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Fusion product diagnostics can be used to determine
a fusion reaction rate, which indicates how close the plasma
is to the ultimate goal of making a power plant based on
nuclear fusion. However, these diagnostics can also provide large amounts of additional information, such as ion
temperatures, the thermonuclear fraction in the fusion reaction rate, degree of fast ion confinement, fast ion loss
mechanism, etc. Measurement systems for fusion product
diagnostics are usually designed and optimized to a specific performance so that they play different roles in the
experiment. The neutron emission rate, which is directly
related to the fusion output, can be determined by (a) timeresolved emission monitors, which are well calibrated onsite, in combination with (b) activation systems and (c)
profile monitors with accuracy up to several percent. The
time-resolved neutron profiles also provide useful information for transport analysis. Velocity distributions and
confinement properties of fast ions can be obtained from
(d) the neutron spectrometers and (e) gamma-ray measurement. The interaction between plasma dynamics and fast
ions can be studied with most fusion product diagnostic
systems, especially with ( f) escaping charged fusion prod-

uct detectors. Each section of this chapter contains a general explanation of these systems, showing some
experimental results obtained on present devices. A lot of
interesting and useful information on the behavior of energetic particles and their degree of confinement are provided by them because interaction between thermal and
nonthermal energetic ions and that among nonthermal ions
contribute dominantly to the fusion reaction rate in present
deuterium-deuterium experiments. In future deuteriumtritium fusion experiments on ITER, the contribution of
thermonuclear fraction will be increased, and the combination of several neutron measurement systems will provide the absolute fusion output and neutron fluence on the
first wall. Together with neutron measurement, alpha particle and gamma-ray measurement play important roles in
research on self-heating burning plasma physics and hence
in the burning control of the device.
KEYWORDS: neutron measurement, alpha-particle measurement, gamma-ray measurement
Note: Some figures in this paper are in color only in the electronic
version.
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has been used for diagnosing the plasma when 3 He gas is
introduced for the discharge.
Cross sections for these reactions can simply be calculated by tunneling probability through a potential barrier,1 which is composed by a repulsive long-range
Coulomb potential and an attractive short-range nuclear
potential. This probability is known to have an energy
dependency of exp~⫺10E 102 !. It has an additional energy
dependency of 10E, which comes from a cross section of
pl2 ~l: the de Broglie wavelength!. This can be expressed as
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s~E ! ⫽

I. INTRODUCTION
Fusion product diagnostics can be categorized into
two groups based on the information that can be obtained: the neutron production rate from a plasma and the
amount and behaviors of energetic ions. The former indicates how closely the plasma in a fusion device under
a specific operation scenario approaches the ultimate goal
of a self-sustained nuclear fusion reactor. A representative of the former group is measurement of neutron emission rate, while a representative of the latter group is
escaping0loss alpha-particle measurement. The confinement of energetic ions, which can be studied from the
latter group, is of primary importance for fusion reactor
development because the 3.5-MeV alpha particles produced through deuterium-tritium ~D-T! fusion reactions
D ⫹ T r 4 He ~3.5 MeV! ⫹ n ~14.1 MeV! ,

~1!

act as an energy source to heat the plasma, thus resulting
in a self-sustaining reaction. This is referred to as a burning plasma or an ignited plasma, and devices aimed at
obtaining self-sustaining fusion plasmas are known as
burning plasma devices. The confinement of alpha particles is one of the key issues of ITER, which is now
under construction with international collaboration as a
burning plasma device.
Although definite conclusions from intensive research on ITER are anticipated, a great deal of information can be obtained from current fusion devices with
deuterium plasmas. Here, deuterium-deuterium ~D-D!
reactions
d ⫹ d r t ~1.0 MeV! ⫹ p ~3.0 MeV!
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have been the primary diagnostic tools, and the Dreaction
d ⫹ He r He ~3.7 MeV! ⫹ p ~14.7 MeV!
3
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冉 冊

exp ⫺

b

E 102

A 1 ⫹ E~A 2 ⫹ E~A 3 ⫹ E~A 4 ⫹ EA 5 !!!
1 ⫹ E~B1 ⫹ E~B2 ⫹ E~B3 ⫹ EB4 !!!

.

~6!

Here, A 1 , A 2 , A 3 , A 4 , A 5 , B1 , B2 , B3 , B4 , and b are parameters obtained by adjustment to both the theoretical
calculation and the experimental data,4 and the curves
shown in Fig. 1a were calculated using these parameters.
The strong energy dependence of the fusion cross section
can be seen, but that of the D-T reaction has a peak in the
relatively low-energy region ;100 keV. This is one of
the main reasons why first-generation fusion reactors use
the D-T reaction.
The reactivity is defined as the product of the cross
section and the relative velocity averaged over the velocity distribution in a Maxwellian plasma and can be
parameterized as a function of the ion temperature in
expressions such as
^sv& ⫽ C1 u

~3!

E 102

and

and

3 He

b

where a and b are parameters to be calculated. The shape
and height of the potential barrier include complicated
physics, such as Coulomb screening.2 On the other hand,
cross sections have been measured experimentally with
considerable accuracy down to the 10 keV region,3 and
parameters can be obtained by the fitting procedure. Better parametrization of the cross section 4 has been done as
a function of the ion energy in various forms, such as

~2!

d ⫹ d r 3 He ~0.82 MeV ! ⫹ n ~2.45 MeV!

冉 冊

exp ⫺

冪

j
mr c 2T 3

e ⫺3j ,

~7!

where

冒冋

u⫽T

1⫺

T ~C2 ⫹ T ~C4 ⫹ TC6 !!
1 ⫹ T ~C3 ⫹ T ~C5 ⫹ TC7 !!

册
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Fig. 1. Fusion cross sections as a function of the CM energy of the reacting particles ~a! and fusion reactivities for Maxwellian ion
distributions as a function of ion temperature Ti ~b!.

and
j⫽

冉 冊
BG2

4p

103

,

BG ⫽ paZ 1 Z 2 2m r c 2 ,

M

where BG is called the Gamov constant 5 and m r c 2 is the
reduced mass of the particles. Parameters C1 , C2 , C3 , C4 ,
C5 , C6 , C7 are tabulated in Ref. 4, and the curves shown
in Fig. 1b were calculated using these parameters.
In most cases, a plasma contains nonthermal energetic ions originating from neutral beam injection ~NBI!
or accelerated by waves of ion cyclotron range frequency
~ICRF!, and the ion velocity distribution can be separated into thermal and beam components. Then, the actual reaction rate in a plasma of a unit volume, Ytotal ~t !,
is comprised of three terms: a thermonuclear term, Yth ~t !;
a beam thermal term, Yb-th ~t !; and a beam-beam term,
Yb-b ~t !:
Ytotal ⫽ Yth ⫹ Yb-th ⫹ Yb-b
and

再

Yth ⫽ nj ni ^sv&Ti

j⫽i

Yth ⫽ ⫺21 ni2 ^sv&Ti

j⫽i

~8!

