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Abstract: The RF-driven negative ion source has a steady state characteristic and will be a promising
ion source for neutral beam injection (NBI) in the future. Cesium (Cs) injection is an efficient method
to enhance the yield of negative ions during plasma discharge. In order to support the engineering
and physical research in this field, the Cs oven prototype has been developed for negative ion source
based neutral beam injector at ASIPP. This article presents the design details of a Cs oven system,
including the constant temperature control system, the mechanical structure of Cs oven, and the
surface ionization detector (SID). SID is a measurement method for the cesium flux in the nozzle.
The experiment results of constant temperature control system show that the control accuracy and
function meet the requirements of device operation. Meanwhile, the simulation analysis of Cs vapor
concentration has been carried out in this paper. According to the simulation results, the graph of
total Cs flux is given in the article, which presents the reference for the subsequent device testing.

Keywords: neutral beam injection; negative ion source; Cs oven system; constant temperature
control system

1. Introduction

Neutral beam injection is one of the most effective methods for plasma heating and
current driving. The Experimental Advanced Superconducting Tokamak (EAST) is the
first non-circular, cross-section Tokamak in China, the purpose of which is being at the
forefront of fusion research. In order to support the physics experiments of EAST, two
sets of NBI have been developed at the Institute of Plasma Physics, Chinese Academy
of Sciences (ASIPP) [1-3]. The hot cathode bucket ion source is acquired in the present
NBI system. Consisting of a long pulse, high power, and the steady-state [4-7], the RF-
driven negative ion source is a promising ion source in the Chinese Fusion Engineering
Test Reactor (CFETR) NBI [8]. In order to minimize the risks of unsuccessful operation
of the CFETR NBI, the Comprehensive Research Facility for Fusion Technology (CRAFT)
is under manufacture, comparable with ITER neutral beam test facility. With the aim of
pre-understanding the engineering issues of RF-driven negative ion source, a test facility of
the negative ion source with a single RF driver has been manufactured, which is shown in
Figure 1. The test facility is equipped with various plant units and diagnostic tools, e.g., a
gas pumping system, a water cooling system, a power supply, a diagnostic system, etc.

During the plasma discharge process, the yield of negative ions is effectively enhanced
by the injection of Cs [9], i.e., the extraction of the negative ion beam is directly determined
by the negative ion density. Since the usage of Cs as a negative ion source in 1970, the
current density of negative hydrogen ions has increased from 5 to 125 A/m? [10]. Cs
plays important roles in negative ion density, mainly including reducing the work function
and the co-extracted electrons. In the operation of the negative ion source, the Cs atoms
should be continuously injected into the ion source to achieve the goal of enhancing the
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negative ion density. As the injection flux of Cs is mainly dependent on temperature, the
temperature control for the Cs oven is necessary.
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Figure 1. The picture of the RF beam source test facility.

In order to meet the requirements of a steady Cs vapor flux, the cesium oven prototype
for a negative ion source has been manufactured in the CRAFT NBI test facility. In the
structure of the Cs oven, the constant temperature control is a powerful guarantee for
the stable injection of Cs. Considering the characteristics of Cs and the high-voltage
environment, it is necessary to develop a constant temperature control system with remote
isolation communication function. Meanwhile, the isolated transformer should be adopted
for a heating system. The segmented architecture is adopted in the Cs oven prototype,
which provides convenience for maintenance.

2. Design Description of the Cs Oven

The mounted position of the Cs oven in negative ion source test facility is shown in
Figure 1. As the cooling of the heating components in vacuum occurs only by thermal
radiation and conduction, it is slower than in air conditions. Thus, the control precision
of the temperature must be smooth, which could reduce the recovery time caused by
temperature overshoots. Under this requirement, the control system for heating the Cs
oven should be capable of adjusting different temperatures independently. The critical
bodies of the Cs oven mainly comprise the Cs reservoir, the injection tube, the Swagelok®
sealed valve, the resistive heater, and the heating control system. Considering the high-
temperature environment, the selected version of the sealed valve should not contain non-
metallic components in order to avoid material deformation caused by thermal expansion.

