 2 _ 2 _ 2
p = HaeeS ] : ,(m . ’,E). 2
2z r((n+r)’+z’)' (ﬂ"") + 2z
w1 cosew t (a Vi !,
E =-w,——%| - 1——k" |[K-E |, (3)
2x r 2 )
k= _ia_f........_..
(a+r)+7"

where K(k) and E(k) are the first and second kind perfect elliptic integrals, a = 0.10[m] is a radius of a



circular antenna and g, is a vacuum magnetic permeability.
Equalion of molion of clectron is solved by the leap-frog method in the electric and magnetic fields. Collisions
are calculated by the Monte Carlo method. Probability of collision £ in time interval Af is given by

F,=1- exp(_nu,amlv-lm)' | @)

0. =0t 5)

where o, is an elastic collisional cross section and ¢,, is ionization collisional cross section. Both of these
values are taken from Sanbomn C.Brown" and C.F.Chan'?, respectively as fotlows,

g, =1.6x10""[m’], (6)

20x10°% xu [m’] (z, 223[eV]) ‘

O = ) . (7
" 0 (u, < 23{eV))

In order lo investigate the effects of elastic collisions, we use two values of o, , one is o, =1.6X% 107" [m’]

and the otheris o, =1.6 X 10™[m’]. In the process of ionization, equation of energy balance holds as
E,-E,=E+E, (8

where E, E, are energies of two electrons after ionization, E " is the electron energy before ionization and E,__ is

the ionization potential of H, molecule. E; is described by using a random number R, (0,1) by following expre:ssit:m.l7i

E, = Ctan[R tan”{(E,, — E_)/2C)]. )

where C is 8.3 for H, molecule. E, is calculated by eq.(9) with use of E,. Velocity vector of the electron after

ionization has angle ¥ and azimuthal angle ¢ to the original velocity vector. Thse angles are caiculated using a

following equations, respectively.ls'

cosy = (2+E, —2(1+E)"), (10)
¢ =2aR,, an

where R,,R, are random numbers (0,1).

3. RESULTS AND DISCUSSIONS

Fig.2 shows an electron orbit in z=0 plane with
o, =1.6x10
on the orbit is not so strong. Fig.3 shows ionization points inr-z

-1%

[m']. 1t shows that the effect of magnetic field

nyOjJ[m]

plane for two different elastic collisional cross sections.
Fig.4,which is based on Fig.3's results, shows rates of ionization
on radial position r for two different o, . When the rate of

elastic collision is small, ionization is higher in the outer region.

-100.00 ] 0.00 100.00
xx10-3m]

This comes from the electron existing near the circular antenna.
For the case of larger elastic collision, ionization points diffuse

into the central region of the circular antenna. Fig.2 Electron orbit
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Fig.5 shows electron energy distributions for different elastic collisional cross sections. Solid curve is an electron
energy distribution f(E ) = E exp(-E /T.} which corresponds to the Maxwell velocity distribution, Simulation
results fit well with Maxwellian,
Fig.6 shows dependence of electric and magnetic fields on phase. Fig.7 shows the average energy of electrons
is high and that has litte dependence on phase in the case of high rate of elastic collisions, but if we take lower
rate of elastic collisions, variation of average energy with phase is large due to small effect of diffusion.
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Fig.8 and Fig.9 show rélationships between the phase and a distribution of electron energy on r-z position for
two elastic collisional cross sections. The region that electron energy is over 12[eV] is painted. These results
show the existence of high energy area near the circle when a rate of elastic collisions is low. Electrons, which
are accelerated near the circle by electric field, are scattered immediately when a rate of elastic collisions is high.
The high energy area appears when the phase is .75, This is because the phase=0.75 is the last phase that the

electric field keeps the same direction.
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4. CONCLUSIONS

We calculated electron orbits in an early stage electrical discharge in RF ion source with collisions between
electrons and H, molecules. In the later stage of discharge charge density will become high and we have to take
into account of shielding of electric and magnetic fields. In order to see the effect of collision we vary the elastic
collisional cross section as a parameter. Acceleration is high around antenna and because of azimuthal electric
field ionization points exist more in the outer region of the antenna. This tendency is more strong when the
elastic collisions are small. By incresing the effect of collision, ionization points and high energy electron
distribution are duffused into the central region of the circular antenna. One more effect is seen that the average
electron energy becomes high as known theoreh'cally.m
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Modeling of Pressure Effect in H™ Ion Source

Seiji MITSUHASHI , Masatada OGASAWARA and Akiyoshi HATAY AMA
Faculty of Science and Technology , Keio University , Yokohama

Actual gas supply into ion source is modeled. Filling pressure is related to gas flow rate and conductance of
H extraction system. Rate equation for H, molecule is obtained. Surviving factor against stripping loss of H in
JAERI extraction system is given. Discussion is given how to choose number of extraction aperture in the code.
Relation with former code is stated.

1. Intreduction

Pressure effect have been investigated in the simulation of H’ ion source. {1,2,3] During discharge
atoms and ions are produced from hydrogen molecules. Then number density of hydrogen gas decreases
and gas temperature increases. We have been assumed that H, flow out rate is kept constant before and
during discharge.[2,3] Considering loss of H, on wall and by reaction, conservation of H, flow out is
not correct. We propose in this paper to use a rate equation for H, in the situation given in Fig.1.

- C2
Cl
Pl flow in P2 flow out P3
Gas Reservoir 1st Chamber 2nd Ch. Extraction
lon Source System

Fig.1 Gas Flow through Ion Source

2, Filling Pressure

Usually filling pressure is referred to simply as pressure. Before discharge gas flow is adjusted to have
a desired filling pressure. Gas flow through a tube of conductance C, from a reservoir with pressure P,
into the ion source with pressure P, is given by Q=C,(P-P,). As P,>>P,, we have Q=C,P,. In the
stationary state we have Q=C,(P,-P,) where C, is the conductance of H’ extraction system. Since P;=0,
we have Q=C,P,=C,P, . Then if we know C, and P, we obtain the value of Q, which we will use in
the rate equation.

3. Rate Equation for H,

By discharge gas temperature changes from T, (before discharge) to T, (after discharge) and production
and destruction of H, occur. Rate of increase of H, number density due to gas flow in is written as
(Q/T,V), where V is volume of ion source and rate of decrease due to flow out is -Q/(T V). Then we
have rate equations for n, , , the Ist and 2nd chamber number densities of H, as

ﬂ=i+p’1 - Dpn, _ S p
@ Ty, a,

C,v
dﬁzs_f'p.,.p;z -D,n, il r i)
d 4V, v,
F=VH,(’H ""2)



where I is the flux from the 1st chamber to 2nd chamber, S, is the cross sectional area of the source and V,
are volumes of the 1st and 2nd chambers. Flux I" acts as a source in the 2nd chamber and as a sink in the 1st
chamber. In the flow out term Q =C,F, = Esz‘ n,T, is used.

