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Abstract

During the experiment of high-current ion source on EAST NBI test bed, the Doppler shift spectroscopy (DSS)
is used to measure the hydrogen alpha lines emitted by excited atoms. The multi-peak Gaussian fitting gives the
distribution of the original DSS spectra data, the beam energy and the fractions of the beam species can be
calculated for different operation parameters of ion source. It is known that the proton ratio increases with the arc
power, the beam energy and the perveance, this phenomenon can provide a reference for higher power neutral
beam extraction. According to the experimental results, the maximum proton ratio is near 78% under the arc
power is about 65kW. This result indicates that the high-current ion source extraction match the design
requirements.
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1. Introduction

Neutral beam injection (NBI) has widely been used in thermal nuclear fusion experiments for auxiliary heating
(Hu & Team, 2012; Jeong et al., 2012; Liang, Hu, Xie, Guo, & Xie, 2011; Thomas, Grierson, Burgos, & Van
Zeeland, 2012; Tsumori et al., 2006). The high proton ratio can improve the efficiency of plasma heating and
current drive, so it is essential to know just the variations of the beam species with discharge parameters. The
beam species measurements have been taken for the high-current ion source conditioning on the EAST NBI test
bed, and the experimental results will be described in the paper.

For the EAST NBI test bed experiment, the design value of neutral beam energy is from 50keV to 80keV (Hu,
Xie, & Team, 2012). The conventional calorimetric and electrical measuring devices suffer severe damages from
high power neutral beams (Kamperschroer et al., 1987). To diagnose the performance of extracting beams from
EAST-NBI ion source, we develop a non-contact DSS optical diagnostic system by detecting the hydrogen
Balmer-alpha emission lines. It can give the beam components by the intensity of spectral lines and effective
cross sections. The DSS system can achieve online and real time measurement, as well as the computerized data
restore and the storage capability allow a further data analysis (Burrell, Cooper, Smith, & Steele, 1980). The
paper focuses on the variation of the beam species with discharge parameters, such as the arc power, the beam
energy, the perveance and the gas flow rate, according to the data acquired from the DSS optical diagnostic
system.

2. Experimental Setup

As shown in Figure 1 (a), the EAST NBI system mainly consists of ion source, neutralizer cell, vacuum chamber,
bending magnet, residual ion dump, calorimeter, control system, cooling water system, diagnostic system.
Among these, the ion source is the key element, comprising a magnetic cusp bucket plasma generator and a
multi-slit tetrode accelerator. Deuterium gas is puffed into the arc plasma generator and ionized, and then the
positive ions (D, D,* and D;") are extracted and accelerated through an electrode system in the accelerator to
form ion beam. Part of the ion beam convert to the neutral beam through charge exchange collisions with the gas
target in the neutralizer cell. After that, the residual ions are bent into ion dump by the bending magnet
component. And the energetic neutral beam move further downstream to the calorimeter for testing or into the
EAST for heating. The EAST NBI test bed has a similar design with the EAST NBI system.
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The experiment has developed the Doppler shift spectroscopy optical system to diagnose the beam components.
Since the electron-atom/ion collisions and the background gas in the neutralizer cell have a great impact on the
results (Liang, Hu, Xie, Xie, & Nbi-Team, 2010; Uhlemann, Hemsworth, Wang, & Euringer, 1993), and the
large deviation will appear if the following calculation model is used in the neutralizer. So we measure the Ha
lines which are collected between neutralizer and bending magnet in this experiment. We have set up a lens to
collect the hydrogen alpha lines in the horizontal plane. The viewing angle, by definition, is an angle between
sightline and the beam axis. The sightline makes an angle of 113° with the beam line near the bending magnet as
shown in Figure 1 (b). The optical fiber transmits the optical signals to a Czerny-Turner spectrometer with
equipping a charge coupled device (CCD) camera. The CCD camera converts optical signals to electrical signals,
the experimental data are recorded in the computer finally.
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Figure 1. The sketch of (a) the neutral beam injector for EAST; (b) the DSS optical diagnostic system
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3. Calculation of Beam Components

