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HIGHLIGHTS

e A supporting power supply system was designed in details for a RF-driven prototype negative ion source at ASIPP.
® The RF power supply for plasma generation adopts an all-solid-state power supply structure.
® The extraction grid power supply adopts the pulse step modulator (PSM) technology.
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In order to study the generation and extraction of negative ions for neutral beam injection application,
a prototype RF-driven negative ion source and the corresponding test bed are under construction at
Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP). The target of the negative ion source
is extracting a negation ion beam of 350 A/m? for 3600s plasma duration and 100s beam duration.
According to the required parameters of test bed, the design of power supply system is put forward
for earlier study. In this paper, the performance requirements and design schemes of RF power supply
for plasma generation, impedance matching network, bias voltage power supply, and extraction voltage
power supply for negative beam extraction are introduced in details. The schemes provide a reference
for the construction of power supply system and lay a foundation for the next phase of experimental

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

As a well-established technique for plasma heating and current
driver, the neutral beam injection (NBI) is a promising option for
future fusion devices, such as ITER [1], JT-60SA [2], and DEMO [3].
Because a long penetration distance of neutral beam is required
in these large devices, an initial negative ion beam is necessary
to attain an acceptable neutralization efficiency. According to the
previous experimental results [4-6], one of the largest challenges is
to increase and maintain the production efficiency of negative ions
(extracted ion current density >300 A/m?) in a long pulse operation
(plasma pulse >3600s).

For the research and development on the generation and extrac-
tion of negative ions, a prototype RF-driven negative ion source [7]
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(showninFig. 1)and the corresponding test bed are under construc-
tion at Institute of Plasma Physics, Chinese Academy of Sciences
(ASIPP). The main parameters of the prototype RF-driven negative
ion source are listed in Table 1. Such concept of RF-driven negative
ion source for NBI application has been demonstrated on several
testbeds[8-10],and itis chosen for the final design of ITER-NBI neg-
ative ion source. The application of RF driver is beneficial to steady
state operation and Cs surface production of negative ions without
tungsten pollution [1,6]. The plasma from the RF driver diffuses into
the bucket chamber for further collisions to generate negative ions.
A magnetic filter is used to cool down the electron temperature in
front of plasma grid [11]. Because the high energetic electron will
destroy the negative ions. The magnetic filter may also reduce the
co-extracted electrons. The negative ions are extracted and accel-
erated through a multi-aperture grid system [12]. Rows of magnets
are embedded inside the extraction grid to deflect the co-extracted
electrons. Moreover, in order to suppress the co-extracted electron,
the plasma grid is positively biased against the source [13].
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Fig. 1. The prototype RF-driven negative ion source at ASIPP.

Table 1
The main parameters of prototype RF-driven negative ion source. RF I:
Parameter Description PS sosy < :
Species H _
Plasma generator RF driver, 50 kW BIAS
Dimension 65cm(L) x 26cm(W) x 19cm(H) PS T PG
Extraction area 12 x 48 cm?
Extraction voltage <12kV _ —.C3 EG
Acceleration voltage <50kV EG
Apertures 5 x 6 each segment, 4 segments, 14 mm PS +
Ion current >350 A/m? with Cs-seeded
Electron content (je/ju-) <1 —
Pulse length >3600 s negative ions production AG
100 s negative ions acceleration PS T+ GG (0kV)

The first target of prototype RF-driven negative ion source is
long pulse (>3600s) generation of negative ions in the Cs-seeded
RF source. The second target is high current density (>350A/m?)
extraction of the negative ion beam. In order to realize these targets,
a power supply system for the test bed is in development, which
includes RF power supply, bias voltage power supply, extraction
voltage power supply, and acceleration power supply. The design
of each power supply is analyzed in details in this paper.

2. Overview of power supply system

According to experimental requirements and the other power
supply systems for negative ion based NBI [14-17], the power sup-
ply system for the negative ion test bed at ASIPP consists of several
independent parts (shown in Fig. 2): (1) high power RF power sup-
ply (RF PS) and matching network for driving and generating the
plasma, (2) extraction grid power supply (EG PS) for extracting the

H —

Fig. 2. The power supply system for negative ion test bed at ASIPP.

negative ions, (3) bias voltage power supply (BIAS PS) for changing
the plasma voltage to increase the yield of negative ion and sup-
press the co-extracted electron, and (4) acceleration grid power
supply (AG PS). As the requirement of acceleration voltage is not
high at the present stage, the AG PS adopts the existing acceleration
grid power supply of neutral beam test stand at ASIPP [18,19]. The
power supply for extraction grid is an independent unit instead of
a branch of acceleration power supply.