4. Rate Equations for Other Particles

Same kind of rate equations hold similarly for H, H,(v"), H', and H'_(n=1,2,3), but without flow in term like
QATV). We cannot include the effect of flowing out term in the equation of positive ions. This is because H
extraction voltage is strongly against the positive particles. Experimentally electrons as well as H are extracted.
From charge neutrality, positive ions must be somehow flown out. At present we have no definite idea of
treating this problem. Due to our trial calculation the inclusion of this flow out gives 30% less value of H'.

5. Production and Destruction Rate of H, :
There are several volume and wall reactions that produce H,. Volume production and destruction reaction are
given in Tab.1.
Table 1. H, Production and Destruction Reaction

Production Destruction
Hi+e—H,+H | Hite 2H,()+e
H+H >H, +e 2 +e

—H; +e+e;
H,+e—>2H+e

H;+H —>H,+2H
H,(v))+e—H, +e

H;+H —H,+H = H,vV)+e

H,+H; > H;+H

We consider four kind wall production. H," and H," becomes H, with probability p, and p, which are given by
Hiskes.[4] Two H combine to become H,. Another important wall effect is wall relaxation and repopulation of
‘H,(v") of which probabilities are given by Hiskes as follows

5 w(v",0) ny, ()

v b(v“) Ty,

where 7, is life time of H,(v") in the source and 1/b{v") is the relaxation probability of H,(v") and W(v",0) is
the repopulation of H,(v") on the v"=0 level. Values of b(v"} and W are given in Hiskes' paper.[5]

Destruction rate is written as Dn,,,, where destruction probability D is proportional to the reaction rate and
number density of reacting particle. .

6. Stripping Loss of H' in the Extraction System
In the process of extraction, H produced in the source suffers stripping loss by the following reactions
H+H—->H+H+e
H+H,>H+H,+e . .
Cross sections 0, and 0, are same order of magnitude for relative energy larger than 10keV, while @ is
slightly larger for smaller energy. [6] Number density of H, is more than 10 times larger than that of H. Then
stripping loss due to H, will be dominant.
Effect of stripping is expressed by a surviving factor of H as follows



F= exp[-ﬁ (a,,n,, + oﬂlnm)dz]

where z is distance along extracted H beam. In Fig.2
extraction system of JAERI source is given. (7] There
are four kind of grids, that are plasma, extraction,
suppression of electron and acceleration grid. Each
grid has conductance C;, C,, C; and C, which can be
calculated by formula given in Appendix.

Generally gas density changes in and between grids.
After flowing through plasma grid, gas density n=F/T
becomes n=[P-(Q/C)]/T. This is obtained by
Q=C,(P,-P,) and P,=nT. Successively similar
relations n,=[P-Q(C,'+C /T, n=[P,-Q(C,"+C,"
+COUT,  nzlPrQIC, +C +C ' +C YT are
obtained. Here n (j=1-4} is the gas density after passing
through j-th grid. The final density n, can be set equal
to zero, because gas is exhausted into large volume.
Then we have Q=P,C,, where C,"=C,"+C,'+C, '+C,”
and with this value of Q, each density n, to n, is
determined, We approximate density within j-th grid

St

PLASMA GRID
IO O
~ EXTRACTION GRID
NG MAGNET
= COOLING
O PIPE
1 SUPPRESSION GRID
o | [ ]
9
ACCELERATION GRID
1 10 ol

to decrease linearly from n, , to n, as a function of position z.

{in millimeters }

Fig.2 JAERI's Grid Structure [7]

Voltage between plasma grid and extraction grid is 3kV and 20kV between suppression grid and acceleration

grid in JAERI source. As H’ ions are accelerated by these voltage, cross sections g, and 0, are known at

each point along z direction. Thus we can evaluate the surviving factor F.

In Tab.2 value of F is given for three values of H, and H number densities. Left numerical values are due to H,.

only and right are due to both H, and H. Effect of stripping due to H, is dominant . In the actual calculation we

use values of H and H, number densities obtained from the code.

Table 2. Surviving Factor of H against Stripping by H, and H

H H, 10" [em”] 10" [em?] 10" [em™}

10 [em*]| 0986 0.985 0.872 0.870 0.254 0.254
107 [em?®]| 0986 0.967 0.872 0.855 0.254 0.250
10" lem?1| 0986 0.811 0.872 0.717 0.254 0.209

7. Number of Extraction Aperture

Actual ion source has N apertures. Then we have to take N times larger conductance. As N increases, area of
plasma electrode that is responsible for surface production decreases. There must be optimum N. JAERI's
experimental result shows ratio of surface and volume production of H' is nearly 4 to 1. Then in simulation we

can choose N so as to get similar ratio.



B. Discussion :

In our former treatment, we assumed Q=C.P,=CP, ,where subscript a,b mean afier and before discharge, and
T,>T, . In the dischasrge there exist exitation and dissociation into H, H," (n=1,2,3) and H and number density
of H, decreases. Out going flow rate of H, is not necessarily equal to the original in coming gas flow rate.

In the present paper we proposed that the gas density satisfies a rate equation which balances the increase of
number density from incoming flow and production by reaction with the decrease due to outgoing gas and
destruction of the gas by reaction. This is the modification done in the present paper.

. 9. Concluding Remark

Modeling pressure means how to relate pressure and number density of H, in the code. Since other particles
are described by rate equations it is natural to have a rate equation for H,. In this paper we presented how we
formulate gas flow in and out and what volumne and surface reactions are taken into account.

As to the number of extraction parameter, we ahould take the real number. But our zero dimensional code will
not valid near the wall. Then exact number of aperture will not give correct value, Then we will take the number
as a parameter,

In this paper, we gave only principle. We will present the result of calculation else where.
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Appendix Conductance Formulae [7]
Conductance is written as C =vC , where v is particle velocity and C is a part determined by size and form
of the tube. L
1. Plasma Grid Conductance
C, = 92(1.')11)2)2
(D, + D,}L

2, Extraction and Suppression grid Conductance
C=46D°/L

3. Acceleration Grid Conductance with Exit Effect
—  46D°
Cp=

L+iD
3
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Abstract
When a powdery sample (~10 mg) of CaH.z deposited on a metal ribbon (§ = 0.05 cm?) was heated up to
~900 K, H- was readily emitted together with thermal electrons (f - =~ 0.1 mA) through the process of self-
surface ionization (S8I) . The collector current {f -) of H- after mass analysis was ~ 50 pA, corresponding to the
current density (i /S ) of ~ 1 nA/ cm? Introduction of hydrogen gas up to ~ 10~° Torr did not increase i -,
indicating that the efficiency of producing H- by electron impact of H, in the gas phase is much poorer than that
~by SSI. By introduction of O, up to ~ 5 x 107 Torr, i ~ and I - were reduced to ~ 7 x 10~ and 0.2, respectively.
This large difference suggests that the reduction in i ~ can hardly be well explained only by a work function
increase due to oxygen adsorption on the sample surface. Emission of H- was observed also with LiH but not
with NaH and ZrH, probably because ZrH, is neither so low in work function nor so high in the degree of
thermal dissociation as CaH,, and LiH while NaH almost depletes owing to very rapid neutral evaporation before
reaching a high temperature (above ~ 750 K) enough for SSI.