On the EAST-NBI test bed, the positive ion source adopts hydrogen as working gas and extracts three ionic
components H', H," and H3" with the same kinetic energy E. Undergo the process of dissociation, ionization,
combination with the gas target molecules in the neutralizer cell, the molecular ions dissociate into half-energy
and third-energy atoms along with the full-energy atoms, finally 14 sorts of particles are formed in three groups
(Khachan & Collis, 2001; Wei, Hu, Liang, & Xie, 2013; Wei, Hu, Xie, & Liang, 2013; Yoo, Yang, & Hwang,
1999):

H* (E) ions: H" (E), H (E), H (E);

H," (E) ions: H* (E/2), H (E/2), H (E/2), H," (E), H2 (E);

H;* (E) ions: H" (E/3), H (E/3), H (E/3), H>" (2E/3), H2 (2E/3), H3* (E).
Each particle fraction can be calculated as a function of the gas-target thickness for various particle energies,

based on the law of conservation of particle number in each group, the evolution equation (Kim & Haselton,
1979; Williams, Geddes, & Gilbody, 1982; Yoo, Yang, & Hwang, 2000) (1) is:

dn’
dr

=Z(cﬁni —cﬁnj) (1

i#j

Where n denotes the particle relative number in each group, ¢; denotes the reaction cross-section that the particle

changes from i to j, 7= Ingdl is the gas target thickness along the beam-line, n, is the gas density in the

neutralizer cell. The bigger the gas target thickness, the higher efficiency of neutralization. At the best gas target
thickness that 7 is enough high, all particles will reach dynamic equilibrium under the complete dissociation of
extracted molecular ions and the equilibrium between ionization and charge-exchange. Then, Equation (1) has
been used to calculate the particle relative proportion in every group, for example H* (E) fraction is as Equation

@
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In the experiment, since we measure the Ha lines which is collected between neutralizer and bending magnet
where the background gas pressure is low, the residual gas density and the beam species density along the
beam-line are constant. And electron density is lower than the gas density, so collisional de-excitation is low
compared to the radiative decay rate, so we can use the corona model (Polosatkin, 2013; Umeda et al., 2006) to
calculate the population of the excited states in the neutral atomic beam, where collisional excitation of a level is
balanced by the radiative decay (Uhlemann et al., 1993). The Ha lines are emitted from the n=3 to n=2 state of
the excited hydrogen atoms by collisions of the beam with the background gas, and the processes of transition
have 3s-2p, 3p-2s and 3d-2p under selection rule. The emissivity is defined as Equation (3):

dN(H*)

dt =ovnny,

A3)
v;, n; show the velocity and density of the particle, 0;is the corresponding excitation cross section factor, ny is
the density of the background gas. Finally, based on the previous analysis, the ratio of the beam species is
derived as Equation (4):
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Where /), I, I denote the light intensity of each peak respectively, represented by the peak area. The expressions
(0,.0,,0;) are as Equations (5), (6), and (7):

o, =0 [ (E)+0o] ;' (E) (5)
E E B E + +
0, :Oﬁo(z)ﬁo(E)JrO'l (E)fl (5)+0'20(E)f20(E)+0'2 (E)f, (E) (6)
VE o E . E .. E  2E 42E L 2E .2E . .
0 =0, (?)ﬁ (;)‘*‘0'1 (?)ﬁ (g)‘*‘o'z (T)fz (T)"‘O'z (T)fz (T)"‘O'; (e f; (E) ()

In the above expression, O ba denotes the excitation cross-section of the corresponding particle (a=0, 1, b=1, 2, 3),
which is the function of beam particle energy.

4. Experiment Results
4.1 DSS Spectrum

A typical DSS spectrum of the Ha lines emitted by 46keV neutral beam for the shot 30117 is shown in Figure 2.
The most intense unshifted peak is emitted by the background gas coming from the arc chamber and the neutralizer
cell. The smallest peak is produced by low energy hydrogen atoms which result from the dissociation of H,O" ions.
The three most shifted peaks are emitted by excited hydrogen atoms coming from the H', H>" and Hs" ions,
corresponding to energy of E, E/2, and E/3, where E is the accelerated energy. The baseline signal peak is also
shown in Figure 2. Generally the hypothesis is that each peak is composed of spectral lines emitted by the same
velocity particles, all peaks can be separated. Figure 2 shows the spectrum of blue shift acquired from the lens. It is
assumed that the spectral lines meet Gaussian distribution. Six Gaussian peaks are fitted to the DSS data and the
fitting curves are in good agreement with the experimental data.