~9!

where
Yb-th ⫽ nb ni ^sv&b-th ,
and
^sv&12 ⫽

冕冕

Yb-b ⫽ ⫺21 nb2 ^sv&b-b ,

f1 ~ v? 1 ! f2 ~ v? 2 !s~vrel !vrel dv? 1 dv? 2 ,
vrel ⫽ v? 1 ⫺ v? 2 .
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~10!

~11!

Here, ni ~nj ! and nb denote the ion density of the
i ’th~ j ’th! species and the beam particle density, and suffixes 1 and 2 in Eq. ~11! denote either thermal or beam
particles, respectively. The parameters in Eqs. ~8! through
~11! are time dependent but are not shown explicitly. In
many magnetic-confinement fusion devices reported to
date where tritium is not introduced, the dominant term
in Eq. ~8! is the beam-thermal term Yb-th , even if the
density of the beam particles nb is much smaller than ni ,
because the D-D cross sections are still increasing steeply
as the beam energy increases. Thus, the measurement of
fusion reactivities in current devices provides the information of energetic ion behaviors but does not directly
provide the fusion output.
Nevertheless, fusion product measurements play an
important role in current devices. Neutron diagnostics
should be mentioned specifically because as they are
uncharged they are able to escape from the plasma container, carrying various types of information to the outside. When neutrons from a fusion device are measured,
the reaction rate defined as in Eq. ~8! is frequently expressed as the neutron emission rate. There have been
several review articles on neutron diagnostics, such as
that by Jarvis.6 The physics and experimental observations on energetic ion behaviors were instructively reviewed by Heidbrink and Sadler.7 One example of an
energetic ion confinement study is the triton burnup, which
measures the D-T reaction rate produced by confined0
decelerated tritons originating from D-D fusion reactions
in a deuterium plasma. Cited references are not always
the first published example of each type of measurement.
Further lists of publications were seen in review articles.6,7
The importance of fusion product measurement expands beyond the energetic ion behaviors in future fusion
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devices such as ITER. Starting from individual measurement techniques, this article describes the quantities and
information obtained with fusion product measurement
and discusses its prospective role in future fusion experiments. Parameters that can be measured are the fusion power, the fluence on the first wall ~FW!, the ion
temperature, the fuel isotope ratio ~nT 0nD !, energetic
alpha-particle density, and location and parameters of
alpha-particle loss. The output fusion power is an essential parameter for the ITER project, and this can be determined from the spatially integrated neutron emission
rate. Time variation and the profile of the neutron emission rate are key parameters for plasma control and operation. Tests of various types of candidate blanket will
be carried out on ITER, and the neutron fluence on the
FW is an inevitable key parameter for these experiments.
The fuel isotope ratio and parameters related to alpha
particles are important to control the fusion output and to
study the new field of a self-heating plasma. These parameters often cannot be determined by a single measurement system but require a combination of two or
more systems. For example, the fusion output, which
should be measured by time-resolved emission monitors
well calibrated onsite with high accuracy and high reliability, will be cross-checked using several detectors.
Moreover, the integral of the neutron rate from a shot is
checked by the total yield, as measured by the activation
system. There have been several recent overviews of fusion product diagnostics 8,9 on ITER and the plasma parameters that can be measured with the various fusion
product diagnostics on ITER are listed in Table I.
In this paper, we first describe the neutron timeresolved emission rate ~Sec. II!, and time-integrated measurement of neutron emission rate ~Sec. III!, followed by
measurement of neutron emission profiles ~Sec. IV! and
energy spectra ~Sec. V!. Then, we describe the measurements of other fusion products, gamma rays ~Sec. VI!,
and escaping charged fusion products ~Sec. VII!. Each
section contains a general explanation of current systems
along with some experimental results obtained using these
systems. The systems on ITER are then briefly described.
The measurement of fusion-produced alpha particles confined in the plasma is described in other chapters, so they
are reviewed briefly in Sec. VII.

II. ABSOLUTE MEASUREMENT OF NEUTRON
EMISSION RATE
II.A. Introduction to Neutron Emission Rate Measurement
The absolute measurement of neutron emission rate
from the whole plasma is a very important diagnostic as
a fusion power monitor in fusion experimental devices
with D-T or D-T operations. A neutron emission rate of
1 s⫺1 is equivalent to the fusion power of 2.86 ⫻10⫺12 W
in the D-T plasma and 1.17 ⫻10⫺12 W in the D-D plasma,
FUSION SCIENCE AND TECHNOLOGY
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respectively. So, the neutron emission rate will be used as
a feedback parameter for fusion output control in ITER
or other burning plasma devices. On JT-60U, feedback
control by the neutron emission rate has been demonstrated for optimization of operation, such as avoidance
of minor disruptions or maintaining a steady-state plasma
condition where the neutral beam power was modulated
as an actuator.10 In the burning plasma devices, a device
aimed toward a self-sustaining reacting plasma for nuclear fusion power plants, a fusion gain of Q, which is
fusion-output power divided by the input power to the
plasma, is one of the most important parameters indicating reactor performance.
In fusion experiments with auxiliary heating, such as
NBI, the neutron emission rate changes from 10 4 –10 6
over the time scale of the fast ion slowing-down time
~;100 ms!. Therefore, the detector of the neutron emission rate must have a wide dynamic range and fast response time and also be immune to spurious signals from
hard X-rays and gamma rays. To fulfill these two requirements simultaneously, a fast response neutron detector
that selectively produces a large signal only for neutrons
is used in combination of two operation modes: a pulsecounting mode and a direct current–like mode, such as
the current mode. The BF3 proportional counters, 3 He
proportional counters, and 235 U fission chambers are the
most commonly used neutron detectors.11 The BF3 and
3 He proportional counters utilize 10 B~n, a! 7 Li and
3 He~n, p!T reactions, respectively, and the amounts of
excess energy produced through these reactions are 2.78
and 0.77 MeV, respectively. The 235 U fission chambers
utilize the 235 U~n, fission! reaction producing ;200 MeV
of energy. As the energy dependence of these reactions is
proportional to E ⫺102, these detectors are more sensitive
to low-energy neutrons. To detect higher-energy neutrons, these detectors are often used with moderators to
slow down fast neutrons. A fission chamber is an ionization chamber with electrodes coated with fissile material
such as 235 U or 238 U, and ionization of the chamber gas
is caused by fission fragments produced at the electrode
with kinetic energy of 50 to 200 MeV. Here, it should be
noted that 238 U fission chambers are sensitive only to fast
neutrons because the 238 U~n, fission! reaction has a threshold of ;1 MeV.
In current tokamak experiments, fission chambers
are employed for neutron emission rate measurement. As
the energy of background hard X-rays or gamma rays is
,10 MeV in fusion devices, even in ITER, the fission
chamber can eliminate hard X-rays or gamma rays by the
conventional pulse-height discrimination technique. The
typical pulse width is ,100 ns. In low neutron flux, we
can count electric pulses induced by fission events in the
chamber, which is called pulse-counting mode. In high
neutron flux, each electric pulse can no longer be counted
because of piling up of pulses, where the average current
induced by fission events can be measured ~current mode!.
In this case, the Campbell ~mean square voltage! mode 12
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Parameter0Technique Matrix for Fusion Product Diagnostics
Measurement Parameter
Fusion Power

