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 We evaluated the neutron bang time in fast-ignition inertial confinement fusion and the 
response function of deuterium-deuterium (DD) neutrons for burn history monitoring 
applications with a single-crystal CVD diamond detector. Signals were successfully obtained for 
the first time with a single-crystal diamond detector for DD neutrons of above 108 neutrons/shot.

1. Introduction

 A fast ignition method, which is an evolution of the direct irradiation method, is being 
developed to improve the fusion gain in inertial confinement fusion experiments.(1) At 
Osaka University, a target with a gold cone attached to a fuel sphere is used, and the high-
temperature, high-density plasma formed by direct irradiation is irradiated by laser for 
the first ignition experiment (LFEX) with an energy of 1 kJ and a time width of 1 ps. As 
a result, the plasma is heated by fast electrons generated from the gold cone, and fusion 
ignition is expected to be achieved at about one-tenth the energy of that in the direct 
irradiation method.
 For the optimization of fast ignition, it is important to know the implosion instability, 
the core plasma behavior, the dynamics of heating by fast electrons, the neutron 
production dynamics, and so forth. To obtain such information, plasma diagnostics using 
nuclear reaction particle measurement(2,3) and X-ray spectroscopic imaging(4,5) have been 
attempted. Among the parameters obtained by plasma diagnostics, the neutron bang time, 
which indicates the peak time of neutron production, and the neutron burn history, which 
reveals the time variation of the neutron production history, are indices related to neutron 
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production dynamics. Detectors capable of measuring these parameters with a time 
resolution of better than 100 ps are required.
 At the National Ignition Facility (NIF), neutron bang time measurements using fast 
plastic scintillators(6) and polycrystalline CVD diamond(7) detectors have been reported. 
Neutron burn history measurements with a time resolution of 10 ps using an X-ray streak 
camera have also been reported.(8)

 On the other hand, the above measurements have not been successful for the fast 
ignition method. There are two reasons for this. The first is that the total number of 
neutrons is small. In the fast ignition method at Osaka University, the energy input is 
smaller than that at the NIF, and the deuterium-deuterium (DD) fuel sphere, which has a 
small nuclear reaction cross section, is used for implosion. The total number of neutrons 
produced was about 107–108, less than 1/1000 of that of the NIF. The second is that 
bremsstrahlung X-rays are generated by fast electrons. Bremsstrahlung X-rays with a 
maximum energy on the order of 10 MeV are generated at 1012–1015 photons/shot, and 
when plastic scintillators are used, afterglow with a decay time of μs order and afterpulses 
from the photomultiplier tubes are generated, making neutron measurement difficult.(9,10)

 To solve these problems, we have focused on and developed a single-crystal diamond 
detector as a neutron bang time and neutron burn history detector that can be used under 
the high X-ray intensity associated with fast ignition. Compared with polycrystalline 
diamond detectors, single-crystal diamond detectors have superior charge collection 
efficiency. Since there is no inf luence of charge capture by grain boundaries, the amount 
of charge detected per volume can be improved, and detailed neutron yield evaluation can 
be expected due to the reduced variation in the amount of charge. So far, single-crystal 
diamond detectors have shown a good response to X-rays generated by fast ignition with a 
half width of 0.8 ns and no afterpulse. However, owing to insufficient neutron sensitivity 
and electromagnetic noise, we have not succeeded in observing the neutron signal.(11) In 
this study, the entire measurement system including the power supply was installed in an 
electromagnetic shield, and the trigger signal was transmitted through an optical fiber. 
The system was electrically f loated to reduce the noise level, and we attempted to detect 
neutrons.

2. Materials and Methods

2.1 Sample preparation

 Single-crystal diamond was grown homoepitaxially on an off-angle-controlled high pressure/
high temperature (HP/HT) IIa-type substrate using a microwave plasma CVD system (5250; 
ASTeX). The growth conditions were a gas pressure of 110 Torr, a substrate temperature of 850 
℃, a microwave power of 1000 W, and a CH4/[H2+CH4] concentration of 0.25%. The grown 
layer was lifted off by electrolytic etching(12) to obtain a freestanding film with an area of 5 × 5 
mm2 and a thickness of 150 μm. An Al Schottky electrode of Φ3 mm and a thickness of 100 nm 
was fabricated on the as-grown surface by resistance heating deposition, and a TiC/Au ohmic 
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electrode with Φ3 mm and a thickness of 100 nm was fabricated on the substrate side surface by 
electron beam deposition. The former was grounded to an Al detector mount. The latter was 
wired to the subminiature type a (SMA) receptacle for high-voltage application and signal 
readout. The charge collection efficiency of the detector was evaluated by α-ray-induced charge 
distribution measurement. The charge collection efficiency for both electrons and holes was 
almost 100%. For details, please see Ref. 13.