3. RF power supply and matching network
3.1. RF power supply

According to the research plan of prototype RF-driven negative
ion source, the design parameters of RF power supply is the out-
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Fig. 3. The structure of RF power supply for the prototype RF-driven negative ion source.

put power of 50 kW and the frequency of 1 MHz. Such frequency
becomes a standard value in the high power RF driver for NBI
application. It is beneficial to the RF wave cross the copper made
Faraday screen into the driver [20]. Comparing the structure of
the RF power supply based on the traditional electronic-tube, the
power supply with all-solid-state structure [21] has these advan-
tages below: compact size, low cost, modularization design, high
efficiency (> 85%) and constant frequency. Therefore, the RF power
supply of test bed adopts the all-solid-state power supply structure.
Fig. 3 shows the design scheme of RF power supply.

As shown in Fig. 3, the RF power supply contains two parts,
one is RF path part (above the dotted line), and the other one is
power control part (under the dotted line). The main function of RF
path part is to amplify RF small signal generated by exciter to rated
power systematically. Firstly, the small RF signal (1 MHz) is ampli-
fied by buffer amplifier. Then, it is further converted into a sine wave
by pre-driver module and third-stage amplified by 14 driver mod-
ules. The amplified signal is transmitted to 64 final-stage amplifiers
after synthesis and tuning. The output power of each final-stage
power amplifier is about 1 kW, so the total output power of 50 kW
is required to switch on 50 modules. The design schemed with 64
amplifier modules takes RF power supply enough load capacity.

Especially, the concept of high frequency transformer is adopted
as power synthesis network. Its element is shown in Fig. 4. The
transformers T; ~ Ty, have same turnsratioK,andR; =Ry =...=Rp,.

When the power synthesis network is in work mode,
the RF excitation voltage is fed from the both ends
of Ry, Ry,...Rm. For the primary coil of transformer,
Ui=Uy=...Un=0, Ri=Ry=...Rm=U/I=Ro,
P;=Py=...Pp=IU=P. It can be obtained from the secondary
coil that, Uy;=Up=...Un=U/K, U =U +Up+...Uyy=mUJK,
I =U /R =KU/Ro =KI, Ry =U;/l; =mRo/K2. Finally, the synthesis
power on the R is Py =I;-Uy =KI-mU/K=mIU=mP. Through this
concept of power synthesis network, the power out of the 64 RF
amplifiers is combined into a single RF power output.

The functions of the power control part are power-controlling,
monitor, protection. Power control part consists of three parts: ana-
log input, A/D conversion, and encoder. The functions of these three
parts are listed below: (1) analog input card generate a DC signal
varying with the power, (2) A/D conversion card convert the DC
signal into the 12-bit digital signal, (3) encoder convert the 12-bit
digital signal into the ON/OFF signal of 64 power amplifier modules.

Because the frequency of standing wave is same with that of
carrier wave, the reflected power can also transmit in the same
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Fig. 4. The power synthesis network of high frequency transformer.

circuit. As a result, the reflected power will deposit on the power
tube of RF power supply. Therefore, an allowance of power capac-
ity is considered to accept the reflected power. Here, the maximum
allowable reflected power is designed to be 20% of required out-
put power. Thus, the actual capacity of the RF power supply is
60 kW. In addition, an automatic protection will intervene to stop
the power supply, when the reflected power exceeds 20% of total
setting output power.

3.2. Matching network

Impedance matching is a state that load impedance is adap-
tive to the inner impedance of excitation source and transmission
line. Because the circuit is in matching state, the RF power of
excitation source can be transmitted to the load with no or less
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Fig. 5. Matching circuit of the prototype RF-driven negative ion source.

reflected power. In this case, the matching network has the highest
transmission efficiency. Conversely, if the circuit is in impedance
mismatching, the load cannot obtain the highest power and the
reflected power could damage the circuit and electronic bed. The
matching circuit of the prototype RF-driven negative ion source is
shown in Fig. 5.

The 1 MHz power generated by RF power supply transmits into
matching network through the feeder with 50 2 characteristic
impedance. When the LC circuitis in a resonant state, the maximum
power can be transmitted. As shown in Fig. 5, C1 and the primary
side of isolation transformer form a parallel resonance circuit, C2
and secondary side of the isolation transformer form a series res-
onance circuit. In order to realize the suitable matching, C1 and
C2 are designed to the adjustable capacitor. The measured induc-
tance L of the antenna is 8.55 pH. The reference value of plasma
impedance is 2 €2, which is based on the previous theoretical and
experimental works [21,22]. The RF ion sources used in these works
have similar structure and geometry with our design. Through a cal-
culation, C1 and C2 are both set to 2-4.3 nF. [solation transformer
insulates the RF power supply and ion source at a high poten-
tial during beam extraction experiment. The matching network is
installed in a shielding box (shown in Fig. 6).