Confined Alpha

Absolute
Value

Time
Variation

Microfission chambers

䊉

䊉

䊉

II

External neutron flux monitor

䊉

䊉

䊉

II

Divertor neutron flux monitor

䊉

䊉

䊉

II

Neutron activation system

䊉

1

1

1

III

Radial neutron camera

䊉

䊉

䊉

1

IV

Vertical neutron camera

䊉

䊉

䊉

1

IV

Energy-resolved detectors in camera chords

1

⽧

⽧

1

䊉

Compact neutron spectrometers

1

⽧

⽧

1

䊉

Measurement System
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Large neutron spectrometer

Profile

Fluence
on FW

Lost Alpha

Ti

nT 0nD

Integrated

Space and
Time-Resolved

Image

Energy and
Time-Resolved

Described
Section

IV
䊉
䊉

IV
⽧

V

Lost alpha imaging camera

䊉

1

VII

Lost alpha probes

1

䊉

VII

Gamma-ray spectrometer

䊉

VI

Collective Thomson scattering

䊉

VII

Double charge exchange beam

䊉

VII
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Note: 䊉 ⫽ primary ~technique is well suited to the measurement!; ⽧ ⫽ backup ~technique provides similar data to the primary but has some limitations!; and 1 ⫽
supplementary ~technique can provide data that can be used to improve or check aspects of the main measurement but is not complete in itself !.
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is also available, where the mean square of the induced
current signal is proportional to the fission event rate.
The fission chamber can be operated simultaneously in
pulse-counting mode, Campbell ~mean square voltage!
mode,12 and current mode. As the sensitivities of these
proportional counters are about 100-fold higher than that
of a typical 235 U fission chamber of the same size,10 BF3
and 3 He proportional counters are useful for low neutron
yield experiments. The gamma-ray shielding should be
considered in the use of these detectors.
To determine the absolute neutron emission rate from
the whole plasma, the relation of the detected signal level
to it should be known accurately. As ~a! the source is
extended in a torus shape, ~b! there are complicated structural materials that act as energy degraders and neutron
absorbers between the source and detector and ~c! each
detector has its individual energy response, in situ calibration experiments using a neutron source inside the
vacuum vessel supported by a neutron transport code
such as MCNP ~Monte Carlo N-Particle transport code
developed at the Los Alamos National Laboratory 13 !, are
inevitable.
II.B. Examples of Neutron Emission Rate Measurement
Figure 2 shows the schematics of the JT-60U neutron
monitor using 235 U and 238 U fission chambers.10 The

detectors are all long cylinders. The 235 U detector is surrounded by a 50-mm-thick polyethylene layer as a moderator and a 1-mm-thick layer of cadmium acting as a
thermal neutron shield, the neutron sensitivity of which
is estimated to be almost constant in the energy range of
0.55 eV to 2.5 MeV. The detectors were oriented vertically and placed just beyond the outer diameter of the
toroidal field coils to reduce the effects of the magnetic
fields. These fission chambers are operated in both pulsecounting mode and Campbell mode.12 The former is suitable for low count rates of less than 10 6 count0s, while
the latter are suitable for count rates higher than 10 5
count0s. Three pairs of 235 U and 238 U fission chambers
are located on the torus mid-plane in JT-60U. Similar
neutron emission rate diagnostics have been employed in
JET ~Ref. 14! and TFTR ~Ref. 15!.
Absolute calibration of the relation between the neutron emission rate in the whole plasma and the output of
the neutron monitor is the most important problem in
neutron emission rate measurements. This calibration is
rather difficult because the neutron source is distributed
in the plasma, which is surrounded by many complicated
structures such as the FW, vacuum vessel, and both poloidal and toroidal coils. A great deal of time and effort
have been devoted to neutron calibrations at many tokamaks.16 The calibration of neutron detectors has been
performed by moving a neutron source around the inside

Fig. 2. Schematic diagram of the JT-60U neutron monitor using
FUSION SCIENCE AND TECHNOLOGY
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U fission chambers.
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Fig. 3. Point efficiencies of 235 U fission chamber and 3 He
proportional counter located at bay P-7 of JT-60U as a
function of toroidal location of a 252 Cf neutron source.

Fig. 4. Cross calibration of the 235 U fission chamber between
pulse-counting and Campbell modes using real tokamak discharge in JT-60.

of the vessel at known positions. For D-D operation, a
252
Cf neutron source is typically used.10 However, a 252 Cf
neutron source is not suitable for D-T operations because
the average energy of 2.1 MeV is much lower than 14
MeV. A compact D-T neutron generator was used for the
D-T operation of TFTR ~Ref. 17!. Figure 3 shows the
dependence of the 235 U fission chamber and the 3 He
proportional counter located at bay P-7 of JT-60U as a
function of toroidal location of a 252 Cf neutron point
source. The detection efficiency of these detectors can be
determined by integration of the point efficiencies obtained in the calibration experiment. In JET, the fission
chambers were cross calibrated with the time-integrated
neutron yield measured by the neutron activation technique ~see Sec. III!.
Campbell mode or current mode is employed for
high neutron yield operations, such as neutral beam heating ~NBH! plasma scenarios. The intensity of a 252 Cf
source or a compact D-T neutron generator is too low to
calibrate the fission chamber in current mode or Campbell mode directly. So, cross calibration of the fission
chamber from pulse-counting mode to current mode or
Campbell mode is necessary using real tokamak ad hoc
discharges with neutron source strength in the range overlapping pulse-counting mode and current mode or Campbell mode. In the neutron emission rate measurement
system using detectors of different sensitivities, cross
calibration is also done between the higher and lower
sensitivity detectors using the plasma as a neutron source.
Figure 4 shows the result of cross calibration between
pulse counting and Campbell modes using a real tokamak discharge in JT-60, where a good degree of linearity
between the pulse-counting and Campbell modes was
confirmed.

