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Abstract—Nuclear fusion research requires the production of 

high-temperature plasma. One of the plasma heating methods is 
the use of radiofrequency (RF) waves. The RF wave heating 
system uses a high-power amplifier, which poses a concern about 
the leakage electromagnetic fields. Therefore, a new wide-area 
multipoint electromagnetic monitoring system using personal RF 
monitors has been developed. The developed monitoring system 
was applied to the megawatt-class amplifiers for the “Ion 
Cyclotron Range of Frequency” (ICRF) heating system in the 
frequency range of ion cyclotron resonance from 30 to 40 MHz. As 
a result, the leakage magnetic field was less than the measurement 
sensitivity during the plasma experiment, in which the leakage 
electric field was detected with sufficient sensitivity. The leakage 
electric field becomes larger as the RF forward power increases, 
and thus the electric field would be radiated through the stub 
and/or high voltage supply line connected to the anode of tetrode 
in the ICRF amplifier. The electric field around the ICRF 
amplifiers did not exceed the reference level of ICNIRP. The 
developed wide-area multipoint monitoring system will be useful 
for monitoring the leakage RF electromagnetic fields around the 
ICRF heating system at the future fusion devices. 
 

Index Terms—Electromagnetic fields, fusion test device, ion 
cyclotron range of frequency heating system, high-power 
amplifier, non-ionization radiation monitoring, safety 
management,  

I. INTRODUCTION 
HE nuclear fusion reactor as one of the new energy sources 
will be directly associated with the life of human beings in 

the near future. To realize a nuclear fusion reactor on the earth, 
high temperature (10~30 keV) plasma is required to become 
close enough for the nuclear fusion reactions to occur. Also, the 
confinement of plasma long enough with sufficient pressure is 
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necessary. These two conditions must be fulfilled 
simultaneously. For the understanding of plasma physics, high-
performance plasma, which has a high temperature and high 
density and high confinement time of plasma, must be 
generated in a vacuum vessel with a high magnetic field. To 
produce high-temperature plasma, a magnetic confinement 
fusion test device has some auxiliary heating systems, i.e., 
Neutral Beam Injection (NBI), Electron Cyclotron Resonance 
Heating (ECRH) and Ion Cyclotron Range of Frequency 
(ICRF) heating. Among these heating systems, ECRH and 
ICRF heating use electromagnetic waves in the order of a few 
ten MHz to a few hundred GHz. In the presence of a uniform 
magnetic field, a charged particle is known to undergo 
cyclotron gyration with a characteristic cyclotron frequency. 
Dynamic effects such as cyclotron gyration lead to the 
possibility of wave resonance in the plasma [1, 2]. Therefore, 
the electron and ion resonance heating systems are used in 
magnetic confinement fusion test devices.  

To progress the nuclear fusion research, various fusion test 
devices have been constructed and operated all over the world. 
Some of the large fusion test devices such as Tokamak Fusion 
Test Reactor and Joint European Torus have successfully 
produced fusion powers of more than 10 MW by deuterium-
tritium reaction using the injection of large heating power [3, 4]. 
In these large fusion test facilities, the total power of the plasma 
heating system becomes a few ten megawatts. During the 
plasma experiment, ionization radiation such as neutrons, X-ray 
is emitted. Therefore, the plasma experimental hall is a 
radiation controlled area and access is restricted. On the other 
hand, the power supply for the plasma heating equipment is 
located in a non-radiation controlled area, which allows 
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workers’ to enter. Non-ionizing radiation such as the leakage of 
the time-varying electromagnetic fields can be emitted from the 
surroundings of these high-power heating devices. Therefore, 
from the viewpoint of worker protection in a fusion facility, 
protection from non-ionizing radiation as well as ionizing 
radiation will be important. However, there is not enough 
research on non-ionizing radiation in fusion facilities, and it has 
not been taken up as an item in the fusion reactor safety research 
and reactor design [5, 6].  