Comparing with the preliminary design [20,23], the match-
ing box has been optimized as following: (1) in order to meet
the requirement of beam extraction, the isolation transformer is
inserted into the matching circuit, (2) in order to ensure better
insulation, the C1, C2 and isolation transformer are supported with
Teflon material, (3) increase the size of matching box and reduce
the distributed capacitance impact on the matching performance.

4. Bias voltage power supply

Bias voltage power supply provides a bias voltage between
plasma grid and bucket chamber. A positive voltage makes the neg-
ative ions in extraction region close to the plasma grid, so it can
increase the yield of negative ions. Meanwhile, the electrons are
more easily attracted and suppressed onto the plasma grid surface.
According to the experimental results of similar source [24], the
design value of bias voltage and current is DC 0-30V and 0-50A for
the prototype RF-driven negative ion source, respectively. The bias
voltage power supply can operate in two modes of voltage or cur-
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Fig. 6. The matching box for the prototype RF-driven negative ion source.

rent feedback, and the alignment accuracy (voltage and current)
is less than 1%. The bias voltage power supply is adopted a high
accuracy rectifier design.

Fig. 7 indicates the block diagram of this power supply. Bias volt-
age power supply is a high precision rectifier supply. As working
on the high voltage of AG (as shown in Fig. 2), the power frequency
of AC input at ground potential is isolated from the power output
end of AG at the high potential by an isolation transformer. An EMI
filter is used to filter the harmonic component from the grid. And
the AC input is finally converted into the high precision DC volt-
age/current by AC/DC rectifier and LC filter. As the power supply
work at the high potential of AG, all the control and data signals are
transmitted via optical fiber.

5. Extraction grid power supply

Extraction grid power supply provides a certain voltage differ-
ence between extraction grid and plasma grid. The negative ions are
extracted from bucket chamber by the extraction voltage, and the
electrons are co-extracted at the same time. The stability of extrac-
tion voltage directly influences the beam optics of negative ion
beam. The beam current of negative ion and co-extracted electron
will increase with the rise of extraction voltage, but the high-energy
electrons are dumped on the extraction grid and result in a high
heat load. Hence, the operating range of extraction voltage is below
12kV. Considering the negative ion current of 350A/m? and an
equal election current, beam current of 14 A (including negative
ions and co-extracted electrons) will be extracted in the prototype
RF-driven negative ion source. For the negative ion test bed at ASIPP,
the parameters of extraction grid power supply are listed in Table 2.

The high voltage power supply based on pulse step modulator
(PSM) technology [25,26] has been successfully used for the ion
source of EAST NBI at ASIPP. It shows a high stability and reliability

Isolation . - .
? Transformer H EMI Filter AC/DC Rectifier & LC Filter E)
Input T ¢ Output
Auxiliary A
[Power Supply Human-computer Interface
Optical-electrica Remote
Converter Communication

Fig. 7. The structure of bias voltage power supply.
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Table 2
The parameter of extraction grid power supply.
Parameter Ratings
Output voltage -16 kv DC
Output voltage range 0-100%
Output voltage resolution 100V
Rated output current 20A
switch-on time 50-200 s
Maximum switch-off time 100 ps
Energy onto breakdown 10]
Quantity to be controlled Voltage

Stable state
>80%

Pulse duration
Efficiency at full power

during the EAST NBI experiments. Hence, a similar PSM structure is
also applied to the extraction grid power supply, except for the out-
put voltage classes of secondary coil. Its electric scheme is shown
in Fig. 8. Three phase AC 380V is connected to the primary side of
the multi-winding transformer in slow start mode. The secondary
side of transformer exports 19 sets three phase AC 590V into 19
power modules (800V/20A) and 8 sets three phase AC 75V to
8 power modules (100V/20A). Those power modules adopt the
design of three phase uncontrolled rectifier and capacitor filtering.
The power output is controlled by the IGBT that connected with
power modules in series and the function of the diode connected
with IGBT in parallel is freewheeling as the IGBT is off. The output
voltage is controlled by means of the number of output module and
this scheme can meet the requirements of output voltage control
precision and rise time.