1. Introduction
As a simple method to generate gaseous negative ions from solid samples, the self—surface ionization (8SI)
has been studied by several groups of workers [1]. When a thin filament made of an element (M) olf. interest is
directly heated to a high temperature (T) above 2000 K in a high vacuum, for example, monatomic ions (M") are
emitted from the filament surface together with neutral atoms (M) and thermal electrons (e-), and the ionization
coefficient is well described by Saha-Langmuir's equation.
n W- A-¢
o n° ) wo P [ kT ]
Here, n~ / n° is the emission rate ratio of M~ to M, W~ / WO is the statistical weight ratio of M~ to M, 4 is the
electron affinity of M, and ¢ is the work function of the surface. In this way, W, Re”, Ta~ and Mo~ [2] and

(1)

also C-, C,7, - and C;~ [3] are successfully produced although the ion emission is subject to the space charge
effect due to a much stronger electron emission. However, this process is applicable only to those refractory
metals and metalloids having the meltfng point of higher than 2000 K.

SS8I is observed also when alkali metal halide (MX) deposited on a substrate metal surface is heated

indirectly up to 800 K [1]. For instance, F- is emitted from KF and LiF with the ionization efficiency of less



than 1077 {4]. However, any X~ other than F- has not yet been found with any MX although every MX readily
emits its constituent cation (M*) [4].

During the course of our previous work on the production of negative ions (H-, Li~, Na, etc.) by slow-
electron impact (20 - 300 eV, 0.1-3 mA) of powdery samples (e.g., NaH, Li,N and NaCl) [5], .we studied the
effect of sample temperature upon the negative ion emission with or without the electron impact at the sample
under study, thereby finding that H- is readily produced from CaH, by 8SI, too [6]. It should be emphasized
that any of the metal hydrides tends to liberate hydrogen at relatively low temperatures and hence that the
emission of H- may be expected when ¢ of the hydride itself and / or its dissociative residue (constituent metal)
is low enough for SSI.

Any ion source of SSI type has several advantages over other type ion sources. Namely, (1) it is generally
very simple in structure and can be made very small in size (~ 1 cm?), (2) the electric power necessary for its
operation is usually very small (les;‘; than ~ 10 W), (3) vacuum maintenance is very easy because neither sample
gas introduction nor strong gas desorption is accompanied with its usual operation, and (4) the initial energy
spread of those ions thus produced is as small as ~ 1 eV, practically monochromatic.

This paper summarizes a further progress achieved with the negélive hydride ion production by SSI of
metal hydrides.

2. Experimental Apparatus and Method

A sketch of the ion source and mass spectrometer used in this work is shown in Fig. 1. Here, R is the
molybdenum ribbon (0.05 mm thick)} of boat type (about 20 mm long, 3 mm wide and 1.5 mm deep), on which a
powdery sample (S) of CaH,,, LiH, NaH or ZrH, (about 3 - 10 mg) was deposited. The temperature (T ~ 600 -
1000 K) of S was determined with an alumel-chromel thermocouple (A). The ions of H™ emitted from S were
extracted by the extraction voltage (V, = 50 — 100 V, usually 90 V) applied between R and the first slit plate |
(P,). The ion acceleration voltage (V) for focusing H- in the analyzing magnetic field ( } of about 1350 gauss

Fig. 1. Schematic diagram of the ion source and mass spectrometer.



is calculated to be about 550 V since the ion path radius for H™ just focusing to a Faraday cup (C) is 25 mm.
The total and mass—analyzed emission currents (/ - and { -) collected with P and C, respectively, were measured
simultaneously in this work. The residual gas pressure (Pp) during each run was usually about 1 uTorr. When
the effect of H, or O, upon SSI was examined, the pressure (P; or P,) of hydrogen or oxygen gas (purity 99.9
%) introduced through a needle valve (NV) was monitored with a B-A gauge.

In a separate experiment using a transverse magnet for deflecting &~ alone indicated that more than 99 % of
1~ consist of e ~ emitted directly from the heated sample under study [7). Without sample deposition on R, both

I~ and i - were too weak to be detected even at 7= 1000 K.

3. Result and Discussion

Temperature dependence of the total emission current (I ~) and the negative hydride ion current (i 7) is
exemplified with CaH,, LiH and NaH in Fig. 2. Every about 15 min., T of each sample was successively
increased by about 10 °C. Each curve has a maximum at a certain temperature (T_), suggesting that the rates of
thermal décomposition and evaporation of each hydride become greater as T increases especially beyond T_. In
the case of NaH, both / - and T_ are lowest among the three hydrides. In addition, i - was too weak to be
detected at any temperature, and not a trace of NaH remained on R after a short run up to ~ 750 K. These
results indicate that almost all of the NaH powder deposited on R readily depletes owing to both very rapid
neutral evaporation and ready thermal decomposition into Na and H, before reaching a high temperature (above
~ 750 K) enough for SSL. It should be noted that CaH, is most thermally stable and least sensitive to moisture
among the three [6] and also that CaH,, remained on R even after a run up to ~ 1000 K. In contrast to this work,
H- was not observed with LiH in the previous work [6], where the powder of LiH employed was not flesh,

probably having been changed in part to LiOH even in a sealed bottle.
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Comparison among curves (1)-(3) in Fig. 2 shows that CallL, is best as the sample for producing H™ by SSI
although NaH is much better than LiH and CaH,, in the case of electron stimulated desorption [5]. With respect
to ZrH,, both / ~ and i - were too weak to be detected even at T = 970 K although it still remained on R after any
run.  This result suggests that ZrH, is neither so low in ¢ nor so thermally unstable as any of the hydrides
mentioned above. |

As already reported with CaH, at 825 K [6], i ~ as well as ] - was virtually independent of Pﬁ of H,
introduced into the ion source region so long as P,; < 10-5 Torr, thereby indicating that the efficiency of
producing H- by impact of a gas sample () with e~ (~ 0.1 mA, 90 V) is much more poorer than that by SSI and
also that hydrogen adsorption on the sample has little contribution to SSI. It should be noted that both i ~and 7~
do not increase but decrease to less than 1/2 as P, increases from 1075 to 10~ Torr [6].

It may be generally expected that ¢@ of a solid surface is increased by oxygen adsorption [1] and hence that
negative emission currents from the surface are usually reduced according to the increase (A¢) in ¢. From this
point of view, the negative emission from CaH, heated to 850 K was measured as a function of P, of introduced
oxygen. Asshown in Fig. 3,7~ andi - are reduced to about 0.2 and 7 x 1075, respectively, as P, increases from
2x10%t0 7 x 10 Torr. Consequently, Ag evaluated from the data of curve (2) using Richardson's eqn. is
about 0.1 eV, which is quite different from A¢g = 0.7 eV calculated from the data of curve (1) using Eq. (1).
This discrepancy suggests it necessary to consider at least one more probable cause such that the formation of H-
may be prevented by surface reactions between hydrogen and oxygen.