Figure 2 gives the structural view of the Cs oven. It can be seen that the delivery tubes
are wounded by resistance wires, and the ON-OFF states of the Cs vapor are controlled by
the sealed valve, which also protects it from being a poor vacuum environment. In order
to avoid radio frequency interference, sealed valves are manually controlled. Two sealed
valves are connected in series to facilitate the disassembly and maintenance of the cesium
furnace. During the Cs heating operation, the Cs oven can reach temperatures more than
260 °C or even higher; thus, the components of the Cs oven must be compatible with the
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temperature environment. The delivery tube is made of 316 L stainless steel with a nickel
coating, which can prevent Cs from forming chemical compounds with the reservoir and
the tube. The Cs reservoir has a 70 mm height x 34 mm external diameter, an internal
volume of 13 cm?, and is also made of 316 L stainless steel with nickel coating, the cubage
of which is about 17 g. Due to the vertical installation of the ion source, the right-angle
structure of the Cs oven is not suitable for Cs storage, which causes the liquid Cs to flow out
of the reservoir. Meanwhile, the angle of installation prevents the liquid Cs from flowing
into the delivery tube.
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Figure 2. The schematic diagram of the heater.

The evaporation rate is determined by the temperature of the reservoir, and the vapor
pressure in the delivery tube is also controlled. However, this conclusion is under the
condition that the temperature of the delivery tube is hotter than that of the reservoir. If
the delivery tube temperature is lower than the reservoir, the Cs vapor would condense
onto the inner wall of the tube. Hence, the temperature control of the delivery tube should
be hotter than the reservoir in the Cs evaporation operation. Meanwhile, the multi-hole
architecture is adopted in the nozzle, which enhances the diffusivity of Cs atoms and avoids
directly hitting the PG (Plasma Grid) interface [11]. The heating wires are used for the
temperature control of the Cs oven, which are wound around the delivery tubes and the Cs
reservoir. Because of the small dimensions of the heating elements, the thermal exchange
should be guaranteed between the heating wires and the Cs oven system. Brazing the
heater around on the Cs oven for permanent connection, and clamping the heater on the
dismountable components are effective methods to ensure the thermal exchange in the
process of temperature control.

3. Temperature Control System

Considering the high-voltage work environment, the temperature control system must
possess remote isolation communication functionality. Proportion Integration Differenti-
ation (PID) parameters and target temperatures can also be remotely set via fiber optics.
Temperature data can be locally displayed or remotely transmitted to the host computer.
Meanwhile, the control system has an over-temperature alarm function. In conclusion,
the temperature control system presents the characteristics of isolation communication,
engineering cost, and design difficulty.

The temperature control system consists of a K-type thermocouple, a transformer, an
MT2DC, a main control circuit board, and a communication circuit board, which are shown
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in Figure 3. The MT2DC is a commercial Silicon-Controlled Rectifier (SCR) product, the
conduction angle of which can be set by an external control signal. The heater contains
three heating positions. So, three main control circuit boards, an SCR controller MT2DC,
and transformers are used in the system. The ratio of the primary coil to the secondary coil
is 55/9; when the input of the primary coil is 220 V AC, the output of the transformer is 36
V AC. The output voltage of the MT2DC can be directly controlled by the external direct
current (DC) signal. In order to shorten the heating time to the setting time, the maximum
heating power is higher than the required one. Hence, 50 W for the Cs reservoir and 150 W
for the injection tube have been adopted in the temperature control system.
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! f X3
N . Control Signal e
Fiber The.Mafn Control 0.8 ~ 4.6V Silicon Control Resist Wire
Circuit Board MT2DC
Control Case
Fib icati RS232
iber | The Communication Host PC
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Figure 3. The block diagram of constant temperature control system.

The main control circuit board performs the functions of constant temperature control,
data transmission, over-temperature protection, parameter setting, and temperature data
drawing. The PID parameters and the target temperature can be set by the user in both the
local and remote modes.

The communication circuit board sends the data signals to the main control circuit
board, and it also receives temperature data from the main control circuit board. Then, it
transmits the temperature data to the host PC via the R5232 interface.