We have investigated a time-varying electromagnetic field 
around RF heating devices [7-9]. In the previous studies [8, 9], 
the monitoring equipment was placed at one point although the 
RF heating devices are installed over a wide area in the heating 
equipment room. Therefore, the behavior and distribution of 
electromagnetic fields around these devices were unknown. In 
this study, a new wide-area monitoring system, which enables 
multi-point simultaneous measurement, was developed and 
installed around the ICRF heating system of large helical device 
(LHD) as a test case to understand the behavior of the non-
ionizing radiation around the megawatt-class amplifiers.  

II. ICRF SYSTEM IN LHD AND ELECTROMAGNETIC FIELD 
MONITORING SYSTEM 

A. LHD and ICRF System 
LHD at the National Institute for Fusion Science is the largest 

helical type fusion test device equipped with a superconducting 
magnet coil system. One of the major features of the LHD is the 
steady-state plasma operation. The LHD is equipped with 
vacuum pump systems, various heating devices and plasma 

diagnostic system. Since its initial operation in 1998, the LHD 
has been producing high-performance plasmas and the 
achievements in the LHD have led to the establishment of a 
helical system [10, 11]. The specification of LHD is 
summarized in Table1. In the LHD, the heating systems of 
several tens of megawatts have been installed as shown in Table. 
1. Among these heating systems, the ICRF heating system has 
a maximum of 3 MW in one unit (two amplifier chains). Since 
the maximum magnetic field B is 3 T at the major radius, R = 
3.9 m, the range of ion cyclotron resonance frequency for 
hydrogen plasma is tens of MHz, especially 30~40 MHz. The 
schematic diagram of the ICRF heating system for LHD is 
shown in Fig. 1. It consists of loop antennas, high voltage 
probes, stub tuners with a feedback control system for the real-
time impedance matching for a long pulse, the coaxial 
transmission line, a directional coupler, the three-stage 
amplification system of wideband amplifier (WBA), driver 
power amplifier (DPA) and final power amplifier (FPA), RF-

TABLE I 
SPECIFICATIONS OF LARGE HELICAL DEVICE [10, 11] 

Parameter Nominal specification 
Major radius of plasma, R 3.9 m 
Minor radius of helical coil 0.975 m 
Minor radius of plasma 0.5 to 0.65 m 
Magnetic field, B 3 T at R = 3.9 m 

Plasma volume 30 m3 
Magnetic energy 0.9 GJ 
Coil temperature 4.4 K 
Heating power  
  ECRH ~ 5.4 MW 
  ICRF ~ 3 MW 
  NBI ~ 28 MW 

 

 
 

 
 
Fig. 1. Schematic diagram of ICRF heating system consisting of plasma, loop antennas, high voltage probes, stub tuners, coaxial transmission line, directional 
coupler, three-stage amplifier, RF-gate, signal generator, and interlock system [14]. 
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gate system, a signal generator and an interlock system. The 
directional coupler and high voltage probes are installed in the 
transmission line. The loop antennas are installed in front of the 
plasma and are used for the injection of radiofrequency (RF) 
waves to plasma. High-power RF wave for ICRF heating is 
transmitted through long coaxial lines. These antennas are 
impedance matched efficiently using the stub tuners. Otherwise, 
the impedance matching between plasma and antennas may be 
inefficient and the reflected RF waves may return to the RF 
amplifier system. The RF amplifier devices can be a rather 
complex system which consists of a high-power tetrode, 
movable tuning stubs and a vacuum variable capacitor, etc. The 
detailed ICRF system is described elsewhere in [12-15].  

B. Electromagnetic Field Monitoring System  
The loop antennas and stub tuners are installed in LHD 

radiation controlled area, while the ICRF power supply and 
amplification system are installed in the non-radiation 
controlled area. In the radiation controlled area, the worker’s 
access is restricted during plasma experiments. Considering the 
safety of workers, therefore, we focused on measuring the 
leakage electromagnetic fields around an ICRF power supply 
system. This device was targeted because workers can approach 
the ICRF power amplifier system during the operation. In the 
previous study [8, 9], two EMC-300 (Narda Safety Test 
Solutions) with either electric or magnetic probes and SRM-
3000 (Narda Safety Test Solutions) with the magnetic probe 
were installed at one point located a few meters from ICRF 
amplifiers. It could monitor the leakage electromagnetic field 
from ICRF devices. On the other hand, 8 FPAs have been 
extensively installed, and localized leakage electromagnetic 