Further work is now in progress to determine ¢ of each hydride and the desorption energy of H™ under

various conditions.
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Abstract

The principle of the production of negative ions by electron stimulated desorption of powdery samples
are adopted to develop a compact ion source with a size that can fit into a standard miniature conflat
flange. The source can maintain a stable production of negative ions for hours until the powder
material is used up. To increase the ion source life, a mechanical structure to feed the material to
produce negative ions is attached to the ion source. However, for operation with IiH to produce
negative ions of hydrogen, the life of the tungsten filament to produce electrons for electron stimulated
desorption is not long enough for continuous operation of the source for several days. Other related

topics conceming with the development of the compact powdery sample ion source are also reported.

I Introduction

The efficient production of negative ions by the electron stimulated desorption of_ powdery sample had
been firstly discovered by Kawano.[1] The ion source is simple in structure and compact in size. There is
another big advantage over other lypes of conventional ion sources. This ion source does not require gas
feeding system, and one does not need a needle valve nor a heavy gas cylinder on a high voltage terminal.

Basic data required to produce desired negative ions are being compiled by Kawano and coworkers.[2]
However, other important aspects related with the ion source operation, including source life, beam stability
and beam quality, have not been studied enough for one to decide if he can use the ion source for his
experimental apparatus. Thus, we have initiated a program to develop a compact ion source of electron

stimulated desorption type to examine the performance of the ion source.
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II Experimental apparatus

The experimental apparatus to test the performance of the compact powdery sample negative ion source is
schematically illustrated in Fig. 1. The experimental system is pumped down with a turbo molecular pump
down to the pressure of 4 X 10-5 Pa. There is a large Faraday cup to measure the total negative ion beam,
and the current of the individual negative ion species can be measured with the magnetic momentum
analyzer and a small Faraday cup, located down stream of the beam. In this report, only the mass separated
negative ion beam current is shown.

The structures of tested ion sources are shown in Figs. 2 and 3. The ion source shown in Fig. 2 has
components that are indispensable to generate negative ions. The powder is sustained in a Mo boat on which
the tungsten filament to generate electrons to be bombarded onto powder to realize electron stimulated
desorption is located. In the design shown in Fig. 3, the powdery sample is held in a stainless steel wbe. A
movable shaft placed inside of the tube can elevate the surface of the powder, and the powder can be
supplied to the surface, where the electron bombardment takes place,
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In both ion sources, 0.1 mm diameter tungsten wire is used as the electron emitter. The electrons from the
filament strike the surface of the powdery sample with kinetic energy acquired by the filament bias potential,
which is shown in the circuit diagram of the ion source schematically illusirated in Fig. 4. A bias can be
applied between the powder holder and the plasma side of the extraction electrode. However, no large effect

was observed by changing this bias, and no voltage had been applied between the plasma electrode and the

powder container.

11 Experimental results

In Flg..S is shown a typical mass spectrum of the negative ion beam extracted from the powdery sample
source operated with LiH powder. The amount of Li current was below the detection limit of the system.
Impurity negative ions are mainly O ~ and OH" , which are most likely absorbed from atmosphere during the
time to charge sample powder into the ion source.

In Fig. 6, the exiracted H™ beam current is plotted as a function of the electron bombardment current.
Usually, 10 mA has been the limit of the stable operation of the ion source. With the electron bombardment
current higher than 10 mA, the pressure in the source becomes higher, and the emission current from the
filament becomes larger. This initiates a positive feed back increasing the electron bombardment current,

and finally leads to the arcing of the extraction power supply. The ion source works quite stably with the
electron bombardment current less than 1 mA.
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Fig. 7 Time variation of pressure and the H ~ current after the shaft of the powder container
was pushed-in to supply LiH powder in the ion source.

The amount of negative ions decays with a large time constant, when the ion source was operated with the
structure shown in Fig. 2.|3] By supplying a fresh powder into the place of the electron bombardment, the
negative ion yield is expected to recover the original vatue. Figure 7 shows the increment of the negative ion
upon the shaft of the powder holder was moved to elevate the position of the powder surface. As shown in the
figure, the amount of H ion current increased by the supply of the powder.

The source life, however, is essentially determined by the filament life, rather than the amount of powder.
When the ion source was opened after the operation, a blue compound which seems to be tungsten bronze was
found present in the source. This compound can be produced with the environment of high lithium vapor

pressure. A filament material with a longer life time is necessary to elongate the ion source life.

IV Concluding remarks

A compact negative ion source based on the principle of electron stimulated desorption can be made to fit
into an ordinary miniature conflat flange. At present, operation of 1 nA for more than 8 hours is possible. A
further elongation of the source life requires a development of the material and/or the structure for electron
bombardment. Another possible demerit of using the ion source is the diffusion of the sample powder into the

chamber. These problems are subject for the future developments.
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1, Intreduction

The oxygen plasma often appears in the plasma processing such as
oxidation, ashing, generation of ozone and radicals, etec. It is also important in
considering the process in the lower ionosphere (D-layer). Although the hollow
cathode discharge (HCD) has been investigated much since early years, few
works have been made on the case with negative ions. In our previous works,
HCD in oxygen was investigated by using the probe and laser photodetachment
techniques [1,2]. In former works on the RF discharge in oxygen, the
generation of ozone and negative ions was discussed [3,4]). In our recent study
[6], probe and photodetachment techniques have been applied to obtain the

“electron energy distribution f{E}, the negative ion density and the ratio of
negative ion species.

2, Experimental Apparatus
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The HCD tube with the anode A and the cathode K (i.d. 8mm¢) is as shown
in Fig. 1. Cw Ar* of 488nm and YAG of 1.06um lasers were passed after a
chopper Ci, co-aligned by a resettable mirror Mr. Photodetached electrons



were picked up by the probe and detected by the phase sensitive detector PSD
as the optogalvanic (OQG) signal Irg. A Langmuir probe P was inserted to
measure f(E) by the AC technique. The second derivative ip" of probe
characteristics ip was detected by the lock-in technique at PSD and the optical
emission of O by a monochromator.

Figure 2 shows a schematic of RF discharge made between parallel-plate

electrodes E by a power supply RF of 13.56 MHz through a matching M. A plane
probe is inserted between the electrodes to obtain ip andip". The plasma is

irradiated by a cw YAG laser of 1.06pum near the probe. The OG signal is picked
up by the probe P and measured by a lock-in amplifier PSD by double
choppings. Pulsed YAG lasers of 1.06pm and SHG modes are also used where
the OG signal was detected by a digital storage oscilloscope DSO.

3. Experimental Results
3.1 HCD Plasma

Figure 3 shows Ipy vs the discharge current Iq obtained by using Ar*
(25mW) and YAG (500mW) lasers. From Ipu(Ar+) and Ipu(Y), it is inferred
that at low Ig the density of Og2- is a little higher than that of O- but as I is
increased the density of O- becomes higher. At low I4, the charge transfer
may be frequently occurring in the cathode fall.