The output voltage of 100V has been considered for each mod-
ular, but it will result in the increase of modular. So the different
voltage classes for secondary coil of transformer is put forward
for extraction grid power supply. The PSM modular with differ-
ent voltage classes can improve the accuracy of power supply and
simplify the power supply structure. However, a new control mode

19x% 800VDC output modules & 8x 100VDC output modules

Power distribution
& control unit Multi-winding Transformer

Fig. 9. The prototype extraction grid power supply.

for modular is needed to be developed due to different voltage class
modular.

Fig. 9 displays the prototype extraction voltage power supply of
negative ion test bed at ASIPP. As extraction power supply works in
the potential of AG (high potential) (as shownin Fig. 2), the multiple
winding transformer of EG power supply can isolate the high poten-
tial from the AC 380V power input (the ground potential) as the
accelerating voltage is not high in the initial stage of test bed. All the
power supply are supported by tailor-made insulator bracket and
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Fig. 10. The preliminary operation results of RF power supply on the RF positive ion source.

Table 3
The key parameters of each power supply.

Power Supply Parameters

RFP.S.

Solid state design
Required output power
50 kW

Maximum output
power 60 kW

RF frequency 1 MHz
Rectifier design

DC output 0-30V,
0-50A

Alignment accuracy
<1%

PSM design

19 modular of
800V/20A

8 modular of 100 V/20A
DC output 0-16 kV,
0-20A

Bias voltage P. S.

Extraction grid P. S.

the signals, such as control of power supply module, conditional
monitor, output voltage and current measurement, are transmitted
using optical fiber. As the accelerating voltage need to be increased
with the development of test bed, the multi-winding transformer
is replaced by the oil immersed transformer with higher isolation
level. The total extraction grid power supply will be put on the
tailor-made high voltage platform for getting higher isolation level.

6. Conclusion

A prototype RF-driven negative ion source and the correspond-
ing test bed are setting up, aiming to extract a negative ion current
density of >350 A/m?2 during the long pulse duration. A power sup-
ply system is designed to meet the experimental requirements. It is
composed of RF power supply, bias voltage power supply, extrac-
tion voltage power supply, and acceleration power supply. The key
parameters of newly developed power supplies are listed in Table 3.

So far, the design of all power supplies has been completed.
The manufacture of RF power supply was prior finished in 2016,
because it will be also applied to the development of RF positive

ion source for EAST NBI. The preliminary operation result on the
RF positive ion source is displayed in Fig. 10. A stable hydrogen gas
discharge was obtained with 3 kW output power. The other power
supplies are planned to be finished in the end of 2016. The pro-
cessing of negative ion source and test bed has been completed
80%. The assembly is planned to be accomplished at January 2017.
The commission of all power supplies on the negative ion source is
scheduled at February 2017.

Acknowledgements

The authors are sincerely grateful to the other members of
EAST NBI team for their continuous encouragement and support.
This work was supported by the National Natural Science Foun-
dation of China (Grant Numbers 11505225, 11505224, 11575240,
11405207); the International Science and Technology Cooperation
Program of China (Grant Number 2014DFG61950); and the Foun-
dation of ASIPP (Grant Number DSJJ-15-GCO03).

References

[1] R. Hemsworth, H. Decamps, J. Graceffa, et al., Status of the ITER heating
neutral beam system, Nucl. Fusion 49 (2009) 045006.

[2] M. Hanada, A. Kojima, Y. Tanaka, et al., Progress in development and design of
the neutral beam injector for JT-60SA, Fusion Eng. Des. 86 (2011) 835-838.

[3] R. McAdams, Beyond ITER: neutral beams for a demonstration fusion reactor
(DEMO) (invited), Rev. Sci. Instrum. 85 (2014) 02B319.

[4] U. Fantz, B. Heinemann, D. Wiinderlich, et al., Towards 20 A negative
hydrogen ion beams for up to 1 h: achievements of the ELISE test facility
(invited), Rev. Sci. Instrum. 87 (2016) 02B307.

[5] A. Kojima, N. Umeda, M. Hanada, et al., Progress in long-pulse production of
powerful negative ion beams for JT-60SA and ITER, Nucl. Fusion 55 (2015)
063006.

[6] R. Hemsworth, D. Boilson, H.P.L. de Esch, et al., Some lessons from long pulse
operation of negative ion sources and accelerators, Nucl. Fusion 46 (2006)
S239-S249.

[7] J.L. Wei, Y.H. Xie, L.Z. Liang, et al., Design of the prototype negative ion source
for neutral beam injector at ASIPP, Plasma Sci. Technol. 18 (2016) 954-959.

[8] E. Speth, H.D. Falter, P. Franzen, et al., Overview of the RF source development
programme at IPP Garching, Nucl. Fusion 46 (2006) S220-S238.