field is a concern. Therefore, the construction of a multipoint 
electromagnetic field monitoring system is required from the 
viewpoint of workers’ protection. The EMC-300 is often used 
for electromagnetic field measurement, but it is not suitable for 
multipoint monitoring because it is expensive. Hence, we have 
proposed using a handy personal RF monitor as an area 
monitoring instrument [16]. A personal RF monitor has many 
advantages, including cost-effectiveness, compact size, 
lightweight, isotropic response and standards compliance. Also, 
a personal RF monitor can simultaneously measure electric and 
magnetic fields. The specifications of the personal RF monitors 
are summarized in Table II along with SRM-3000. In this study, 
two types of personal RF monitors, Radman ESM-20 and ESM-
30 (Narda Safety Test Solutions or Wandel Golterman), were 
used as electromagnetic field monitors. According to the 
Japanese occupational standard of the RCR STD-38, the 
dynamic range of Radman in the frequency range from 30 MHz 
to 300 MHz is 8.5 to 77.7 V/m and 0.03 to 0.206 A/m, 
respectively as shown in Table 2. The instrument is powered by 
a battery but was modified to use a DC power supply to enable 
continuous measurement for a long period.  

The electromagnetic field strength standard should be 
applied as radiofrequency exposure protection guideline in the 
Japan RCR STD-38, when the distance between the source of 
the electromagnetic field and the worker exceeds 0.2 m. The 
reference levels for occupational exposure in the frequency 
range from 30 MHz to 300 MHz is 61.4 V/m and 0.163 A/m 
which are root mean square values averaged over 6 min. In the 
ICNIRP Guidelines [18], which are essentially consistent with 
the Japan RCR STD-38, the reference levels for occupational 
exposure in the same frequency range are 61 V/m and 0.16 A/m, 
whereas they are root mean square values averaged over 30 min. 
The measured value of Radman is the relative value in 
accordance with the reference levels in Japan RCR STD-38. 
Hence, the electric field strength, IRE, is expressed by the 

 
 
Fig. 2. The system configuration of data acquisition for the multipoint 
monitoring instruments. 
  

TABLE II 
SPECIFICATIONS OF MEASURING INSTRUMENT FOR AREA MONITORING 

Device Nominal specification 

SRM-3000 
(Narda S.T.S.) 

Probe 3581/01 
Sensor type Triaxial active magnetic loop 
Frequency range 100 kHz to 250 MHz 
Dynamic range 2.5 μA/m to 560 mA/m 
Averaging time 0.96 s 
Operation modes Spectrum analysis, time 

analysis 
Radman 
(Narda S.T.S., 
Wandel 
Golterman) 

Probe ESM-20 (fast type) 
Sensor type Magnetic and electric field 

Isotropic (triaxial) sensor 
Frequency range H-field: 3 MHz to 1 GHz 
 E-field: 3 MHz to 7 GHz 
Averaging time 0.03 s for electric field 

1 s for magnetic field  
Dynamic range 
(30 MHz to 300 
MHz) 

0 to 160 % (8.5 to 77.7 V/m) 
(Sensitivity: ~ 6 %*) 
(percent ratio to occupational 
Japan RCR STD-38) 

Probe ESM-30 (slow type) 
Sensor type Magnetic and electric field   

Isotropic (triaxial) sensor 
Frequency range H-field: 3 MHz to 1 GHz 
 E-field: 3 MHz to 40 GHz 
Averaging time 1 s 
Dynamic range 
(30 MHz to 300 
MHz) 

0 to 160 % (0.03 to 0.206 A/m) 
(Sensitivity: ~ 6 %) 
(percent ratio to occupational 
Japan RCR STD-38) 

* The sensitivity of ESM-20 made by Wandel Golterman is less than 2 %. 
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following equation: 
 

                             IRE [%] =
E2

E0
2 ×100.                                   (1) 

 
Here, E is the measured electric field [V/m] and E0 is the 

reference level of the Japan RCR STD-38. For the magnetic 
field, IRH  [%] is expressed as 𝐻𝐻2 𝐻𝐻02⁄ ×100. All monitoring 

 
 
Fig. 3 Layout in the LHD experimental building and the monitoring devices around the ICRF amplifiers in the heating equipment room. The grey zoon in the 
LHD experimental building is the radiation controlled area. The other is non-radiation controlled area. 
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instruments were connected to a personal computer using fiber-
optic or USB cables to acquire measurement data as shown in 
Fig. 2. An original multipoint measurement software was 
developed for monitoring. The time interval for data acquisition 
was 0.2 s, which is specified by the instrument. 