0.4

0, 133Pa

---------

Figure 4 shows a typical f{E) in comparison with a Maxwellian fi,
Druyvesteyn fp and the degree-4 type f4. F(E) consists of a sharp peak 1 near
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E=1-2 eV, which corresponds partly to low energy electrons and partly to
negative ions. A second broad peak 2 appearing at E=4-10eV correspond to
thermal electrons, and a bump on the tail 3 around 11eV to primary electrons.
They create negative ions mostly O- through dissociative attachment and
some of O- may be charge-transferred to O2-. The optical emission I, of O (eg.
777.1nm) increased with Iq and decreased with p. This suggests that the
densities of O and O- increase almost linearly with N.. These characteristics
are consistent with the result of calculation of rate equations.

3.1 RF plasma ‘

Figure 5 shows an example of f{E), fexp, in the RF plasma. F(E) deviates
from theoretical types, fM, fp and f5. A sharp peak near E=0 corresponds to
negative ions. The low energy part is deficient due to dissociative attachment.
The middle energy part corresponds to thermal electrons and the higher
energy part to superthermal one originating from the cathode sheath.

The negative ion temperature T. determined from the slope of the ip" is from
0.2 to 0.6 eV. The total negative ion density N. was estimated from the peak
height of ip", T. and the electron density N from the saturated current.

Figure 6 shows a typical OG signal pulse (top trace) obtained by YAG laser
of 1.06um in Og. The lower trace indicates the laser signal measured by a Joule
meter, which shows a longer trace than the laser pulse width of 10ns due to a
slow response.
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Figures 7 and 8 show power and pressure dependences of N. determined by
probe. N. increases with Pr and reaches a maximum at about P=6W while N,



increases with Ps. N. becomes maximum at 30-40Pa. Laser photodetachment
by cw and pulsed YAG lasers has indicated that negative ions O- and O2- exist.
The density of Og2- is smaller than that of O-. The power and pressure
dependences of O3~ by the YAG laser show similar profiles as those of Figs. 7
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4,Conclusion

Densities of negative ions, O~ and Og2-, in the hollow cathode and parallel-
plate RF discharges in oxygen have been measured by the probe and OG
methods. The negative ion density shows a maximum at optimum RF power
and pressure, The calculated result of rate equations is consistent with optical
emission, probe and OG data.

Some parts of the present paper have been published in [7] and [8].
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Density measurement of H™ ions in a cesiated hydrogen discharge using a laser
induced photodetachment method

Motoi Wada, Masaki Nishiura and Toshirou Kasuya
Department of Electronics, Doshisha University
Tanabe, Kyoto, 610-03 JAPAN

Abstract

The density of negative ions of hydrogen(H ) in a cesiated hydrogen plasma has been measured
using a pulse Nd-YAG laser. The change of the electron saturation current upon tﬁe irradiation of
the laser showed a large increase by the introduction of Cs into the discharge, but the time constant
of the current became much larger. Part of the reason for observing this apparent signal of
photodetachment current was the increase of the electron density due lo ionization of Cs desorbed
from the probe by the laser imradiation. To eliminate this noise onto the photodetachment signal, an
orificc probe is uscd to measure the photodetachment signal. A current pulse similar to the one
obtained with a Langmuir probe was observed with an oriﬁcc.probc.

" I Introduction

By adding Cs vapor into a hydrogen discharge, peformance of a negative hydrogen ion(H ~) ion source is
improved. Namely, the extractable H ™ current increases by several fold, the electron drain current from ihc
source is reduced, and the ion source pressure at which the source generates the maximum H ~ ion current is
reduced.[1] Leung was the first who proposed the cause of the enhancement of H ~ production was related to
the surface condition of the ion source.[2] Later, Okumura et al. have demonstrated that the surface
condition of the plasma gnd is critically important to the enhancement of H ~ ions by Cs addition into the
discharge.[3] As confirmed by Mori et al. Cs introduction into discharge reduces the work function of the
plasma grid,[4] and the enhancement of the H ™ current shows nearly an exponential dependence upon the
reduction of the work function.

There are some possible explanations for the enhancement of the H ~ production due to the reduction of
the work function of the plasma grid. One is the direct formation of H ~ at the surface from positive hydrogen
tons and super thermal H atoms.[5] The other is the increase of the density of low energy electrons near the
source wall that may change the plasma potential and the flow of charged particles.[6] In the former model,
a H™ leaves the surface with a momentum directed toward the center of the ion source. For the ions to.be
extracted, it should change its momentum by some collision process. As the source of H ~ is located at the
surface of the ion source wall, H ~ ions should show the distribution larger at the ion source wall. Therefore,
the measurement of the H™ density distribution® near the plasma grid is necessary to understand the
mechanism responsible for the H ~ enhancement by the Cs introduction. In this article, we report the situation
of the H™ density measurement in a cesiated hydrogen plasma using a pulse laser photodetachment method
developed by Bacal et al.[7]) We also extend the photodetachment method to measure the density
distribution using an orifice probe.[8]
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Fig. 1 Schematic diagram of the experimental apparatus.

I1 Experimental apparatus
A schematic diagram of the experimental apparatus is shown in Fig. 1. The ion source is the multline cusp
plasma source of 9 cm diameter and 10 cm length. The source is surrounded with 12 raws of Pr magnets. A
pair of Sm-Co magnets are used to create the filter magnetic field. The plasma grid is electrically connected
to the anode potential, and the hot tungsten filamenlts are used as the cathode of the discharge. The plasma
grid can move in the direction parallel to the axis of the ion source. A Nd-YAG laser beam traverses the
plasma in. the direction parallel to the surface of the plasma grid. Typical energy of the laser pulse was 400
mJ. A 0.05 em diameter tungsten wire is used as the Langmuir probe, and is located at the center of the laser
beam. A positive bias of 12 V is applied to the probe with respect to the anode for collecting the electron
saturation current.

The Mo plasma grid has a 0.15 cm diameter hole at the center, and the shielded extraction electrode is
placed with a 0.15 cm spacing. Inside of the extraction electrode, a Faraday cup with the structure forbidding
entrance of electrons extracted with H ™ is installed. The extraction clectrode can be used as an orifice probe

to measure the temporal change of the probe current upon the irradiation of the laser beam.

111 Experimental results
a. Photodetachment current collected by a Langmuir probe

In Fig. 2, oscilloscope traces of photodetachment currents detected by the Langmuir probe current are
shown. When the photodetachment current current was measured for pure H 5 discharge, a usual oscilloscope
trace of the photodetachment current was obtained. However, when Cs was added into the discharge, a
current signal with a time constant much larger than the photodetachment current without Cs was observed.
The amplitude of this signal became larger as more Cs was added into the discharge. Also, when the
repetition rate of the pulse laser was reduced and the time between the laser pulse was made longer, the

amplitude and the time constant of the current pulse became larger.
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When the orifice probe signal was observed with the probe placed at the position, the electron currentr
collected by the crifice probe showed an increase after about 1 ps. This increase of the orifice probe
current disappeared as the probe was taken out of the position. The density near the plasma electrode
seems to increase as the laser shines the probe. Therefore, the observed increase of the electron saturation
current of the Langmuir probe imradiated by the laser has been probably caused by the increase of the
electron density due to ionization of Cs released from the probe by the laser irradiation.

