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We have developed the following neutron 
measurement systems and related items for D-D burning 
plasma experiments, especially for study of high-energy 
particle physics.  

1) The combined neutron transport code consisting of 
MCNP, FIT3D-DD and GNET.  

2) The neutron flux monitor and the signal processing unit 
for neutron counters. 

3) The artificial diamond neutron energy spectrometer. 
4) The neutron profile monitor using scintillating fibers 

and the digital signal processing unit for discrimination 
of neutrons and gamma rays. 

5) The neutron profile monitor using nuclear emulsions. 
6) The neutron energy spectrometer using recoil proton 

detector. 
In this report, we briefly describe the results of 1), 4) 

and 5) among the above items because of the limitation of 
writing space given.  

 Confinement of energetic tritons for the LHD 
deuterium plasma is investigated using the GNET (Global 
NEoclassical Transport) code, in which the drift kinetic 
equation (DKE) of energetic particles is solved in five-
dimensional phase space. GNET is also applied to evaluate 
the source profile of the tritons solving the DKE for NBI 

beam ions. The velocity distributions of energetic tritons are 
evaluated over a range of minor radii, and we present the 
characteristics of the triton distribution in velocity space. 
Next, we calculate D-T nuclear reaction rates using the 
obtained velocity distribution of tritons. Figure 1 shows the 
radial profiles of the neutron production rate and the total 
production of 14MeV neutron is evaluated as 9.0 x 1010 s-1 in 
the typical LHD plasma. 

In order to measure the incident directions of 14 MeV 
neutrons, a direction sensitive detector composed of 
scintillating fibers (Sci. Fi.) has been used.  In that system, 
the signals from the scintillating fibers were measured with 
a photomultiplier tube (PMT) where the penetration of 
recoil proton from one fiber to the other was prevented with 
the shielding region between the fibers.  In the present 
study, we are trying to optimize the design of the detector to 
use at LHD.  We calculated the angular dependence of 
counts over a threshold energy for the case of 1mm-
diameter Sci. Fi.  The lengths were set to 10 cm and 5cm.  
Also, experiments were carried out at Fusion Neutron 
Source (FNS) facility of Japan Atomic Energy Agency.  It 
can be recognized that the measured angular distribution is 
broader than calculated results.  As Sci. Fi. is sensitive to 
gamma rays, the difference should be due to the background 
gammas.  To reduce the gamma sensitivity, it is effective 
to adopt smaller core Sci. Fi.  Also from the calculated 
results for different core size, we can conclude that, by 
using smaller core Sci. Fi., higher angular resolution can 
also be achieved. 

We have developed a compact pinhole camera based 
on nuclear emulsion technique for neutron emission profile 
measurement. Figure 2 shows the point spread functions of 
the pinhole camera obtained by experiments with an 
accelerator-based DD neutron point source and by 
simulations. Using the camera installed at a fusion 
experimental device KSTAR, the pinhole images of DD 
neutron from the plasma integrated over several plasma 
shots were successfully obtained.  
 
 
 

Fig. 1 Radial profile of D-T fusion reaction 
rate in the typical plasma. 
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Fig. 2 Distributions of recoil proton-track density. 

Upper plots are the distributions obtained by 
experiments using a mono-energetic 2.5 MeV 
neutron point source and lower ones are 
Monte Carlo simulations based on PHITS. 
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To study impurity behavior in magnetically confined 
plasma by injecting tracer-encapsulated solid pellet 
(TESPEL), new kind of X-ray detection system is required. 
The detector must measure the radial profiles of time-
resolved soft X-ray spectra emitted from high temperature 
plasmas in LHD. The plasma emits strong soft X-ray in an 
energy range from 1.0 keV to 10 keV. The spectra consist 
of continuum as bremsstrahlung emitted from electrons and 
Kα lines emitted from the impurities such as ionized argons 
and transition metals. 

In the third fiscal year, we measured soft X-ray by 
using a Silicon-on-Insulator pixel detector (SOIPIX) 
installed at 7-O horizontal port in LHD. The SOIPIX has 
both thick high-resistive radiation sensor and CMOS 
readout circuit in a single chip1, 2). The signal is read out at 
the rate of 520 ns/pixel. The detector used at the port has 
256×256 pixels of 14 µm square. The thickness of the 
sensor is 300 µm to obtain the X-ray in the range from 1.0 
keV to 10 keV, effectively. The data and control signals are 
transferred through an Ethernet I/F consisting of an on-
board FPGA. The detector is cooled to less than 0 °C to 
reduce leakage current. Completed SOI detector chamber is 
shown in Fig. 1. 

In the present research, the soft X-ray emitted from 
LHD is measured by means of an in-vacuum-pinhole 
camera to obtain the X-ray distribution. The pinhole is a 
diameter of 100 µm at a 200-µm-thick stainless plate. The 
plate is manually movable in the vertical direction. The 
precision of the motion is about 10 µm. Additionally, the 
SOI chamber was modified in this year to be adjustable in 
the horizontal direction. The precision is about 100 µm. 
The X-ray through the pinhole and a 250-µm-thick 
beryllium filter is measured with the SOIPIX. The 
beryllium filter separates vacuum system between LHD 
and the detector system, and also reduces the flux of low-
energy X-rays. For example, the transmission rate of argon 
Kα (E = 3.2 keV) and iron Kα (E = 6.7 keV) emitted from 
high temperature plasma are 18.4 % and 85.4 %, 
respectively. The distances between the pinhole and the 
plasma center (Rax = 3600 mm), the pinhole and the sensor 
are 16.9 m and 65.5 mm, respectively. The sensor is 437 
mm higher than LHD equator. At the plasma center the 
sensor approximately covers a 0.8-m-square region. 

The measurement of an X-ray image has been tried at 
the last cycle (18th LHD experimental campaign). Figure 2 
shows the two images, one (to the left) obtained from a 
long pulse heated plasma of approximately 40-minutes 
pulse duration (LHD#124530) in FY2013, and the second 
(to the right) obtained from a long pulse heated plasma of 
approximately 10-minutes pulse duration (LHD#131052) 
in FY2014. The total exposure time of the SOIPIX is 
12.139 sec. The square frame indicates the whole region 

covered with the sensor. In the present measurement, the 
position of the sensor was perfectly adjusted. Eventually, 
the detector system was completed within these three years 
except the cooling system. Temperature was reached to 
below -50 degree in the initial test setup, but after several 
modifications of the chamber system the temperature can 
be reached only -7deg. We realized that the further 
optimization of the cooling system is needed.  

In the final year, small Pulse height Analyzer (PHA) 
was also introduced in the SOI chamber system, and the 
system can calibrate the X-ray count rate during the LHD 
operation. Eventually, more stable data, such as time 
dependence and total number of photons, are measured.  

 

 
 

 
Fig. 1. Completed SOI detector chamber. Detector 
frame with a cooling arm (top) and closed chamber 
(bottom) 
 

  
Fig. 2. LHD plasma X-ray images taken with the 
SOIPIX camera system (left: in FY2013, right: in 
FY2014). The vertical and horizontal axes are 
corresponding to the Z and toroidal direction of the 
plasma, respectively. The signs of “T”, “B”, E”, and 
“W” mean the top, bottom, 6-O side, and 8-O side of the 
sensor. At the sensor the X-ray image of LHD plasma is 
reversed due to the pinhole camera. 
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