The layout in the LHD experimental building and the 
monitoring devices around the ICRF amplifiers in the heating 
equipment room is shown in Fig. 3. In the results of preliminary 
observation, there is no large leakage electromagnetic field in 
the lower part of the FPA. Therefore, we set up a measuring 
device at a height of 5-6 m, which is almost the same as the top 
of the FPA and observed the electromagnetic field. The distance 
between the MP1 and the center of FPA-5A is about 5 m. The 
ESM-20 has been installed as an MP2 at a distance of about 0.6 
m from the center of FPA-2 since 2011. The SRM-3000 was 
temporarily set up in the MP2 location. In the MP3, the ESM-
20 has been installed at a distance of about 2.5 m from the center 
of each of FPA-4 and FPA-3 since 2011. In the MP4, the ESM-
20 has been installed at a distance of about 1 m from the center 
for the FPA-6A since 2012. When the frequency of ICRF is 
38.5 MHz, the wavelength λ is 7.8 m and λ/2π is 1.2 m. Thus, 
MP2 and MP4 are in the near-field region, MP1 and MP3 would 
be in the far-field region.  

III. MONITORING RESULTS AND DISCUSSION 

A. Magnetic Field and Spectrum 
The frequency, intensity and time variations of the 

electromagnetic field were observed with the SRM-3000. Here, 
we measured the leakage field from FPA-2 using a triaxial 
magnetic field probe. Fig. 4 shows the spectrum of the leakage 
magnetic field at a certain time. The frequency of ICRF waves 
was 38.47 MHz. The peak frequency of the observed leakage 
magnetic field was 38.47 MHz. The peak frequency was the 
same as the oscillation frequency of ICRF waves. Hence, the 
observed electromagnetic field would have leaked from the 
ICRF amplifiers. Fig.5 shows the time variation of leakage 
magnetic field from FPA-2 during ICRF operation in plasma 
experiment. The monitoring peak frequency of the SRM-3000 
was fixed at 38.5 MHz. In these monitoring results, the leakage 

magnetic field intensity was less than 0.01 A/m. The leakage 
magnetic field around the ICRF amplifier is not large, because 
no magnetic field has been detected by the EMC-300 [8] or 
Radman so far. 

B. Electric Field 
In this section, we discuss the correlation between the 

leakage electromagnetic field and the RF forward power Pfwd 
and reflected power Pref, focusing on the results measured with 
Radman. The RF forward power and reflected power were 
measured via the directional coupler installed at the output of 
FPA as shown in Fig. 1.   

Fig. 6 shows the temporal variations of the leakage electric 
field at MP2, the RF forward power and reflected power by 
FPA-2, during 6 s discharge. The data of electric field by 
Radman are extracted from Fig. 6. The time interval for data 
acquisition of RF power and the voltage of the standing wave 
on the transmission line was 1 ms. Although the spike-like 

 
 
Fig. 4 A spectrum of the leakage magnetic field at a certain time by SRM-3000 
with a magnetic probe. 
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Fig. 5. The variation of leakage magnetic field from FPA-2 during ICRF 
operation in plasma experiment. 
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Fig. 6. The temporal variations of (a) the leakage electric field at MP2, (b) the 
RF forward power and reflected power. 
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fluctuations of few Hz are difficult to detect by Radman at MP2, 
the slow fluctuations of the leakage electric field can be 
sufficiently observed even at a time resolution of 0.2 s of 
Radman. The fluctuation of the leakage electric field is likely 
correlated with the RF forward power through FPA-2. Although 
the RF reflected power is much lower than the RF forward 
power, it may also influence the leakage electric field.  