Assuming the fast rising part of the oscilloscope trace measured upon the irradiation of laser is
_proportional to the H™ density, the distribution of the relative H ™ density is plotted in Fig. 3. For
comparison, we show in Fig. 4 the photodetachment signal measured with a Langmuir probe for a
discharge condition without Cs. As shown in Fig. 3, the photodetachment current was nearly constant for
the spacing between the plasma electrode and the probe larger than 2 mm. Meanwhile, when no Cs was
introduced into the discharge, the photodetachment signal showed a gradual increase and never showed a
flat profile. Also, the value of the photodetachment signal for Cs added discharge was nearly two time that
without Cs. This corresponds to higher H ™ density. Note, that electron density was not largely affected by

the introduction of Cs into the discharge.
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b. Measurement of photodetachment current using an orifice probe

When the amount of Cs introduced into the discharge is more than some limiting value, the fast rising

part of the oscilloscope trace becomes ambiguous, and the measurement of the photodetachment signal by a

Langmuir probe becomes impossible. Thus, an attempt was made to measure the photodetachment current

using an orifice probe.

A waveform very similar to that of the photodetachment electron current collected by a Langmuir probe

located at the center of the laser beam was measured by an orifice probe. When the probe surface, or the

plasma grid surface in case of this experiment, was set close to the laser beam, the wave form changed as Cs

was added into the discharge. The reason for the change of the waveform may be due to the desorption of Cs

adsorbed on the surface of the plasma grid. The change of the electron saturation current observed by the |

laser irradiation is plotted in Fig. 5 as a function of the spacing between the plasma elecirode and the laser.

The signal seems larger when the spacing is smaller, but the photodetached electrons has to travel certain

distance in 2 magnetized plasma, and the interpretation of the result should not be made straight forward.
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IV Summary

A spatial variation of photodetachment current corresponding with the smaller negative ion density near
the plasma electrode surface was measured both by a Langmuir probe and an orifice probe. However, in
case of orifice probe measurement, the detached electrons have to be transported to the position of the orifice
to be detected by the probe. In the experiméntal geometry, there exist a filter magnetic field with the
intensity about 80 G in the region where detached electrons should travel to reach the orifice. The presence
of the magnetic field should be carefully treated to interpret the measured result to the information relevant
io the density distribution of H ~ ions.

The characteristics of the onifice probe, that the charge collecting probe is shielded from the irradiation of
intense laser field, seems superior to an ordinary Langmuir probe. Because a weak maguoetic field is present
in our experimental geometry, ion sensitive probe developed by Katsumata,[9] or the negative ion sensitive
probe developed by Amemniya[10] can be also used with the pulse laser to accomplish the measurement of
H~ density in a Cs seeded hydrogen plasma. These topics will be covered in the future work. -
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Measurement of H™ ion density in a multicusp ion source by a dc-laser-
photodetachment-method
Masaki Nishiura, Mitsuru Yokoyama, Toshirou Kasuya and Motoi Wada
Department of Electronics, Doshisha University, Tanabe - cho, Kyoto, 610-03.
Abstract ' ‘

When the Langmuir probe immersed in a hydrogen plasma was irradiated with an Ar' laser
beam, the electron saturation current showed an increment corresponding with the density of
negative hydrogen ions (H"). The measured photodetachment signal was quite small compared
with the probe current. Consequently, the measured value of the photodetachment current should
include the first derivative component of the probe I-V characteristic. A correction for this
component has been made to determine the true photodetachment current. After the correction,
the ratio of hydrogen negative ion density to electron density was calculated to be about 41 % .

I . Intreduction

Measurement of various parameters in a negative ion source is important for estimating fundamental
properties related with negative ion production. Usually, measurement of negative ion density is difficult,
because the negative ion current is much lower than the electron current. The density distribution of negative
ions can be obtained by measuring the photodetachment current by injecting a laser into a plasma to detach
electrons from negative ions. Bacal et al. [1](2] proposed the method for measuring the negative ion density
and temperature by niaking use of the pulse laser. Amemiya [3][4] showed the negative ions in an O: discharge
could be detected by making use of a dc laser. Yokoyama [5] has shown that the H™ density can be obtained
from the dependence of the photodetachment current upon the distance between the laser and the probe. He
" proposed a method to calculate the absolute value of H density from the photodetachment current laser - probe -
distance characteristics by using a coefficient to correct the measured photodetachment current for sheath
expansion. In this paper, we report the method to estimate the absolute value of the H density using a dc laser.

11, Determination of H density from the photodetachment current

In a volume production-type-negative hydrogen ion source, the H ions are present with the flux much lower
than electrons in the plasma. By an irradiation of a dc laser in the plasma, photodetachment reaction takes
place, and the detached electrons can be collected with a Langmuir probe. The dc laser destroys a part of H-
ions only in its path by photodetachment,

H + photon — H+e.

A very small increase in the electron density is produced by the photodetachment. When the Langmuir probe
is biased at a potential more positive than the plasma space potential, it collects the detached electrons with
electrons in the bulk plasma. However, depending on the shape of the Langmuir probe, a positive bias alters the
shape of the sheath around the probe to change the amount of the collected electron current. To simplify the
argument, we treat the case that the probe is biased exactly at the space potential.

The photodetachment current, collected by an infinitesimal area, 4S, at a distance, r, from the laser is

described as follows:
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(1)
where n_ is the negative ion density, W is the laser power, & is thePlanck constani, and &« is the
photodetachment cross section, respectively. The photodetachment current therefore decreases in inverse
propottion to the distance, ». Equation ( 1 ) gives the absolute value of negative ions density by the
measurement of &fp produced by the dc laser method.
II. Experimental set up
Figure 1 shows a schematic of the negative ion source
used in this experiment. The chamber is a cylindrical
stainless-steel vessel (30 cm in length, 21 cm in Beam
diameter) surrounded by ten ferrite magnets with the
north and south poles alternatively facing the plasma.
Four rows of magnets are mounted on the top plate and

the lower part of the discharge chamber. Two 0.3 mm

diameter, 100 mm long tungsten filaments are used as Permanent Water
magnets

cathodes, and the current to heat these filaments are Flow

supplied from the top plate. The multicusp magnetic field” Fig. 1 Schematic of the negative

of the top plate prevents high energy electrons emitted 1on source and cylindrical probe.

from the cusp of a filament from destroying the H ions in the central region in the chamber by collisional
detachment. |

The Langmuir probe is a tungsten wire { 0.3 mum in diameter, 10mm long ) , and an almina and copper tubes
are used for shielding the signal line. The probe movable in the radial direction, » (0 ~ 25mm ) is inserted into
the vessel . The argon ion laser is used to detach electrons in the plasma. The maximum laser power operated
with a single frequency at wavelength of 488nm is about 10 W. The diameter of the laser beam is about 4mm.

