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Chapter 6 
Summary and perspective 
 
 
6.1 Summary  

The DT burn control in the fusion experimental reactor requires real-time information of the 

fusion power and the fuel ratio (the ratio of deuterium density nD and tritium density nT) in 

the plasma. Fusion power is derived from the total neutron yield that can be obtained directly 

by accurately calibrated neutron detectors. Several kinds of tools were proposed for the fuel 

ratio monitoring, and a neutron spectroscopy is superior to other tools in the plasma core that 

has fusion reactions most. Plasma diagnostics based on neutron measurement significantly 

contributes to the DT burn control. International Thermonuclear Experimental Reactor 

(ITER project) tries to realize burning plasmas with a much higher power and wider dynamic 

range that the former Tokamaks have not encountered ever. Since the neutron measurement 

system in ITER is responsible for the success of the ITER project, the research and 

development of the diagnostic systems should undergo deliberate neutronic design 

considerations through detail simulations. This thesis has described a design study on an 

advanced nuclear instrumentation system that is applicable to the DT burn control in ITER. 

Followings are the achievements of this work and outlines of the proposed systems. 

 

(A) Neutron yield monitoring system  

This work presented a nuclear design of the ex-vessel neutron yield monitoring system for 

ITER. This work is the first proposal that is capable of satisfying the required dynamic range. 

The practical calibration strategy using both DD and DT neutron generators has also been 

discussed with the estimation of the expected measurement accuracy. 

 

The proposed monitoring system consists of 3 detector modules, 6 fission chambers in total; 

the two of them have a graphite moderator, and the other beryllium as its moderator. Each 

detector module contains two active fission chambers with different sensitivities, and the 
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detectors will be operated in a pulse-Campbelling combined operation mode, which enables 

to extend the dynamic range of single detector up to 9 orders. The moderating regions of the 

detector modules have been optimized in order to make the energy response as flat as 

possible for reducing the measurement uncertainties due to the spectral gap between the 

calibration source and the actual fusion neutrons. The locations of the detector modules have 

been considered through the Monte Carlo calculations with the simulation cord MCNP-4C2 

and the ENDF/B-VI neutron data library under a detailed model of the ITER machine. The 

graphite moderated detector modules will be installed in the ITER Equatorial ports at 7 m 

away from the plasma core for monitoring the DT burning plasma. Taking advantage of its 

relatively small dimension, the beryllium moderated detector module will be located just 

behind the Blanket module, 50 cm away from the First wall of the ITER machine, for the DD 

phase and the in-situ calibration. Through the MCNP calculations, it has been confirmed that 

the 6 detectors can cover the whole neutron yield over the all of phases of the ITER 

operation with adequate overlap of dynamic ranges for the cross calibration. 

The measurement accuracy of this system depends on the in-situ calibration. 

Because the ITER plasma is a two-component neutron source of DD neutrons as well as DT 

neutrons, in-situ calibration using both DD and DT neutron generators with high generation 

rate is a promising way to secure high measurement accuracy. In-situ calibration with 

30-hour measurement using both DD and DT neutron generators enables the required 

accuracy of 10% for the early stage of the DD phase and the DT phase, respectively. The 

advanced DD phase, which means the high-density and high-power DD operation, generates 

a large number of secondarily produced DT neutrons as well as the DD neutrons 

simultaneously following the tritons production in one branch of the DD reaction. In this 

phase, independent calibrations to DD and DT neutrons will cause unacceptable 

measurement uncertainties of approximately 40%. The combined calibration procedure 

including both contributions of DD neutrons and DT neutrons enables to improve the 

measurement uncertainty in this phase to 25% at least. The present system is capable of 

providing the plasma burn control system with the information of total neutron yield in the 

DT phase under time resolution of 1 ms with around 10% accuracy.  

This monitoring system presented with its suitable calibration strategy satisfies the 
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requirements for the ITER DT burn control, and can be a promising prototype system for 

development of a neutron yield monitor in the actual fusion power plant. 

