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1. Introduction

Proton ion sources are useful in various fields.
Traditionally, the main field of use is accelerator.
Today’s accelerators require increasingly higher beam
power [1]. Another area where proton ion sources are
used is nuclear fusion. A neutral beam injector is used for
plasma heating or diagnostics in the fusion field. It
requires a high current beam of high energy too [2,3].
Neutron generators are also an important application area
of proton ion sources [4,5]. Deuteron-triton or deuteron-
deuteron collisions are often used for neutron generation,
so a high-performance deuteron (proton) beam ion
source is essential. Thus, the critical performance
required of the proton ion source is high beam power or
current. On the other hand, it is also important to make
more efficient beams. A high monoatomic fraction beam
is the case. If molecular ion beam such as H*, Hs* are
incident on the facilities, this will result in beam loss or
reduce the reaction within the facilities.

In this work, a model to calculate the ion species
fraction of hydrogen plasma is established. Using this
model, the tendency of the change of the ion species
fraction according to the plasma parameters is grasped,
and the direction to increase the monoatomic fraction is
set up. To obtain the experimental results, a PIG
(Penning or Philips lonization Gauge) ion source is used.
To measure the ion species fraction, a dipole mass
analyzing magnet is used. Finally, the improvement
direction of the ion source is set by comparing the
experimental results with the tendency indicated by the
model.

2. Numerical Model of Hydrogen lon Species

The ratios of the ion species can be calculated from the
equations of particle balance in production and
destruction for each species of neutral particles and ions
in the source plasma. The most general form of the
particle balance equation for the steady state of the
discharge is thus
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where p and d indicate production and destruction
processes for the ith species, n; is the species density, a;
is the number of particles of the species, k;j is the rate
constant of the process, N; is the number of the reactants

involved, nj is the density of the Ith reaction partner and
kr is rate constant for surface process reactions [6]. In
addition to Eq. (1), the conservation of total hydrogen
atoms and the charge neutrality is used together to solve
the problems.
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The volume reaction processes considered in the
model and its notation for the corresponding rate
coefficients are as Table I [7,8].

Table I: List of Volume Process Reactions

Rate coefficients

Reactions <ov>
H+e » HY + 2e a,
Ht+e > H+ hv a,
H,+e —» 2H+e as
H, +e > HI +2e ay
H,+e > H" + H+ 2e as
Hf +e - 2H* + 2e ag
Hi +e > H" +H+e a;
Hf +e - 2H ag
Hf +e —» H,+H ag
Hi+e > H"+2H+e aq
Hf +H, - Hi+H ag;

Table II: List of Surface Process Reactions

Reactions Rate constants
(wall) 1
— -H, YDeys/Noyy
g+ e 1/ty+ = upy+Aess/V
11
H;‘ (W_az HZ 1/\/ETH+ = uB‘H;Aeff/V

(wall)

Hf — H,+H 13ty = ugytAers/V

Table 1l is the list of surface process reactions [6,9].
Ty+ Is the characteristic for ion wall loss, ug 4+ is the

Bohm velocity of the relevant positive ion, A, is an
effective area. Dgcf is the effective diffusion coefficient
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describing the superposition of free Knudsen diffusion
and collisional diffusion processes, A%, is the effective
diffusion length and y is the wall recombination factor.

Fig. 1 represents the change of reaction rate
coefficients according to the electron temperature [10].
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Fig. 1. Reaction rate coefficients of 11 reactions listed in
Table I.

If this established model is calculated according to the
change of the plasma parameters, the ion species fraction
of the hydrogen plasma can be obtained. Among the
plasma parameters, the operating pressure and the
electron temperature have the following relationship
[11,12].

Kiz(Te) — 1
Up (Te) ng deff
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Where K;, is the rate constant for electron impact
ionization, ny is the neutral density and d.sf is the
effective plasma size which is defined as the ratio of
plasma volume V to effective area A,z5.

Considering Eq. (4), we can obtain the result as shown
in Fig. 2 by calculating the given model. Fig. 2(a) is
plasma density dependence of ion species fraction. The
operating pressure is fixed at 10 mTorr. It shows that as
the plasma density increases, the monoatomic fraction of
the hydrogen plasma increases. In order to obtain a ratio
close to 90%, the plasma density should be increased
around to 1x10'® cm. Fig. 2(b) is operating pressure
dependence of ion species fraction. The plasma density
is fixed at 1x10% cm. In this case, as the operating
pressure decreases, the monoatomic fraction increases.
The dotted line in Fig. 2(b) is the change of electron
temperature by operating pressure. From this relation,
the monoatomic fraction increases as the electron
temperature increases.

In summary, to increase the monoatomic fraction, the
plasma density should be increased and the pressure
should be lowered.
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Fig. 2. Changes of hydrogen ion species fractions (a) by
plasma density (pressure = 10 mTorr), (b) by operating
pressure (ne = 1102 cm’3).

3. Experiments and Results

The Penning plasma ion source is constructed as
shown in Fig. 3. It consists of a tubular anode and 2
cathodes at each side. The inner diameter of anode is 25
mm, and its length is 40 mm, 25 mm diameter cathodes
are set away from anode by 5 mm. So the discharge
volume is 25 mm (D) < 50 mm (L).

cathode

extractor

Fig. 3. Basic structure of Penning discharge plasma ion
source.
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At one of the cathodes, an aperture is placed to extract
ion beam. An extractor is set by the extraction hole. To
make Penning discharge, magnetic field is set along the
axis of anode. Magnetic field is generated by a solenoid
coil and can be changed by adjusting coil current.