When the photodetachment current is superimposed on a probe current, a small voltage arises across the load
resistor, which should give rise the derivative component of the probe /-F characteristic. Therefore, we must
take this influence of the derivative component on measuring the photodetachment signal into account to use eq.

(1). As one can ignore the terms higher than the second derivative, the photodetachment current can be given

as follows: :
1 .
afptrue - alpdet d] (2)
1-—2R,
dVP

where Ru is the probe registance, &lp« is the detected signal, and &p.. is the corrected signal, respectively.
Hence a probe characteristic needs to be measured simultaneously on measuring a photodetachment current,
The numerical differentiation of the probe trace is done for the correction of a first derivative component in

this work.

— 107 —



IV, Experimental method

Figure 2 shows the schematic diagram of
the measuring circuit of a photodetachment
current generated by a dc laser method. The
Ar' laser is mechanically chopped at a
frequency of 3 kHz by rotating a holed disk.
Apair of ‘the photodiode and a photo
transister generates a signal corresponding
with the laser light chopped by the holed
disk, and the signal is fed to the lock-in-

DMM

oref

amplifier as a reference signal. The Oscilloscope ey

chopped laser beam is introduced into the

plasma through a Pyrex glass window. The  Fig. 2 Schematic diagram of the measurement system
of the photodetachment current.

amplitude modulated photodetachment
current on the dc probe current is measured by a lock-in-amplifier. The probe voltage and the dc probe current
are measured by digital multimeters. The lock-in-ampliﬁér, digital multimeters and the probe voltage generator
are controlled by a personal computer through on [EE488 interface bus. In this series of experiment, the plasma
operating conditions are maintained at 100V of discharge voltage, 3A of discharge current, 4.4mTorr of gas
pressure, and 5 W of lascr power.

V. Results and discussion

In Fig. 3, the photodetachment current and the

probe current are plotted as functions of the probe  80x10 =
potential. When the space potential is assumed to be

the point where the second derivative of the probe 60
current with respect to the probe voltage is equal to
zero, the photodetachment current increases 5
suddenly at the space potential. From this part, the i=
electron temperature of the detached electrons is
calculated to be less than 0.5 eV. The detached 20 -
electron temperature is much lower than the electron

temperature of the bulk plasma. L l l
4
In Fig. 4 the photodetachment current corrected 0 1 i/ 3 .3
for the first deribative component and that without p [V]
the correction are plotted. The corrected Fig. 3 Characteristic of probe current-probe
potential and that of photodetachment current-
photodetachment current becomes 1.7 times the probe potential.

uncorrected value. Although a little change of signal

is seen below 2V and above 4V, this may be the error due to performing a numerical calculation to obtain the
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first derivative,

In Fig. 5 the photodetachment current is plotted as a function of the distance between the center of the laser
beam and the probe to calculate the absolute H™ ions density. As the photodetachment current characteristic
should have the same profile as the probe /- characteristic, we adopted the value of &lp at the turning point of
the &lp-¥ characteristic. To investigate whether &fp is inverse proportional to distance r, 1/8I is plotted vs. 7 in
Fig. 6. The fitting of the measured data t6 a straight line is done for a distance, =3, and &p-r is determined
from the slope of the line. Negative ion density, n_ = 5x 101%m™3 is obtained from eq. {1). The ratio of the
negative ion density to the electron density is about 41% in this experiment. This value is much higher than the
value of the negative ion density obtained by using a Nd-YAG Pulse laser method by Yokoyama et al. [6]

VI. Conclusion

The method to determine the absolute value of the H™ 9 ' ' ' ' ' '
ion density from the photodetachment signal of the dc 600x10 _ O non-co_rrec_tedé
laser yields a value much higher than that measured by 500 _ ® :coxrect.g bt @%
a pulse laser method. The reason for overestimating the Z 400 E
H’ ion density might be due to overevaluating &/p at the "5_' 300
space potential determined with a large uncertainty. To z

. increase the accuracy in determining the space potential 200 :
we continue our research by using a guarded planar 100

probe. Also, the measurement of the derivative of the

probe I-J/ characteristic by superimposing ac current on

a probe current is being scheduled.

2 3
Vp [V]
Fig. 4 The difference between corrected dlp
and detected dlp.

16x10 °
14
12
10

1/81p [A]

r [mm]
Fig. 5 Characteristic of photodetachment

current - distance, r. ' Fig. 6 Characteristic of inverse value of
photodetachment current - distance, 1.

r [mm]
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A New Scheme of the Longitudinal Emittance Measurement

for Negative lon Beams

Katsuhiro SHINTO, Yoshiharu MORI
National Laboratory for High Energy Physics

abstract

A new scheme of the longitudinal emitiance measurement for high energy negative ion beam is
proposed. The energy distribution of the detached electron from the negative ions by the photodetach-
ment process, if the photon energy is almost equal to the electron binding energy of the negative ion (=
electron affinity of the atom), reflects that of the original negative ions. Therefore, by introducing the
photon in a short width comparing with the bunch width of the negative ion beam, the longitudinal
energy distribution of each phase of the beam, that is the longitudinal emittance, can be measured.

1 Introduction

In the KEK 12 GeV proton synchrotron (KEK-
PS), the negative ion beams are used as an in-
jecting beam to the synchrotron for increasing
the beam intensity due to the charge-exchanged
multi-injection. In case of the beam injection
from the injector to the synchrotron, the match-
ing between the emittance of the injecting beam
and the acceptance of the synchrotron is required
to accelerate the beam effectively. The trans-
verse matching (two directions perpeixcliCLllal' to
the beam advanced direction) has been investi-
gated sufficiently(!). According to the longitudi-
nal matching (the beam advanced direction}, the
central value and the distribution of the beam

energy are used as a standard of beam injection.

The adiabatic capture methed is used at the
injection to the booster synchrotron. The beam
cannot be captured completely by this method.
The particles near the outside of the ri bucket
become the loss because they are out of the sta-
ble orbit due to the pertubation. Removing the
loss, the beam chopping or the beam bunching
is required in order not to put the particles into
the outside of the rf bucket beforehand. If the
beam chopping is possible, it is also possible to

inject the beam at a high tf voltage beforehand.

However, the chopped beam matching with the
acceptance of the synchrotron is required to in-

ject to the synchrotron.

To examine the longitudinal beam matching
entirely, it is necessary to measure the longitudi-
nal emittance of the beam correctly. In case of
the beam chopping, it seems to be most impor-
tant to obtain the information of the longitudinal

emittance at matching with the tf backet.

The energy distribution of the beam from the -
linac is measured by an electromagnetic analyzer,
and the matching is optunized by monitoring the
time-transition of the measured energy distribu-
tion. However, there are some problems such as
the large-sized measurement system, the possi-
bility of the increase of the measurement error
during the beam transport, the lack of the infor-

mation about the phase of the bunched beam.