[9] U. Fantz, P. Franzen, W. Kraus, et al., Physical performance analysis and
progress of the development of the negative ion RF source for the ITER NBI
system, Nucl. Fusion 49 (2009) 125007.


http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0005
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0010
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0020
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0030
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0035
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0040
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0045

106 C. Jiang et al. / Fusion Engineering and Design 117 (2017) 100-106

[10] P.Franzen, U. Fantz, D. Wiinderlich, et al., Progress of the ELISE test facility:
results of caesium operation with low RF power, Nucl. Fusion 55 (2015)
053005.

[11] J.L. Wei, C.D. Huy, C.C. Jiang, et al., Conceptual design of magnetic filter for the
prototype negative ion source at ASIPP, Fusion Eng. Des. 113 (2016) 23-29.

[12] H.P.L. de Esch, M. Kashiwagi, M. Taniguchi, et al., Physics design of the HNB
accelerator for ITER, Nucl. Fusion 55 (2015) 096001.

[13] Y. Belchenko, A. Ivanov, A. Sanin, et al., Effect of plasma grid bias on extracted
currents in the RF driven surface-plasma negative ion source, Rev. Sci.
Instrum. 87 (2016) 02B119.

[14] A. Gahlaut, J. Sonara, K.G. Parmar, et al., Power supply system for negative ion
source at IPR, J. Phys.: Conf. Ser. 208 (2010) 012030.

[15] M. Bigi, L. Rinaldi, M. Simon, et al., Design manufacture and factory testing of
the ion source and extraction power supplies for the SPIDER experiment,
Fusion Eng. Des. 96-97 (2015) 405-410.

[16] V. Toigo, L. Zanotto, M. Bigi, et al., Progress of the ITER NBI acceleration grid
power supply reference design, Fusion Eng. Des. 88 (2013) 956-959.

[17] E. Gaio, V. Toigo, A. De Lorenzi, et al., The alternative design concept for the
ion source power supply of the ITER neutral beam injector, Fusion Eng. Des.
83 (2008) 21-29.

[18] S.M. Pan, P. Fu, L. Yang, et al., The control system of the 100 kV HVPS for NBI,
in: IEEE/NPSS 24th Symposium on Fusion Engineering (SOFE), Chicago USA,
2011, pp. 3-34 (SP).

[19] Z.M. Liy, S. Liu, C.C. Jiang, et al., Design and development of a power supply
system for NBI test stand of EAST, J. Fusion Energy 33 (2014) 398-405.

[20] Y.H. Xie, C.D. Hy, C.C. Jiang, et al., Development and preliminary results of
radio frequency ion source, Rev. Sci. Instrum. 87 (2016) 02B302.

[21] W. Kraus, U. Fantz, B. Heinemann, et al., Solid state generator for powerful
radio frequency ion sources in neutral beam injection systems, Fusion Eng.
Des. 91 (2015) 16-20.

[22] D. Sudhir, M. Bandyopadhyay, W. Kraus, et al, Online tuning of impedance
matching circuit for long pulse inductively coupled plasma source
operation-an alternate approach, Rev. Sci. Instrum. 85 (2014) 013510.

[23] RX.Su, ZM. Liu, Y.H. Xie, et al., Studies on the matching network of the high
power radio frequency transmitter for the NBI RF ion source, J. Fusion Energy
34(2014) 24-28.

[24] P. Franzen, H.D. Falter, U. Fantz, et al., Progress of the development of the IPP
RF negative ion source for the ITER neutral beam system, Nucl. Fusion 47
(2007) 264-270.

[25] U.E. Schwarz, Digitized high power modulation, in: 15th Symposium of
Fusion Technology, Utrecht, Netherlands, 1988, pp. 125-136.

[26] N.Tomljenovi, W. Schminke, H.G. Mathews, Solid-state DC power supplies for
gyrotrons and NBI sources, in: 17th Symposium of Fusion Technology, Rome,
Italy, 1992, pp. 952-956.


http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0050
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0055
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0060
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0065
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0070
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0075
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0080
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0085
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0090
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0095
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0100
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0105
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0110
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0115
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0120
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0125
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130
http://refhub.elsevier.com/S0920-3796(17)30184-9/sbref0130

	Design of power supply system for the prototype RF-driven negative ion source for neutral beam injection application
	1 Introduction
	2 Overview of power supply system
	3 RF power supply and matching network
	3.1 RF power supply
	3.2 Matching network

	4 Bias voltage power supply
	5 Extraction grid power supply
	6 Conclusion
	Acknowledgements
	References