3.1. Hardware Design of the Main Control Circuit Board

As shown in Figure 4, the main control circuit board consists of a thermocouple ac-
quisition circuit, a voltage regulation circuit, an isolation transmission circuit, an over-
temperature protection circuit, a storage circuit, a display circuit, and a control chip
STMB32F103ZET6. The chip-based 32-bit Microprogrammed Control Unit (MCU) has 512 KB
Flash, 11 timers, 3 Analog-to-Digital Converters (ADCs), 13 communication interfaces. The
STM32F103ZET6 high-density performance line family operates in the —40 to +105 °C
temperature range from a 2.0 to 3.6 V power supply [12].
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Figure 4. The structure diagram of main control circuit board.

In remote mode, the RS232 communication protocol is adopted between the main
control circuit board and the communication circuit board. The optic fiber is used as
the communication media for isolated transmission. The schematic of the RS232-Fiber
communication circuit connection is shown in Figure 5. The electric—optic conversion
part consists of SN75452 and HFBR1414, which is shown in the left of Figure 6. SN75452
is comprised of dual peripheral NAND drivers, achieving the function of electric-optic
conversion through cooperation with the miniature fiber optic sensor HFBR1414. The input
logic “1” corresponds to the light on of HFBR1414. As shown in the right of Figure 5, the
optic—electric conversion part mainly consists of fiber optic sensor HFBR2412. It converts
the optical signal to a 5 V voltage signal, and the output signal is directly loaded to receive
the pin of STM32F103ZET6. The RS232-Fiber communication circuit achieves the function
of isolation transmission for R5232 communication.
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Figure 5. The schematic of the R5232-Fiber communication circuit.
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Figure 6. The schematic of the MT2DC.
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3.2. SCR Controller MT2DC

The output of the transformer is loaded into the SCR controller MT2DC. As shown in
Figure 6, the input of the MT2DC is the alternating current (AC). One of the AC inputs is
used as a synchronization signal of control circuit of MT2DC. The other input of the MT2DC
is loaded into the internal rectifier circuit. The SCR completes full-wave rectification, the
conduction angle of which is controlled by the external control signal.

The output voltage of the MT2DC is controlled by a 0.8~4.6 V DC signal, which is
generated by the main control circuit board. According to Figure 7, the relationship between
the conduction angle and the control signal can be expressed by Equation (1):

Conduction angle(°) = 47.37 x Control Signal(V) — 37.89 1
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Figure 7. The control diagram of the MT2DC.

The conduction angle of the MT2DC'’s output is 0~180°, which is controlled by the
output signal of the main control circuit board. As shown in Figure 8, the red sinusoid
signal is the input of the MT2DC. Firstly, the MT2DC achieves the function of full wave
rectification. Secondly, the MT2DC’s DC output is adjusted by the 0.8~4.6 V control signal.
The temperature of the heater is directly controlled by the output voltage of the MT2DC.
Figure 8 shows that the conduction angle of the MT2DC is 70°. According to Equation (1),
the control signal is 2.27 V.
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Figure 8. The trends of the conduction angle of the MT2DC with the control signal of the main control
circuit board.
3.3. Hardware Design of the Communication Circuit Board

As shown in Figure 9, the communication circuit board consists of the isolation trans-
mission circuit, the RS232 interface circuit, and the control chip STM32F103ZET6. The
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communication circuit board sends data-communication-enabled signals to the main con-
trol circuit boards every second. The data-communication-enabled signals only control the
data transmission. They have no effect on the temperature acquisition of the main control
circuit board. The temperature data are independently transmitted to the communication
circuit board. Meanwhile, the communication circuit board judges the validity of the
temperature data and transmits it to the host PC.

Control Circuit Board

Control Circuit Board Circuit

i issi RS232]
Fiber Isolation Transmlssmn‘_’ STM32F103ZET6 b RS2?gi::ltleietrface Host PC

Communication Circuit Board

Control Circuit Board

Figure 9. The block diagram of the communication circuit board.

3.4. Surface lonization Detector

In order to measure and control the Cs’s evaporation rate, an SID is necessary [13].
The detector is directly mounted at the oven’s opening. The alkali metal is ionized at the
hot tungsten wire that is used as the ionization filament. The ions are accelerated by the
bias voltage between the filament and the ion collector. The circuit connection of the SID
is shown in Figure 10. Considering the detector relies on collecting the ions, the usage
environment of the SID is only in vacuum. The maximum heating current of the filament is
up to 8 A. The range of bias voltage is typically 40~60 V [14]. The current variation range of
Cs ions is from nA to mA. The low signal current is acquired by the HAMAMATSU® C9329
amplifier, which is a current-to-voltage conversion amplifier used to amplify very slight
currents with very low noise. Three photocurrent detection sensitivity levels (H, M, L) are
selectable to match the input signal.