Fig.7 shows the results of ICRF operation and leakage 
electric field around the FPAs during long-pulse discharge 
operation more than 300 s. The time interval for data acquisition 
of RF power was 3 ms. The ICRF operation data were from 
FPA-2 and FPA-3. The leakage electric fields during the 
operation could be detected at the monitoring point of MP2 and 
MP3. The average leakage electric fields were approximately 
17.6 % (25.8 V/m) and 2.0 % (8.7 V/m), respectively. At MP2, 
the behavior of the observed leakage electric field tended to be 
the same as the behavior of RF forward power. On the other 
hand, the leakage electric field at MP3 was lower than that the 
MP2. One of the reasons is that the MP2 is at a distance of 
several meters from the source of the electromagnetic radiation, 
the other is that the RF forward power of FPA-2 is an order 
magnitude higher than that of FPA-3. Nevertheless, Radman at 
MP3 catches the electric field coming from the FPA. The 
behavior of the leakage electric field at MP3 is similar to the 
variation of the RF reflected power of FPA-3. This implies that 
the Radman might detect the leakage electric field via the RF 
reflected power of FPA-3 even though the RF reflected power 
is much lower than the RF forward power.  

C. Source of the leakage electromagnetic field in the ICRF 
heating system 

As for the cause of the leakage electric field, RF forward 
power was transmitted to the plasma by the coaxial 
transmission line, and RF reflected power was generated by the 
plasma load fluctuation, resulting in a leakage electric field. In 

the coaxial transmission lines of the ICRF system as shown in 
Fig. 1, the following locations are considered to be subject to 
leakage of the electromagnetic field: (1) connection point 
between ICRF antenna and transmission line, (2) installation 
location of electric field measurement probes in the 
transmission line, (3) movable coaxial liquid stub tuner, (4) 
connection point between the coaxial transmission line and 
directional coupler, (5) connection point between the coaxial 
transmission line and FPA, (6) the amplifiers of FPA, DPA and 
WBA. However, (1) to (3) are in a radiation controlled area and 
are more than 100 m apart from the monitoring area. Besides, 
in the measurement area of (4) to (6), the largest leakage electric 
field was observed near the FPA, so it can be inferred that the 
leakage source of the electromagnetic field would be the FPA, 
which has the largest RF power among these amplifiers.  

Fig. 8 shows the schematic structure of the FPA referred from 
[12]. The Radman at MP2 is set near the top of FPA. The input 
impedance matching circuit for RF input from DPA (driver 
power amplifier) is located at the lower part of the FPA. The 
RF power is extracted via an external output coaxial 
transmission line. The directional coupler for the monitoring of 
RF forward and reflected powers is installed at the outlet of the 
FPA. The double coaxial output cavity is adopted for the FPA 
output cavity in the upper part of the FPA. The movable stubs 
(referred to as “Matching stub” and “Tuning stub”) are installed 
in the upper part of the FPA. The positions of movable stubs are 
adjusted using a dummy load before the operation and are fixed 
during the operation. The double coaxial cavity is made of a 
thin copper plate. The stub tuners are designed to move the 
shorting plate in the double coaxial cavity with the tuning rod. 
Metal contact fingers are adopted in the shorting plate. The wall 
current may leak out of the gap between the shorting plate and 
the double coaxial cavity wall and radiate the electric field 
through the tuning rod as an antenna.  

The anode of the tetrode tube is attached to the inner 

 
 
Fig. 7. The variations of the leakage electric field (upper), the RF forward power and reflected power (lower) for 320 s discharge. (a) and (b) are data from FPA-2 
and the monitoring point of MP2. (c) and (d) are data from FPA-3 and the monitoring point of MP3 respectively.  
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conductor through thin Teflon sheets. The high voltage power 
supply line to the anode is connected via the terminal plate at 
the top of the FPA. The RF power is transmitted from the anode 
(amplifier output) via the stub tuner in FPA and the directional 
coupler on a coaxial transmission line. Therefore, when a part 
of RF forward power is reflected by plasma load fluctuations, it 
returns to the anode of the tetrode and causes power fluctuations 
in the tetrode output, which may result in leakage of the electric 
field through the stub and/or the anode terminal of high voltage 
power supply at the top of the FPA. Detailed identification of 
the sources of the leakage electromagnetic field is a future issue. 