2.2 DD neutron response function measurement system using GEKKO XII laser

 We attempted to obtain the response function of a single-crystal diamond detector for DD 
neutrons generated by deuterium target implosion at the Laser Energetics Laboratory, Osaka 
University using the GEKKO XII laser. Figure 1 shows the measurement system. A bias tee 
(Picosecond Lab) with an analog frequency bandwidth of 16 GHz, a detector power supply (428; 
Ortec), and an oscilloscope (N2940A; Keysight) with an analog frequency bandwidth of 4 GHz 
and a sampling rate of 20 GS/s were used for the measurements. Inertial fusion devices generate 
strong electromagnetic noise due to laser irradiation, which makes it difficult to detect signals 
from the measurement target. Therefore, we fabricated an electrically floating measurement 
system from the detector to the measurement instrument as follows. The detector, coaxial cable, 
and measurement instrument were installed in a metalGS tube and a laboratory-made Cu 

Fig. 1. Schematic drawing of DD neutron ToF measurement system based on a diamond radiation detector.
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shielded box for electromagnetic shielding. The detector introduction port was insulated from 
the target chamber using an acrylic flange. The shielded box was placed on an insulating PTFE 
block, and the entire measurement system was electrically floated by using UPS battery power 
to drive the instruments. In addition, a trigger signal was introduced by an optical fiber and a 
photodiode (S5371; Hamamatsu).
 The arrival time broadening due to the Doppler effect of DD neutrons is expressed as(14)

 ( ) ( ) ( ) ps 778  2.45 MeV  DD neutron   1it d T∆ = × × , (1)

where Ti is the ion temperature (keV) and d is the distance between the target and the detector 
(m). Currently, the ion temperature for fast ignition in the FIREX project is about 0.5–1 keV.(15) 
The detector must be placed within 5.7 cm from the target center to measure the time width of 
the 2.45 MeV neutrons produced by the DD reaction at an ion temperature of 5 keV after 
successful fast ignition in less than 100 ps. The photon and DD neutron velocities are 30 and 2.1 
cm/ns, respectively; thus, the DD neutrons reach the detector 2.5 ns after the X-rays. The 
detector is required to have a fast response that can discriminate between photons and neutrons 
in time. In this measurement, the distance between the target and the detector was 14.5 cm 
owing to the combination of solid angles with other instruments.
 To measure the DD neutron response function, a thin 2–3-μm-thick deuterium-gas-filled CD 
shell was used to increase the implosion rate and obtain a high neutron generation rate. The 
target implosion was performed only with the GEKKO XII laser, and the ToF method was used 
to detect the neutrons produced by the implosion. The expected number of DD neutrons was 108 
neutrons/shot and the wave height value calculated from the detector sensitivity is a few mV, 
which is small. To confirm the presence of a neutron signal, we also compared the output signal 
with that of a deuterium-free CH shell explosion shot.

3. Experimental Results and Discussion

  Figure 2 shows the response functions for CD and CH shell implosions. The 
electromagnetic noise was 2 mV peak-to-peak. The zero point of time in the figure 
corresponds to the rising edge of the photodiode. In the response functions of the CD shell 
implosions shown in Figs. 2(a)–2(c), X-ray and DD neutron signals from the imploding 
plasma were observed at −43 and −37 ns, respectively. The time difference between the 
X-ray and DD neutron signals is 6.2 ns, which corresponds to 14.5 cm between the target 
center and the detector. The neutron yield was calibrated with a plastic scintillator. The 
arrival time difference between X-ray and DD neutrons was constant, and an increase in 
wave height with increasing neutron yield was observed. Furthermore, as shown in Fig. 2(d), 
no neutron signal was observed for the CH-shell-only implosion. From these results, we 
confirmed that the pulse wave height at −37 ns is due to DD neutrons.
 If the FIREX project progresses and the ion temperature of 5 keV is achieved, the total 
number of neutrons produced is expected to be 1011 neutrons/shot. As mentioned earlier, the 
distance between the detector and the target must be within 5.7 cm to measure neutrons with 
a time width of less than 100 ps. This detector has a neutron sensitivity of 2 × 10−8 mV/
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neutrons in terms of the wave height for DD neutrons. If the neutron yield when fast ignition 
is achieved is Yn = 1 × 1011 neutrons/shot and the wave height increases linearly with the 
number of neutrons, an output signal of 2 V can be expected. In the fast ignition system, 
electromagnetic noise is generated by the LFEX laser irradiation. Currently, the noise level 
in this measurement system is on the order of 10 to 100 mV. Furthermore, the X-ray signal 
intensity is expected to be a few volts, which is the same order of magnitude as the neutron 
signal intensity.
 In neutron burn history measurement, electromagnetic noise and the overlap of X-ray and 
neutron signal wave heights cause measurement errors, because unfolding is performed on 
the acquired wave height values. To counter these problems, it is essential to further 
strengthen the electrostatic shielding and reduce the wave height of the X-ray signal by using 
a gate high-voltage mechanism. It is also important to increase the sensitivity of the diamond 
detector by increasing its area. Through the above efforts, we aim to realize the measurement 
of the neutron bang time and neutron burn history at the time of fast ignition.

4. Conclusion

 The response function of a single-crystal CVD diamond detector to DD neutrons was 
evaluated. The applicability of this detector as a neutron burn history monitor and issues to be 

Fig. 2. (Color online) Examples of time responses of the diamond radiation detector for implosions of (a)–(c) 
CD(C8D8) shells and (d) CH (C8H8) shell. The blue   lines show the five-point moving average.
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resolved were discussed on the basis of the experimentally evaluated neutron sensitivity. In the 
evaluation of the response function for DD neutrons, we succeeded in obtaining signals at a 
neutron fluence of 108 neutrons/shot or higher for the first time by using electromagnetic 
shielding and electrical floating of the measurement system. Since there is no afterpulse, the 
diamond radiation detector can be expected to be effective for bang time and burn history 
measurement when the neutron yield is sufficient under intense X-ray conditions where 
photomultiplier tubes cannot be used at present.
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