The neutron emission rate is also an important parameter in the transport analysis of D-D or D-T plasmas.
The neutron emission rate is analyzed by a transport
code 18,19 such as TRANSP or TOPICS, by using measured basic parameters such as ion and electron temperatures, and the electron density. Comparison of the
calculated and measured neutron emission rates allows
refinement of the input basic parameters and validates
the analysis results. As described in Sec. I, for NBH
plasmas, the total neutron emission rate consists of the
thermonuclear, beam-plasma, and beam-beam components. These analyses provide the fraction of each component. For D-D plasmas, the fusion gain QD-D can be
used to predict equivalent fusion gain, QD-T , in a D-T
plasma where plasma parameters such as the temperature
and density are taken from the set of D-D parameters.
Figure 5 shows the time evolutions of the neutron emission rate and the stored energy for a high bp H-mode
plasma of JT-60U compared with the calculated values
by the TOPICS code. The calculated values agreed well
with the measured neutron emission rate and stored energy. Fractions of the thermal-thermal reactions, the beamthermal, and beam-beam reactions were 45, 45, and 10%,
respectively, at 6.27 s. At the same time, the equivalent
QD-T was estimated to be 0.61 ~Ref. 20!. Many comparisons of this type are reviewed in Ref. 7.
The neutron emission rate measurement is also useful to study the behavior of energetic particles. Slowing
down and confinement properties of NBI fast particles
can be investigated by the decay time constant of the
neutron emission rate after the short-pulsed NBI, which
is called an NB-blip experiment.21 The D-D reaction crosssection sD-D is approximately proportional to Eb1.8 in the
energy range of 50 to 100 keV, where Eb and vb are the
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a new type 14-MeV neutron detector based on scintillating fibers 25 with a good time response at JT-60U. From
the decay curve of the 14-MeV neutron emission rate
measured by the scintillating fiber detector after NBI, the
diffusivity of fast tritons was evaluated to be 0.05 to
0.15 m 20s in JT-60U.
II.C. Emission Rate Measurement Systems of ITER

Fig. 5. Comparison of measurements and calculations from
TOPICS code for the stored energy and neutron emission rate on the JT-60U high bp plasma.

energy and velocity of beam particles, respectively. Thus,
the beam-thermal reactivity has a dependence of Eb1.8 ⫻
vb or Eb2.3. The neutron decay time tn can be represented
by 10tn ⫽10tc ⫹ 2.30ts , where tc and ts are the fast particle
confinement time and the slowing-down time, respectively. If the slowing-down process of fast particles is
assumed to be classical, the confinement time of fast
particles can be derived from the neutron decay time.
Tritons of 1.0 MeV are produced in the d~d, p!t reaction at approximately the same rate as the 2.5-MeV
neutrons from the d~d, n! 3 He reaction. The behavior of
1-MeV tritons produced in a D-D plasma can be used to
predict 3.5-MeV alpha-particle behavior produced in a
D-T plasma because 1-MeV tritons and 3.5-MeV alpha
particles have similar kinematic properties, such as Larmor radius and precession frequency. The 1-MeV tritons
slow down and may undergo a D-T fusion reaction, emitting 14-MeV neutrons ~triton burnup; recent work is introduced in Ref. 7, more description in Sec. V.A!. The
confinement and slowing down of the fast tritons can be
investigated by measuring the 14- and the 2.5-MeV neutron production rates. Time-resolved 14-MeV neutron
measurements were performed by using a silicon diode
in JET ~Ref. 22!, TFTR ~Ref. 23!, and JT-60U ~Ref. 24!.
The count rate of the silicon diode was limited to ,100
kHz. Furthermore, the silicon diode can be damaged easily by neutron irradiation less than ;10 12 cm⫺2, which
corresponds to neutron fluence at the detector for only
about 100 high neutron yield discharges.6 Time-resolved
triton burnup measurements have been performed using
FUSION SCIENCE AND TECHNOLOGY
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As the neutron emission rate changes in ITER over
the order of 10 13, from 10 8 n0s ~typical D-D neutron
calibration source! to 5 ⫻ 10 20 n0s ~expected highest
fusion output!, a combination of several neutron flux
monitors, internal flux monitors, external flux monitors,
and diverter flux monitors, each again consisting of several detectors of different sensitivity, is proposed for the
measurement. In addition, the neutron emission rate can
be derived from the neutron emission profile measurements employing a tomographic inversion technique ~described in Sec. IV! and cross checked with the results
obtained from activation systems.
As ITER has a thick blanket and vacuum vessel,
neutron detectors outside the vacuum vessel may not
measure the neutron emission with sufficient accuracy.
The internal flux monitor using microfission chambers,
which are pencil-sized gas counters with fissile material
inside, was proposed. At the beginning of the design
work, it was planned that microfission chambers would
be installed between the vacuum vessel and the shielding
blanket module at several poloidal angles to reduce the
effects of the plasma position and neutron emission profile on the total neutron emission rate.26 Recently, it was
found by neutron Monte Carlo calculations that the average output of the microfission chambers at two poloidal locations shown in Fig. 6, together with other neutron
measurement systems, is insensitive to the changes in the
plasma position and the neutron source profile. The sheath
of the microfission chamber will be welded to the vacuum vessel, which is cooled by water coolant, and will be
cooled by heat conduction.
In the in-vessel neutron monitor, microfission chambers must be operated in a high vacuum, high magnetic
field, and high radiation environment inside the vacuum vessel. A prototype microfission chamber with
12-mg UO 2 has been developed for the ITER to check
the reliability under ITER conditions, such as high vacuum, neutron and gamma radiation, high temperature,
and mechanical vibration.27 In addition, the burnup rate
of 235 U was estimated and the sensitivity change was
only 0.1% behind blankets for the ITER lifetime, which
is equivalent to 0.5 GW per year. Thus, the 235 U chambers can be used without replacement during the ITER
lifetime. From these tests and estimations, a favorable
evaluation of the applicability of the microfission chamber to ITER was obtained. Using a set consisting of a
235 U microfission chamber with 12-mg UO and a fissile2
material–free “blank” detector and by employing both
611
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Fig. 6. Arrangement of ITER neutron diagnostic systems integrated from several toroidal plans. The 2-D neutron source strength
and energy distribution measurements in ITER with the required temporal ~1 ms for source strength and 0.1 s for energy
distribution! and spatial resolutions ~a010! can be made by joint application of RNC including compact in-plug collimators
and VNC ~Ref. 9!.