Recently, the measurement by the laser light
mjection is reported for measuring the negative
ion density in the plasma®-(%)_ [t is examined
through the photodetachment process by intro-
ducing the photon, of which the energy is more
than the binding energy between the atom and

the additional electron, mnto the plasma.

In this paper, the new scheme of the longitudi-

nal emittance measurement for high energy neg-
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ative ion beam is reported. By using the feature
of the negative ion beam injection, it is thought
that the energy distribution can be measured eas-

ily through the photodetachment process.

2 The measurement principle of the lon-

gitudinal emittance

The negative hydrogen ion, {(H™), as an inject-
ing beam of the KEK-PS, is an lon that is at-
tached additional electron to H atom. The bind-
ing energy is defined as an electron affinity, E,,
and E; = 0.754 ¢V for H atom. Introducing the
energy corresponding to the electron affinity to
the negative ion, the electron in the negative ion
is detached easily.

This detached electron lla;s as same velocity

“as the original negative ion does. If the energy
transfer 1s too small to neglect on detaching the
electron, the ratio between the momentum of
the detached electron and that of the negative
ion i1s equal to the ratio of between their masses

e = . for H™). The system for measuring

my- — 1838
the energy distribution of the detached electron

will be small for the ratio of the masses compar-

ing with that of the negative ions.

A pulse laser will be used to detach the elec-
tron. By taking the time width of the laser in-
Jection much smaller than that of the bunched
beam, the energy distribution of each phase of
the bunched beam can be measured. It shows
that the measurement of the longitudinal emit-

tance can be measured.

3 Calculations for the longitudinal emit-

tance measurement

3.1 Detached electron current density

The schematic of the interaction belween the
negative ion beam and the laser light is shown in
Fig. 1. When the intensity and diameter of the
negative lon beam are Iy - and d; and Lhe laser
power, the diameter and the photon energy of

laser are P, dy and hy, respectively, the detached

electron current density, j, is given by,

- IGIH—O'PQ
7= w2didzhve

(1)

where, ¢ and ¢ are the light velocity and the

cross-section of the photodetachment. The cross-

H” Beam
Intensity 1y-

Diameter d IH- >

1
-

Cross-section o

Laser Light
Power P

Diameter d,
Photon Energy hv

dy

Fig. 1 Interaction between H- beam and laser light.

section of the photodetachment of H~ is about
5x 10717 em?(3). For f.::(a,mpler when the experi-
mental conditions are 10 mA H™ current, 10 mm
H- beam diameter, 10 W laser power, 2 mm
laser beam diameter and 1 eV photon energy, the
detached electron current density is estimated
8.4 nAfcm®,

3.2 Energy distribution of the detached

electron

‘When the photon energy is several eV higher
than the eleciron aflinity at detaching Lhe clec-
tron from the negalive ion, the energy shift from
the energy, By, of the electron detached by the
photon of which the energy seems to be equal Lo
the electron allinity is occurred. The momentum
diagram of the detached electron at the photode-
tachment process is shown in Fig. 2. The de-
tached electron after the photodetachment pro-
cess 15 assumed Lo be scaltered to arbitrary di-

rection with the momentum, P2, due to the differ-
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ence between the photon energy and the electron
affinity. The detached electron energy, £, mea-

Stripped eleciron

Fig. 2 The energy shift of the stripped
electron energy.

suring at the laboratory system is given by,

1
= —{Pp + P2}’
E Q'nlg{ 0+ e}

::E’o{1+‘2”‘,w—_&cos€}. (2)
Eq

In case of measuring the energy of the detached

120 T T T
Eo= 10.88 keV ;
E.= 0754 eV
for 26MeV H" beam | E H

15 : ]

0.0

Stripped eleciron energy (keV)

(1] 2 4 & B 10
Differcnce between the photon energy and the electron afinity (e¥)

Fig. 3 The stripped electron energy dependence
upon the difference between the photon energy
and the electron affinity.

electron at the infinite distant point, there are
two energy values, i and E_, of the detached
electron corresponding to Lhe scattering angle 0
= 0 and =, respectively(®, The energy value, By,

is given by,
‘ Ei+E_
5 )

The electron energy detached from 20 MeV H™

Ly = (3)

beam dependence upon the difference between

photon energy and the electron affinity is shown
in Fig. 3.

In practice, because the acceptance of the mea-
surement systemn has a finite dimension, there is
the finite width, AE, in the measured detached
electron energy. The energy width, AE is given

pE=2 a1 D ost) (4)
Ey

The energy width dependence upon the electron
scattering angle and the difference between pho-

by,

ton energy and the electron affinity is shown in
Fig. 4.

001 L

AE (keV}

0.001

0.0001 I i i i
3 2 a P 8 10

Difference between the photon energy snd the electron affinity (V)

Fig. 4 The energy width dcﬁendence upen
the difference between the photon energy
and the electron affinity.

From these results, the correct energy value of
the negative ion beam can be measured [rom the
two detached electron energy values, and the en-
ergy distribution of the negative ion beam can be
measured by suppressing the acceptance of the

measurement system.

3.3 Energy analysing system

A 90° electrostatic energy analyzer will be
used for the energy analysis of the detached clec-
tron. For measuring the energy distribution of
detached electron accurately, the high resolution
of the analyzer must be required. The energy res-

olution dependence upon the difference from the
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central orbit of the incident particle and the dif-
ference from the correct incident angle is shown

in Fig. 5. From this result, to satisfy the resolu-

0.001

Resolutlon

¥ dx/x=0.0001 [

t
£
.; : é S
i bdiaiil

0.0001 i i i i

A8 (degree)

Fig. 5 The resolution of the electrostatic energy
analyzer dependence upon the difference from
the central orbit and that from the incident angle,

tion below 5 x 1077 at z = 20 cm, the slit wirdth,
Az, of the analyzer must be 40 pm. The sepa-
ration of the detached eleciron from the negative
1on will be used the sector magnet. If the accept-
able angle, ¢, of the measurement system is below
2 mrad, the energy dispersion, %, is under 5x
10~%. When the deflection angle of the magnet
is 30°, the radius of curvature of the magunet is

22 cm for measuring the energy distribution.

4 Sumunary

The new scheme of the lengitudinal emittance
measurement for negative ion beams using the
detached electron by the photodetachment pro-
cess 1s proposed, and the calculations for the de-

sign of the measurement are examined.

¢ The current density of the detached electron
produced by the pholodetachment process is

estimated at several nA/em®.

» There will be two peaks of detached electron
energy distribution. The energy value corre-

sponding to the negative ion beam can be

obtained from the average of these two en-
ergy values. The energy distribution of the
original negative ion beam can be measured
by suppressing the acceptance of the mea-

surement system.

e The energy distribution of the negative ion
beam can be measured by the compact mea-

surement system of the detached electron.

s The energy distribution of each bunch of the
negative ion beam can be measured by using
the time width of the laser light injection
short enough to that of the bunched beam.
It shows that the longitudinal emittance of

the negative ion beam can be measured.
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