4.2 Analysis of Beam Components

Figure 3 shows the species fraction as a function of the arc power for the acceleration voltage of 42kV. The H*
fraction and H," fraction increase, whereas the fraction of Hs" decreases with the arc power increasing. It is
mainly because more energetic electrons produced in the plasma generator make more molecular ions dissociate
to atomic ions as the arc power rises (Burrell et al., 1980). The results suggest that, the arc power should be
increased in order to extract an ion beam in which the H ions are dominant in the experiment.
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Figure 2. Spectrum of the Ha lines emitted by a 46keV beam
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Figure 3. Beam species as a function of the arc power with the acceleration voltage of 42kV

The variation of the beam compositions as a function of the beam energy is shown in Figure 4, where the
perveance (defined by the ratio of the beam current to the extraction voltage) is held fixed at 2.4pP. As the beam
energy increases, the fractions of H" and H," ions have a steady increase while the Hs" fraction decreases. The
proton ratio is about 75% when the beam energy is 70keV. The main reasons perhaps are: 1) when the perveance
is held fixed at 2.4uP, this increase of beam energy is equivalent to increasing beam current. It means that the
higher the densities of the primary ions and electrons are, so the more fraction of H* ions increases due to more
collisional of molecular ions; 2) maybe there are more collisional dissociations of molecular ions in the
extraction process as the accelerating voltage increases.
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Figure 4. Beam species as a function of the beam energy with the perveance held 2.4uP

On the EAST NBI testbed, we have conducted a number of experiments of the perveance which is from 2.4 to
3.1 with different parameters. In Figure 5, when the beam energy retain constant, the full energy species and half
energy species increase, while the third energy species decrease as the perveance goes up. The maximum
increasing rate achieves about 10%. So we may increase the optimal perveance corresponding to minimum beam
divergence within a certain range appropriately, to improve the proton ratio in the future experiment.
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Figure 5. Beam species as a function of the perveance with the beam energy held constant
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Figure 3, 4, and 5 show essentially the beam species variations with source parameters, such as the filament
voltage, the arc voltage, and the arc current, but we can also change the beam compositions by tuning the gas
flow rate in the ion source. Figure 6 shows the beam compositions vary with the gas flow rate for the
acceleration voltage of 40kV at the same arc power. We find that the full energy species fraction is not very
sensitive to the gas flow rate within the range of experimental measurement. The fraction of H»" ions decreases
and the fraction of H3* ions increases. When the gas pressure is larger than the required operation value in the
plasma generator, Hy" ions convert to H3" ions (Burrell et al., 1980). The process for producing Hs* in the ion
source is Ho"+H>—H;" +H. So the gas flow rate should be set as an appropriate value, it is expected that both the
arc chamber produces enough high density of plasma and the H3* fraction is a smaller amount.
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Figure 6. Beam species as a function of the gas flow rate for the acceleration voltage of 40kV

5. Conclusion

The main purpose of the testing experiment is to diagnose the beam species characteristics and optimize the
high-current ion source performance by tuning the operational parameters which include the arc power, the beam
energy, the perveance, the gas flow rate. The experimental results obtained by the Doppler Shift Spectroscopy
(DSS) optical diagnostic system show that the beam species fractions remain almost the same tendency as the arc
power, the arc current, the beam energy and the perveance increase: the fractions of H" and H," ions increase, of
H;" ions decreases. The fraction of H3" ions can be minimized by tuning the gas flow rate.

Simultaneously, we will further take into account of optimizing the magnet configuration in order to tailor the
electron energy in the extraction region to influence the ion species yield, and the optimizer of Gaussian fitting
program and the cross section fitting to improve the accuracy of the calculation results. Based on the testing
results, the optimal parameters are sorted out to a database document which provides the reference of extracting
the high proton ratio neutral beam for EAST.
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