The discharge is performed by changing conditions as
the magnetic field, 400 — 1000 G, the operating pressure,
2 — 20 mTorr and the discharge current, 10 — 400 mA.
The ions in the discharged Penning plasma is extracted
by 5 kV potential and ion mass is analyzed by dipole
magnet. Fig. 4 is an example of analyzed ion mass and
the fraction of its species.
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Fig. 4. An example of hydrogen ion species fraction
measurement.

Fig. 5 is the changes of ion species fraction by
discharge conditions and the comparison with the results
of modeling. The variables of this discharge are magnetic
field, discharge current and operating pressure. In this
case the magnetic field is fixed at 800 G. Fig. 5(a) shows
the discharge current about 100 — 300 mA corresponds
to the plasma density around 1>x10° — 1<10%* c¢m?3. The
measured monoatomic fraction is below 10%. In Fig. 5(b)
the discharge current of experiment is approximately 100
mA and the plasma density of the modeling is 1><10%
cm®. In these condition, the behavior of ion species
fraction by pressure is similar between the experiment
and the modeling. It also shows the monoatomic fraction
is very low and the discharge current is insufficient to
make high density plasma.

In this experiment, the power supply which applies the
discharge current to the plasma source do not have
enough power to draw several amperes of current, so that
just @ maximum of a few hundred milli-amperes of
current can be applied. It is a glow discharge regime and
plasma density is not so high. To get high monoatomic
fraction, the plasma density has to be raised drastically.
So new power system which can apply several amperes
to the discharge should be set up.
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Fig. 5. Measurement of hydrogen ion species fractions and

comparison with the model results (a) by discharge current (B
=800 G, pressure = 10 mTorr), (b) by operating pressure (B =
800 G, discharge current = 100 £ 10 mA / ne = 1X10% cm’3),

4. Conclusions

A model for the hydrogen ion species fraction was
developed and performed. It is demonstrated that high
plasma density and low operating pressure are likely to
increase the monoatomic fraction. The hydrogen ion
species fraction is actually measured at a Penning plasma
discharge source and compared with the model. The
measured monoatomic fraction is about 10% or below.
This is because the discharge current is low and so the
density of the generated plasma is low too.

In order to obtain a monoatomic fraction close to 90%,
the plasma density should be increased around to 1103
cm 3. To obtain that plasma density, the discharge regime
has to transit glow to arc. For that, several amperes of the
discharge current are needed. To accomplish this
performance, new power systems have to be set up.

REFERENCES

[1] R. Scrivens, Proton and lon Sources for High Intensity
Accelerators, Proceed. EPAC, p.104, 2004.



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 18-19, 2017

[2] K. Choe, B. K. Jung, K. J. Chung and Y. S. Hwang,
Development of a Radio Frequency lon Source with Multi-
Helicon Plasma Injectors for Neutral Beam Injection System of
Versatile Experiment Spherical Torus, Rev. Sci. Instrum.
Vol.85, p. 02B318, 2014

[3] B. K. Jung, K. J. Chung. Y. H. An, J. Y. Park and Y. S.
Hwang, Development of a High-Current lon Source with Slit
Beam Extraction for Neutral Beam Injector of VEST, Fusion
Eng. Des. V0l.96-97, p. 438, 2015

[4] H. D. Jung, M. J. Park, S. H. Kim and Y. S. Hwang,
Development of a Compact Helicon lon Source for Neutron
Generators, Rev. Sci. Instrum. Vol.75, p. 1878, 2004.

[5] H. D. Jung, J. Y. Park, K. J. Chung and Y. S. Hwang,
Development of a High-Current Helicon lon Source with High
Monoatomic Fraction for the Application of Neutron
Generators, IEEE Trans. Plsama Sci. vol.35, p. 1476, 2007

[6] R. Zorat, J. Goss, D. Boilson and D. Vender, Global model
of aradiofrequency Hz plasma in DENISE, Plasma Sources Sci.
Technol. Vol.9, p. 161, 2000

[7] O. Fukumasa, R. Itatani and S. Saeki, Numerical simulation
of hydrogen ion species in the steady-state plasma of low-
pressure ion source, J. Phys. D: Appl. Phys., Vol.18, p. 2433,
1985.

[8] H. D. Jung, Compact hydrogen helicon plasma ion source
with high current density and high monoatomic beam ratio, Ph.
D. dissertation, Seoul National University, 2009.

[9] K. J. Chung, J. J. Dang, J. Y. Kim, W H Cho and Y. S.
Hwang, Kinetics of Electrons and Neutral Particles in Radio-
frequency Transformer Coupled Plasma H- lon Source at Seoul
National University, New J. Phys. Vol.18, p.105006, 2016.
[10] R. K. Janev, W. D. Langer, K. Evans, Jr. and D. E. Post,
Jr., Elementary Processes in Hydrogen—Helium Plasmas,
Springer-Verlag, Berlin, 1987.

[11] M. A. Lieberman and A. J. Lichtenberg, Principles of
Plasma Discharges and Materials Processing, Wiley-
Interscience, Hoboken, NJ

[12] K. J. Chung, B. K. Jung, Y. H. An, J. J. Dang and Y. S.
Hwang, Effects of Discharge Chamber Length on the Negative
lon Generation in Volume-produced Negative Hydrogen lon
Source, Rev. Sci. Instrum. VVol.85, p. 02B119, 2014