pulse-counting and Campbell modes in the electronics,
the ITER requirement of 10 7 dynamic range to the maximum ITER operation with temporal resolution of 1 ms
will be accomplished without contamination by noise
arising from gamma rays, etc.27
A conventional neutron monitor installed outside the
vacuum vessel is also considered in ITER. However, neutron flux outside the vacuum vessel is not sufficient to
obtain the required accuracy. Several external flux monitor conceptual designs have been proposed using fission
chambers of normal size to be installed in the ITER equatorial port.6,28 Asai et al. investigated a moderator material for the 235 U fission chamber with the aim of obtaining
a flat energy response of the detectors.28 Here, graphite
and beryllium with a ratio of Be0C ⫽ 0.25 were em-

ployed as moderator materials, which are stable in ITER
relevant temperature in an equatorial port. Based on the
neutronics calculations, a fission chamber with 200 mg
of 235 U was adopted for the neutron flux monitor. Three
detectors were mounted in a stainless steel housing with
moderation material. Two assembly blocks will be installed in an equatorial port; one for D-D and calibration
operation, and another for D-T operation. The assembly
block for D-D operation and the calibration experiment
was installed just outside the port plug in the equatorial
port. The assembly block for the D-T operation was proposed to be installed just behind the shielding block in
the port. Another concept uses integration of detector
blocks consisting of a set of 235 U and 238 U fission chambers of different sensitivity into the stainless steel ⫹ water
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shielding modules of the limiter moving the mechanism
inside equatorial ports #8 and #17 ~Ref. 9!.
An in situ calibration experiment of several sensitive
neutron monitors is planned using a 252 Cf source and a
compact neutron generator inside the vacuum vessel before the deuterium operation.6,8,9,29 Careful characterization of the neutron generator must be made with regard to
the emission strength, directionality, and energy spectrum before the calibration experiment. Furthermore, detailed neutron transport analysis, using a simulation code
such as MCNP, and cross calibration for less sensitive
monitors and0or calibration of Campbell0current mode
using the ITER plasma over a wide dynamic range are
necessary.

III. NEUTRON ACTIVATION MEASUREMENT
III.A. Neutron Activation
The neutron activation system provides timeintegrated measurements of the total neutron yield with
high degree of accuracy using well-known neutron reaction cross sections. If the irradiation point is installed
near the plasma, the relation between the neutron emission rate in the whole plasma and the neutron flux at
the irradiation point should be calibrated by neutron
Monte Carlo calculation with precise machine modeling. Here, the neutron transport itself should be studied
intensively, and a benchmark study is needed.
The primary goals of the neutron activation system
are to maintain a robust relative measure of fusion energy
production with stability and a wide dynamic range, to
enable accurate absolute calibration of fusion power, and
to provide a flexible system for materials testing. Fluxes
of D-D and D-T neutrons can be measured easily with
several foils with different threshold energy reactions 6 as
shown in Table II. From the ratio of D-D and D-T neutron
fluxes, the triton burnup ratio in D-D plasmas and the
deuterium0tritium fuel ratio ~nd 0nt ! in D-T plasmas can
be derived in principle. A sophisticated multifoil activation technique using an unfolding code, such as SANDII, can provide a neutron energy spectrum at the irradiation
point,30 which is useful for testing of the neutron transport methodology from the viewpoint of fusion neutronics.31 In addition, pneumatic sample transfer systems can
be used for material irradiation tests for diagnostic and
development of other components.
III.B. Examples of Neutron Activation Measurement
The neutron activation method using solid samples
is used for accurate measurement of the neutron yield in
many fusion devices without temporal resolution. At current large tokamaks, pneumatic operated sample transfer
systems are employed using polyethylene capsules. JET
and TFTR have multiple irradiation positions 32,33 with
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TABLE II
Major Reactions Used for Activation Measurements
for D-D and D-T Plasmas*

Reaction

Threshold
Energy
~MeV!

For D-D neutrons
58 Ni~n, p! 58 Co
64 Zn~n, p! 64 Cu
115 In~n, n ' ! 115m In
232
Th~n, f !F.P.
238
U~n, f !F.P.

1.0
1.8
0.5
1.2
1.0

For D-T neutrons
27
Al~n, p! 27 Mg
28 Si~n, p! 28Al
56
Fe~n, p! 56 Mn
63 Cu~n, 2n! 62 Cu
93
Nb~n, 2n! 92m Nb

2.6
5.0
4.5
10.9
9.0

Half-Life
70.82 day
12.70 h
4.486 h
;1 min
;1 min
9.458 min
2.25 min
2.577 h
9.74 min
10.25 day

*See Ref. 6.

different poloidal locations, while JT-60U has a single
position 34 of the irradiation end in a horizontal port. Figure 7 shows poloidal locations of the irradiation end on
JET. There is mirror symmetry in the horizontal midplane. The effect of the vertical plasma displacement on
the total neutron yield can be corrected automatically by
averaging the results obtained from vertically opposed
pairs of irradiation positions against the midplane. A capsule with sample foils can be transferred to the selected
irradiation end via a “carousel” switching system from a
capsule loader in the gamma-ray counting station before
a plasma shot. After the plasma shot, each capsule returns
to the gamma-ray counting station by the pneumatic transfer system. Gamma rays from the activated samples are
measured with a germanium detector or NaI scintillation
detector. In the case of fissile samples, such as 232 Th or
238 U, delayed neutrons from the irradiated samples are
measured with high-sensitivity neutron detectors, such
as 3 He or BF3 proportional counters.
III.C. Neutron Activation Systems of ITER
ITER has two types of the neutron irradiation system: a conventional foil activation measurement using a
pneumatic capsule transfer system and a flowing water
activation measurement based on the 16 O~n, p! 16 N reaction with reasonable temporal resolution.
The present design of the foil activation system
provides irradiation stations at two upper ports, one
equatorial port, and several positions on the ITER vacuum vessel wall.35 Figure 8 shows a schematic plan
view of the routing of pneumatic transfer lines from the
irradiation ends between shielding blanket modules to a
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Fig. 7. Poloidal location of the irradiation ends on JET ~Ref. 6!.

carousel pneumatic switching system, and then to counting stations and a loader in the tokamak building. The
coaxial pneumatic transport tubes will have outer and
inner diameters of 2 and 1.1 cm, respectively, and will
carry capsules 1 cm in diameter. The configuration of
the coaxial design at the irradiation end allows the return air to be transmitted to the inner tube. Every necessary turn on the route should have a radius of curvature
greater than 10 cm. Helium will be used as a pneumatic
propellant, and the airlock device separates the primary
loops containing the irradiation stations from the secondary loops of the capsule loader. The activated samples are unloaded at the pneumatic switchyard for transfer
to the counting station. Appropriate locations of the loader
and counting station are currently under investigation.
Activation of irradiated samples will be about 100 mCi
~3.7 ⫻ 10 6 Bq! for modestly safe handling. Candidate
materials are Fe, Al, and Ti foils that appear to allow
for reasonable sensitivity without creating a source that
is too intense. Si could be useful at low power. These
614