 

(B) Fuel ratio monitoring system  

A new approach to a Time-of-Flight (TOF) neutron spectrometer has been proposed and 

discussed for the fuel ratio monitoring in the burning plasma core. This monitoring system 

has a water cell in front of the pair of the TOF crystals. The water cell acts as a neutron 

scattering material. Incident neutrons are elastically scattered with hydrogen nuclei in the 

water cell and the intensity ratio of DD/DT neutron is enhanced approximately by 3 times 

before coming into the TOF crystals. This enhancement decreases the relative intensities of 

the DT neutron and γ-ray of no interest, which allows the TOF system to detect the trace DD 

neutrons easily. This work has experimentally confirmed that the proposed system surely 

works as a neutron spectrometer and is able to distinguish trace amount of DD neutron 

coming with a large amount of DT neutrons. This thesis also presents the optimized design 

of this system for an application in ITER.  

 

The prototype system has been made to verify whether the proposed concept can be feasible 

as a neutron spectrometer. Through the basic experiment using a DT neutron beam (2.0 cmφ) 

at the Fusion Neutronics Source (FNS), Japan Atomic Energy Agency, it has been confirmed 

that this system can be operated as a neutron spectrometer. Besides, the Monte Carlo 

calculation model that can simulate the detector response has been established. The FNS 

facility generates DD neutrons of around 1% as well as DT neutron, and it is helpful for 

demonstration of DD neutron detection for this system. The experimental set-up has been 

improved in its energy resolution through the Monte Carlo simulation to make sure a 

detection of DD neutron. A DD neutron peak has been successfully observed, and the ratio of 

the acquired peak count of DD and DT neutron is 1 : 7.6±0.6, which corresponds to the 

original neutron generation rate DD/DT of 1.9±0.2%. This result would be reasonable 

considering the prolonged operation of the tritium-storage target of FNS, which has a 

considerably poor tritium retention that leads to a higher rate of DD neutron generation than 

the original specification.  
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The design configuration of this system has been optimized through the Monte 

Carlo simulations to detect DD neutrons in the full power phase of ITER. The installation 

location of this system in ITER is 10 m away from the plasma core in the center chord of the 

Radial Neutron Camera, which is a fan-shaped array of neutron collimators. The neutron 

energy spectra in this position have been calculated by MCNP-4C2 with ENDF-VI neutron 

data library for the design considerations of this system. A 3.0 cm-diameter and 2.0 cm-thick 

water cell has been employed as the radiator. The TOF system will be placed 15 cm behind 

the radiator in the direction of 40 degree. Roundly distributed 50 pieces of second detectors 

(Scintillator, 12 cmφ × 5.0 cmt) share the first detector (Scintillator, 2.5 cmφ × 2.5 cmt) at 

170 cm behind. The intrinsic energy resolution of 34% for DD neutron, 37% for DT neutron 

will be expected for this system. And detection efficiencies for DD and DT neutron will be 

(6.79±0.03) ×10-5 cm2 and (6.11±0.06) ×10-6 cm2, respectively. 

This thesis also has clarified the expected measurement accuracy and time 

resolution in the upper region of the ITER DT phase. The proposed system is expected to 

achieve a time resolution of 8.5 s with 20% accuracy for a measurement of the intensity ratio 

of DD/DT neutron at the ITER full power operation. However, in the 1-order-lower-power 

phase, a sampling time of a few hundred seconds is required for this system to achieve the 

20% accuracy, some improvement of the time resolution would be needed to apply this 

system to this region.  

This system has a sufficient potential as a monitoring system of the fuel ratio in the 

plasma core for DT burn control in the upper region of the ITER operation. 

 

An advanced version of nuclear instrumentation systems have been presented here 

for the DT burn control. These systems have been designed so as to diagnose the 

unprecedented burning plasma involving a higher neutron yield and much wider dynamic 

range than we have ever had. 

 

6.2 Perspective 
The research on a plasma burn control has been rapidly progressed in recent years toward the 

practical applications in ITER. The actual fusion power plant needs a reliable control 
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technique that is not negatively influenced by various plasma fluctuations. A sophisticated 

burn control system consisting of some control modes is suitable in the actual fusion power 

plant. The system experiments in ITER can be a fundamental stage of a practical 

development of a plasma burn control technique, and which will contribute significantly to 

the achievement of stable burning plasmas. The ITER experiments must be valuable 

occasions for a demonstration of burning plasma control and fundamental data acquisition. 