\ion collector

| ||
Filament—" I |

Bias Voltage
40~60V
T
8A
(A
: ®

Figure 10. SID circuit connection.

4. Finite Element Analysis

In order to verify the requirements of the Cs flux, the finite element analysis has
been carried out, the aim of which is simulating the stable Cs vapor concentration in the
constant temperature. Considering the pressure gradient distribution, the temperature of
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Toven=200 °C

Toven=240 °C

the reservoir is 10 °C less than the injection tube. Within the operating temperatures, the
simulation is carried out every 10 °C. The simulation results of the Cs vapor concentrations
at several temperatures are given in Figure 11. According to the results, the Cs flux is
calculated as follows.

Cesium vapor concentration (mol/m) Toven=220 °C Cesium vapor concentration (] mol/m*)
%107
12
10
8
6
4 4
2 2
Cesium vapor concentration (mol/m®) Toven=260 °C Cesium vapor concentration (mol/m*)
%107
12
10
8
6
4 4
2 2

Figure 11. The simulation results of the vapor concentration at different temperature.

The total Cs flux is calculated by Equation (2). Here, n is concentration of Cs vapor
(mol/m?3), which is simulated in Figure 11. The Cs vapor concentration of nozzle is used as
the input of Equation (3). N is Avogadro’s constant. m is the mass of a Cs atom. A is the
nozzle area (m?). v is the average particle velocity, which is calculated by Equation (3) [11]:

1
Fluxcs = —= Xn XNy Xxm xXv X A 2)

V3

 [8KgT
vV = p—. 3)

In Equation (3), K5 is the Boltzmann constant, and T is temperature (K). The total Cs
flux has a strong increase between 200 °C and 260 °C, which can be seen in Figure 12. The
calculation results meet the design requirements.
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Figure 12. The calculated Cs flux of the oven at different temperatures.

5. System Test

To test the precision of the thermocouple-acquiring circuit, the constant temperature
control system is used to acquire the temperature of the black body furnace. The black body
furnace is a standard thermal radiation source. After experimental testing, the precision of

thermocouple-acquiring circuit is <£2 °C. The testing result is shown in Figure 13.

220 — T T T ' 1 T T T T T T
200 |- Set Point
L A Measurement
180 _ —®— Error
160

A AVAN
\/

140
120

100 |-
80
60

Measured Temperature (°C)

40
20

Set Point (°C )

Figure 13. The testing result of the thermocouple-acquiring circuit.
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Error (°C)

After precision testing, the constant temperature control system was put into practice
without Cs injection. The temperature curve of the injection pipeline is shown in Figure 14.
It takes 30 s to increase from 10 °C to 100 °C, and the target temperature is set as 100 °C.
The temperature fluctuation range around the set value is <£3 °C, which completely meets
the experimental demands. The temperature data can be displayed in LCD in local mode

and can also be independently transmitted to a host PC.
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Figure 14. The temperature curve of the injection pipeline. The target temperature is 100 °C.

6. Conclusions

The conductance, vacuum degree, temperature and purity play important roles in Cs
injection, but temperature is the main influencing factor of Cs injection for negative ion
source. Keeping the temperature variations small is particularly important for avoiding
uncontrolled changes such as evaporation. Hence, the first prototype of a Cs oven for
a negative ion source has been developed for testing. The design details of the Cs oven
structure and control system have been presented in this article. Meanwhile, the finite
element analysis of the Cs vapor concentration has been carried out, which provides the
calculation basis for the total Cs flux. Aiming to measure the total Cs flux, the development
of the SID has been described. In order to monitor the Cs level measurement system,
continuous level measurement is the preferred choice. The Cs level measurement system
is ongoing, and the reference structure is based on [15]. In the following experiments, the
operation details of the Cs oven and the total Cs flux will be given.
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