samples can provide a neutron source strength of 10 17
to 10 21 n0s with accuracy of 10% every few 100 s.
The neutron activation system with fluid flow 36 consists of a closed water loop laid between the FW0blanket
region and a remote low-background location, as shown
in Fig. 9. It is possible to determine the D-T neutron yield
continuously by measuring the gamma rays from 16 N
with a gamma-ray detector placed beside the water loop.
The activated water will remain in a reservoir tank to
reduce the activity and will be transferred again to the
FW0blanket region. The 16 O~n, p! 16 N reaction has a high
threshold energy of 10.24 MeV. Therefore, the water activation is sensitive for almost nonscattered neutrons.
The 16 N nucleus emits 6.13 ~68.8%! and 7.12 ~4.7%!
MeV gamma rays with a half-life of 7.13 s. The irradiation end should be as close to the plasma as possible. The
original proposal was for the irradiation end to be installed in the filler blanket. As it is difficult from an
engineering viewpoint to pass the water tubes through
the vacuum vessels, filler modules beside the port plug
will be used for the irradiation ends where the tube will
be able to run under the port plug with other cooling
pipes of the plug. The upper port and equatorial port are
envisaged for the water flow system. The gamma-ray
counting station, in the pit area or heat transfer system
vault ;20 m from the irradiation end, consists of a pair of
bismuth germanium oxygen ~BGO! scintillation detectors with different geometric efficiencies. Based on the
results of dedicated research and development on a prototype water loop using the D-T neutron source of the
Fusion Neutronics Source 37 ~FNS! at the Japan Atomic
Energy Agency ~JAEA!, the present system can measure
the neutron source strength of 10 16 to 10 21 n0s ~corresponding to 50 kW to 1000 MW! with time resolution of
100 ms or less. A further development of this system
where the Cherenkov radiation from the irradiated portion is relayed out of a port plug is currently under
assessment.38
Both systems can be calibrated by Monte Carlo calculations with precise three-dimensional modeling. In
addition, those systems will be calibrated experimentally
by scanning a compact neutron generator within 630 deg
in toroidal angle, which will result in accuracy of 10%.
The encapsulated foil system will have better accuracy
when the fusion power is stable, while the water flow
system responds quickly to changes in power. Taken together, these systems will provide a robust, independently calibrated measurement.

IV. MEASUREMENT OF NEUTRON EMISSION PROFILES
IV.A. Introduction to Neutron Emission Profiles
As mentioned above, the neutron source in a fusion
plasma consists of a thermonuclear component and a
component produced by fast deuterons and tritons. The
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Fig. 8. Schematic plan view of the routing of pneumatic transfer lines from @CW1# between shielding blanket modules, to a
carousel pneumatic switching system, and then to counting stations and a loader in the tokamak building.

of fast confined deuterons and tritons in future reactor
plasma experiments will be difficult for a number of
reasons but are very important for optimization of NBI
and ICRF heating and current drives. Neutron source
profile measurement is the principal method for the measurement of fast deuteron and triton distributions. Because of nonuniformity of fast beam and ICRF-driven
deuteron and triton distributions on magnetic surfaces,
the two-dimensional ~2-D! neutron source profile measurements are required. This requirement is becoming
stronger for optimization of the method of ignition for
the fast ion-driven advance tokamak discharge scenario
and plasma influenced by magnetohydrodynamic ~MHD!
instabilities.
IV.B. Neutron Emission Profile Measurement Systems
and Detectors
Fig. 9. Concept of neutron activation system with fluid flow.

thermonuclear neutron source profile is usually a function of the magnetic surfaces, but this is not true for the
neutron source component related to fast ions. Their behavior in reactor plasma is crucially important, especially in driven regimes approaching the “ignition” ~see
Sec. I!. Measurements of spatial and energy distributions
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The primary function of a neutron profile monitor is
to measure the neutron emissivity over a poloidal cross
section of the plasma using line-integrated measurements recorded by neutron detectors viewing the plasma
along a number of chords ~lines of sight!. To avoid contamination of the scattering component, it is important to
use a detector that is insensitive to low-energy neutrons.
It can also be evaluated by scanning an intense neutron
generator across an aperture in two directions or by the
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“jog shot” procedure, where the plasma is shifted quickly
in the major radius.39
Knowledge of the absolute detection efficiency of
the system enables us to obtain the total instantaneous
neutron yield from the tokamak independently supplementing the results obtained using other techniques, such
as neutron activation or neutron flux monitors. Combining many of the features of the other neutron diagnostic,
a well-designed neutron profile monitor is potentially the
most important of its range. However, there are several
instrumental limitations that prevent it displacing the other
diagnostics:

Organic scintillators are mainly used as neutron detectors because of their good time resolution and wellknown efficiency.41 However, as mentioned above, such
detectors are sensitive not only to neutrons but also to
gamma emission.42 To distinguish neutron and gamma
signals, additional electronics for discriminating gamma
radiation are necessary.
All large tokamak devices, such as TFTR, JET, and
JT-60U, have installed neutron profile monitors. These
three instruments utilize different detectors as appropriate to their different geometrical arrangements and consequential problems.

1. The dynamic range is usually limited to a few
orders of magnitude.

IV.C. Profile Monitors of Present Machines

2. Achievement of an accurate ~better than 10%!
absolute global neutron detection efficiency for the instrument is difficult.

IV.C.1. TFTR Multichannel Profile Monitor

Typically, a profile monitor consists of one or more
massive radiation shields with embedded multiple channels through which the neutron detectors view the plasma.
In practice the instrument must be placed as close as
possible to the tokamak to obtain the fullest possible
view of the plasma. The degree of shielding to be provided will depend on the sensitivity of the selected neutron detectors to gamma radiation. Paraffin wax ~high
hydrogen content! loaded with lithium to absorb the neutrons without creating energetic gamma rays may be a
suitable material for shielding from background neutron
radiation. However, such shields typically have little effect on the background gamma radiation. The most practical shielding material is therefore boron-loaded concrete,
which can be of a high-density type if space is limited.
The detection efficiency is affected not only by structural material lying across the lines of sight but also by
~a! scattering of neutrons in the collimation channels and
transmission through substantial thicknesses of the shield
material; ~b! neutron cross talk, i.e., neutron collimated
in one channel but then detected in the adjacent channel
due to scattering; and ~c! backscattering, i.e., neutrons
impinging on the inboard vessel and then scattered back
into the collimating channel. The most direct experimental method to determine the detection efficiency is the
use of a calibration source placed inside the tokamak ~in
situ calibration procedure! as mentioned above. However, this is rather difficult in practice because of the need
for a strong source. Therefore, a computational procedure using a neutron transport code 13 is required to support or even substitute for in situ calibration, and the
neutronic calculations play a key role in the commissioning and operation of a neutron profile monitor.31,40