The primary task before the launch of the ITER operation is detailed characterizations of the 

plasma diagnostic systems based on computer simulations and basic experiments in the 

existing Tokamak devices. The followings are the future works for the research and 

development of nuclear instrumentation in terms of the DT burn control. 

 

(A) Neutron yield monitoring system 

Though measurement accuracy of 10% is expected at present, further improvement of 

measurement accuracy is necessary for the plasma burn control in an actual fusion power 

plant. Since the measurement accuracy is dependent on the in-situ calibration, more superior 

calibration strategy is desired. This thesis has expanded the strategy of the in-situ calibration 

of neutron yield monitoring system by indicating the advantage of the use of a DD neutron 

generator as well as a DT neutron generator, and further practical considerations or 

improvements of the calibration strategies for the other neutron measurement systems can 

refer to this work. Another important factor that influences the calibration uncertainty is 

calibration source characteristics. Securing a high generation rate and its stable operation are 

the primary issues for development of a neutron generator. Measurement of neutron emission 

profile in the plasma also has much to contribute to further improvement. Besides, 

traceability of the measured absolute value must be established, and a tracing technique of 

the calibration result to the primary standard should be secured. 

After the launch of the ITER experiment, sustainment of the measurement accuracy 

will be a crucial issue. Because many kinds of experimental scenarios have been planned in 

ITER, modifications of the devices around the detectors will be inevitable during the 

implementation of the planned scenarios. Neutron diagnostic systems in fusion reactors are 

likely to be influenced by scattered neutrons from their peripheral equipment. The detector 
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response and the absolute measurement accuracy might be affected by the changes of the 

peripheral devices. Therefore, the in-situ calibration should be repeated every changes of the 

detector arrangement, specification and its surrounding devices.  

 

(B) Fuel ratio monitoring system 

More detailed considerations on the requirement for the fuel ratio monitoring are desired 

based on the burning plasma characteristics. For instance, because of its modest burning in 

the lower-power region, it is considered that the fuel ratio in the burning plasma varies in 

relatively longer time scale than in the full power operation. Therefore, the longer time 

resolution might be acceptable for the burn control in the lower-power region.  

The prior issues for the neutron spectrometer are an improvement of time 

resolution and dynamic range. Because this system has a disadvantage in detection efficiency 

compared to a conventional TOF method in a lower-reactor-power region, a combined 

approach of this system and a conventional TOF method will be reasonable. The further 

detailed estimations of the applicability demands the optimized design of neutron collimator 

including a beam dump, an accurate analysis of neutron beam characteristics at the detector 

location and experimental evaluation of the actual background components in Tokamak 

devices. Furthermore, consideration on an in-situ calibration method for this system is 

necessary. Since direct measurement parameter is the intensity ratio of DD/DT neutron, a 

system characterization and in-situ calibration using both DT and DD neutron generators are 

extremely important. As the design study of the neutron yield monitoring system, a suitable 

in-situ calibration technique for this spectrometer should be also presented before the system 

integration.  

 

(C) Contribution of plasma profile measurement system 

The fueling methods that have been proposed so far are pellet and gas puff injections and a 

compact troid injection method that injects accelerated fuel ions such as D and T in plasma 

state. The gas puff technique has fast response, but is not used for the injection to the plasma 

core. On the other hand, the pellet injection is useful for the injection to the core, but time 

response is poor. The compact troid method also can be used for the plasma core and make 
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efficient burning. These methods will be combined according to plasma parameters such as 

ion temperature, density and distributions to effectively control the plasma burning, 

considering the plasma profile or plasma burning distribution.  

A neutron detector array will be incorporated with Radial Neutron Camera outside 

the Vacuum vessel for a plasma profile monitor, which can provide information of a spatial 

distribution of the plasma burning. Therefore, it is need to consider the requirements of the 

profile monitor in terms of the DT burn control and evaluate the applicability of the proposed 

system to the DT burn control in ITER. 

 

Nuclear instrumentation has much contribution to all of the fusion technologies as 

well as the DT burn control. We hope a sophisticated diagnostic system will be successfully 

developed based on a success in the ITER project, which is the first human challenge to 

fusion energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 116

 

 

 