D. Long-term monitoring results around the FPAs 
LHD plasma experimental campaigns were carried out 

mainly in the fall and winter. During the rest of the year, the 
LHD and heating devices were inspected for maintenance and 
then the devices were tested. Hence, year-round monitoring is 
important. Fig. 9 shows the daily maximum values of the 
leakage electric field measured from 2011 to 2015 at MP2, MP3 
and MP4. The frequency of the ICRF is mainly 38.47 MHz 
throughout these experimental periods. The daily maximum 
values are not six minutes average value but the instantaneous 
values. The hatch indicates the plasma experimental period. In 
the plasma experiments, all the monitoring devices were able to 
detect the leakage electric field. It indicates that the proposed 
system is applicable to the monitoring of leakage 
electromagnetic fields in a wide area. The maximum leakage 

electric field of 42.3 V/m (IRE = 47.5%) was observed at MP2 
during the plasma experiment on September 26, 2011. The 
reference level in the Japan RCR STD-38 is specified as a value 
that does not cause undesirable electromagnetic phenomena 
such as increase in core body temperature, electric shocks, radio 
frequency burns, etc. Thus, the observed electric field level 
around the FPAs is considered to have no influence on the 
human body.  

E. Safety Issues for the Electromagnetic Field Management 
in Magnetic Confinement Nuclear Fusion Facilities 

According to the Japan RCR STD-38 and ICNIRP guidelines, 
the averaging time of 6 minutes and 30 minutes, respectively, 
is used to evaluate the electromagnetic environment. Current 
fusion test devices are operated in pulses of a few seconds or 
tens of seconds. Therefore, it is considered that there is no need 
to monitor the leakage electromagnetic field around the fusion 
test device. On the other hand, the LHD with superconducting 
magnetic coils can be operated for tens of minutes. Besides, the 
International Thermonuclear Experimental Reactor under 
construction in France will use 20 MW of ICRF power 
(frequency range: 40-55 MHz) in quasi-CW operation (pulses 
up to 3600 s) for a variety of plasma scenarios [19]. In the next 
generation of fusion devices, long-duration discharges using 
high-power RF waves will be performed. Therefore, it is 
important to establish safety management methods for non-
ionizing radiation as well as monitoring of ionizing radiation 
from the viewpoint of ensuring the safety of workers. We 
believe that the multipoint wide area monitoring system 
proposed by us is applicable to larger fusion facilities. 

IV. CONCLUSION 
The leakage electromagnetic field around the mega-watt 

class ICRF amplifiers in a magnetic confinement fusion test 
facility was observed by developed multipoint monitoring 
system using several electromagnetic field measurement 
instruments. It was found that the leakage magnetic field was 
less than the measurement sensitivity of the personal RF 
monitor. On the other hand, the leakage electric field could be 
clearly detected near the FPA. The leakage electric field in the 

 
 
Fig. 8. Schematic structure of the FPA. A part of structure of FPA is revised 
and omitted from the figure in Ref. 12. The lower part is the input cavity, and 
the upper part is the output cavity. The directional coupler is installed at the RF 
output. The Radman at MP2 is set at the top level of FPA. 

 
 
Fig. 9. The daily maximum values of the electric field measured from 2011 to 
2015 at MP2, MP3, and MP4. 
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near-field region increases as the RF forward power increases 
and it would be radiated through the stub in the FPA and/or high 
voltage supply line connected to the anode of the tetrode. The 
maximum leakage electric field was 47.5% (42.3 V/m) of the 
reference value of the ICNIRP. The observed electric field level 
was considered to have no influence on the workers. 

In the next generation of fusion devices, it is important to 
consider the electromagnetic compatibility and the protection 
of workers around the amplifiers, because the higher power 
amplifiers for ICRF system will be used for a long time. Thus, 
the proposed multipoint electromagnetic field monitoring 
system can be applied to wide area continuous measurements 
in a large fusion facility. 
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