Although TFTR was shut down in 1997, it is worthwhile giving brief descriptions of all these instruments to
illustrate the possible design solutions for future plasma
devices. Figure 10 shows the TFTR profile monitor or
multicollimator array,43 comprised of ten vertical collimators, each providing lines of sight through the plasma
that enter and leave the vacuum vessel through recessed
thin vacuum windows. The spacing of the chords ranged
from 14 to 30 cm for the 83-cm minor radius of the
machine vacuum vessel. The flight tubes leading from
TFTR to the neutron detectors located 6.3 m below the
torus midplane were encapsulated with 80 tons of lead,
polyethylene, and concrete blocks. This design allowed
minimization of the scattering of neutrons into the lines
of sight of the detectors. The TFTR plasmas were circular, so that a single viewing array was fully sufficient.
An attractive feature of the TFTR multicollimator
array was that it was provided with two large detector
regions in which a variety of different detector types
could be investigated. As the detected flux of scattered
neutrons was very small, it was not necessary to employ
neutron detectors with good energy resolution to discriminate between virgin neutrons coming directly from the
plasma against a background of scattered neutrons. The
detector 44 NE451 was selected for D-D neutrons utilizing an arrangement of concentric rings of ZnS~Ag! scintillator crystals and clear plastic. The scintillators were
coupled to a Hamamatsu R239 photomultiplier tube
~PMT!, which was operated in the pulse-counting mode.
These detectors have been calibrated in situ using a 252 Cf
neutron source located inside the tokamak vacuum vessel.43 The main advantage of NE451 is its insensitivity to
gamma radiation, and it has a threshold ;1 MeV and can
discriminate against most scattered neutrons. The signal
amplitude spectrum from monoenergetic neutron detectors falls monotonically with pulse height, and events
due to 2.5-MeV neutrons are not intrinsically distinguishable from those due to 14-MeV neutrons. However, the
signal rate due to 14-MeV neutrons from triton burnup
for D-D plasmas is generally negligible in comparison
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Fig. 11. Illustration of the JT-60U neutron profile monitor and
its collimation geometry. The line-of-sight chords show
the viewing poloidal cross section of the plasma.

Fig. 10. Elevation view of the TFTR multichannel neutron
collimator components and associated shielding.

with the D-D signal rate ~typically less than 2%!. The
NE451 detector is suitable for D-T operation although
the detection efficiency is likely to be too high. There are
several approaches to resolve this problem. One proposed solution was to develop a wafer detector using a
thin ZnS layer.45 Another solution was to operate detectors in the current mode.46,47 Adjustment to the bias allowed operation during both D-D and D-T plasmas to
give dynamic range of at least 300 to 1000.
IV.C.2. JT-60U Neutron Profile Monitor
The JT-60U neutron emission profile monitor contains a single six-channel collimator array viewing the
poloidal cross section through the plasma 48 as shown in
Fig. 11. The line of sight of each collimator channel is
constrained by the space available in the JT-60U torus
FUSION SCIENCE AND TECHNOLOGY
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hall. As illustrated in Fig. 11, one of the sight lines of the
six-channel collimator passes through the vessel center
~R ⫽ 3.3 m, z ⫽ 0 m! where the other chords are viewing
the plasma below the middle plane.
The polyethylene assemblies are used to shield the
detectors against scattered neutrons. Lead shielding surrounding the detector box reduces the gamma-ray flux
generated by the neutrons incident to polyethylene and
the gamma rays scattered from the external structure of
the JT-60U device. The housing of the neutron detector is
also surrounded by soft magnetic iron to remove the influence of the magnetic field. Each collimator tube is
30 mm in diameter and 800 mm in length providing a
spatial resolution of ;200 mm at R ⫽ 3.3 m. The collimator array design also allows changing the aperture size
up to 10 mm depending on the experimental conditions.
The neutron detector utilized in this instrument is a
stilbene organic crystal scintillator with a neutrongamma pulse-shape discrimination ~PSD! circuit. A stilbene crystal is used as the scintillator material, which has
excellent PSD properties,49 and allows discrimination
between scintillation by charged particles induced by
neutrons and electrons induced by gamma rays. The primary calibration and gamma discrimination properties of
these detectors were checked using gamma sources ~ 137 Cs,
22 Na, and 60 Co! and a 252 Cf neutron source. The absolute
neutron detection efficiency for one of the stilbene neutron detectors was determined on a 2.5-MeV neutron beam
in FNS. The absolute neutron efficiency was ;5.6 ⫻
10⫺2 per incident neutron for the threshold energy of
1 MeV. In addition, relative efficiencies of six stilbene
neutron detectors were checked using the 252 Cf neutron
source under the same conditions.
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Fig. 12. An example of the profile of line-integrated neutron
emission from JT-60U. Circles show the results measured in one discharge using the stilbene neutron detector; squares show the results calculated by the
TOPICS code.

The system of neutron emission profile measurement was applied to deuterium experiments of JT-60U.
The line-integrated total neutron signal along each sight
line calculated by the TOPICS code 19 is shown in Fig. 12.
Although there is 30% error in the innermost channel
between measurement and calculation, there is agreement within 10% error in the other channels.

Fig. 13. Schematic view of JET neutron profile monitor.

The JET neutron profile monitor is a unique instrument among diagnostic systems available at large fusion
devices. The solution adopted in JET for imaging of the
noncircular plasma neutron source is to use two fan-like
multicollimator detector arrays,50,51 as illustrated in
Fig. 13. A nine-channel camera is positioned above the
vertical port to view downward through the plasma ~vertical camera!, while a ten-channel assembly views horizontally from the side ~horizontal camera!. The collimation
can be remotely adjusted by use of two pairs of rotatable
steel cylinders ~a choice of two aperture sizes!. The size
of the collimation can modify the count rates in the detectors by a factor of 20 40.
All of the detectors view the vessel walls and machine structure, and therefore the separation of wallscattered and virgin neutrons is essential. This can be
accomplished only through energy discrimination. Each
channel is equipped with a set of three different detectors: ~a! a NE213 liquid organic scintillator with PSD
electronics for simultaneous measurement of 2.5 MeV
D-D neutrons, 14-MeV D-T neutrons, and gamma rays;
~b! a BC418 ~Bicron! plastic scintillation detector for

measurement of 14-MeV D-T neutrons; and ~c! a CsI~Tl!
photodiode for measuring the fast-electron bremsstrahlung and gamma emission in the range between 0.2 and
6 MeV. Each NE213 detector-photomultiplier unit is
equipped with two PSD units allowing neutrons to be
separated from gamma rays and providing the necessary energy discrimination. One PSD unit is tuned for
D-D neutrons and the other is tuned for D-T neutrons,
so that D-D neutrons and D-T neutrons can be recorded
separately. Typically, the energy band uses the thresholds set to select proton recoil events falling in the
neutron energy band from 1.8 to 3.5 MeV for D-D
neutrons and from 7 to ;17 MeV for D-T neutrons.
The setting is controlled by recording the count rates
from a 22 Na gamma source mounted within the scintillator. The Bicron scintillators are located in front of the
NE213 scintillators and are coupled to PMTs via a light
guide. They are sufficiently small and therefore relatively insensitive to gamma rays with Eg , 10 MeV.
Up to four lower-energy detection thresholds could be
set for each Bicron detector providing several neutron
signals with different sensitivity. The detection efficiencies for each of the 19 channels ~and for both D-D and
D-T plasmas! are determined computationally and by
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Fig. 14. Time-resolved 2-D representation of the line-integrated neutron emission recorded with the 19-channel neutron profile
monitor for JET discharge #50623.

taking into account accelerator-based absolute calibrations of the scintillation detectors.52
The JET profile monitor allows 2-D images to be
obtained from the plasma neutron emission. Typical lineintegrated neutron emission measured with a JET instrument for a deuterium discharge is illustrated in Fig. 14.
The JET instrument also complements activation systems and neutron flux monitors, providing an independent estimate of the absolute neutron yield from the
plasma 53 and has played a key role in the 2003 Trace
Tritium campaign at JET, in particular for studies on
tritium transport,54 fuel ratio,55 and heating scenario.56
As mentioned above, the JET neutron profile monitor is also equipped with CsI~Tl! gamma detectors. Thus,
it also acts as a gamma-ray profile monitor, as illustrated
in Sec. IV.
Tomographic deconvolution of the line-integrated
measurements can also be carried out to obtain a 2-D
mapping of the neutron emission strength. The plasma
coverage by neutron profile arrays is adequate for neutron tomography, although the spatial resolution is poor
~neighboring channels are 15 to 20 cm apart and have a
width of ;7 cm as they pass near the plasma center!. The
2-D NEUTMO computer code was first used at JET for
tomography reconstruction of neutron emissivity. This
code employs a hybrid pixel0analytic algorithm, which
involves poloidal Fourier analysis and radial Abel inversion.57,58 Later, other tomography techniques, including
constrained optimization, have been used successfully at
JET ~Ref. 59!. The full power of this method is illustrated
in Fig. 15 for a JET shot with the introduction of a trace
amount ~nT 0nD , 5%! of tritium into a D-D plasma. This
discharge was characterized by the presence of a current
FUSION SCIENCE AND TECHNOLOGY
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hole, a region of negligible current in the core of the
plasma with strong reverse shear. The current-hole effect
on the fast particle distribution was investigated using
NBI tritons as test particles and monitoring their spatial
and temporal evolution with neutron cameras. The results of the reconstruction are shown in Fig. 15 for the
four conditions studied. In the case of on-axis injection
into a monotonic current profile, the emission peaked on
the plasma axis. For injection into a current-hole plasma,
there is a clear shift in the emission in the radially outward direction. For both the off-axis injection cases, the
neutron emission is shifted slightly toward the inner major
radius side of the plasma axis.60 The minimum Fisher
regularization method is currently under development at
JET, and its potential is being assessed as a new tool to
study both the 2-D spatial distribution of neutron emission and neutron spectral deconvolution.61,62 This new
approach is extremely useful for observing dynamic processes such as tritium diffusion into the plasma.63
IV.D. Profile Monitors of ITER
The necessity of 2-D neutron profile measurements
in ITER is determined by the requirement of total neutron strength measurements with accuracy of 10% and
also by the necessity of NBI and ICRF heating and current drive profile optimization. The necessity of 2-D neutron profile measurements in ITER arises from the fact
that, due to fast ion components, the neutron source profile will not be constant on magnetic surfaces, especially
during ion cyclotron resonance heating ~ICRH!, NBI,
sawtooth oscillations, excitation of Alfven eigenmodes,7
and in advanced tokamak regimes with strongly negative
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Fig. 15. Tomographic inversions of the Bicron data from the neutron cameras to give 2-D neutron emission profiles: ~a! current
hole, on-axis injection; ~b! current hole, off-axis injection; ~c! monotonic current, on-axis injection; and ~d! monotonic
current, off-axis injection. The ⫹ symbol marks the magnetic axis.

magnetic shear.64 The 2-D neutron source strength and
energy distribution measurements in ITER with the required temporal ~1 ms for source strength and 0.1 s for
energy distribution! and spatial resolutions ~10% of the
averaged minor radius! can be made by joint application
of radial neutron camera 65– 67 ~RNC! including compact
in-plug collimators 68 and vertical neutron cameras 9
~VNC! ~Fig. 6!.

The RNC consists of 12 ⫻ 3 fan-shaped arrays of
neutron collimators viewing the plasma through a special
shielding plug in equatorial port #1 and additional channels placed inside equatorial port plug 9 #1. All external
channels penetrate through the vacuum vessel, cryostat,
and biological shield and cross through a single point.
Three separate collimator flight tubes ~with different
diameters in the range of 10 to 40 mm! and detector
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RNC ext
100 to 300
⭋ 5 ⫻ 30
Fast plastic scintillator

*See Ref. 9.
a NDD ⫽ natural diamond detector
b CVD ⫽ chemical vapor deposition

to 1
10⫺3

?

RNC ext
1
10⫺3 to 10⫺1
⭋ 5 ⫻ 30
ZnS

?

RNC int VNC
20
3 ⫻ 10⫺4
⭋ 3 ⫻ 35
238 U

fission chamber

⭋ 5 ⫻ 40
Stilbene0NE-213 compact
spectrometer0monitor

Forever

RNC ext
10 ~digital spectrometer for 100 ms!
100 ~digital monitor!
10⫺3

to 1

1000
2 ⫻ 10⫺2 for detector ⭋25 ⫻ 0.2 mm 3
⭋3 ⫻ 3
CVD b diamond detector

?

RNC ext RNC int VNC

50 100 ⫻ n
for single NDD
2n ⫻ 10⫺3 for n NDD ⫹ radiator

⭋1 ⫻ 2

2 ⫻ 10 6 full-power seconds

RNC ext RNC int VNC
full-power seconds
;10 6 full-power seconds

RNC ext RNC int LVNC

NDD flux monitor

2

⫻ 10 6
10⫺3

Important plasma diagnostic information can be obtained from measurements of the energy distribution of
the neutron flux from a collimator. Here, the collimator
solid angle defines the cone-shaped line volume of the
viewed plasma, and the spectrometer at the end of a

10 4 full power seconds
20 ~for 100 ms time window!
2 ⫻ 10⫺5 for single NDD
⭋1 ⫻ 2
NDD a compact spectrometer

For maximum flux 5 ⫻ 10 9 n0cm 2 {s⫺1
Sensitivity, cm 20n
Detector

Life Time
Dynamic Range for 1-ms Time Window

V. MEASUREMENT OF NEUTRON SPECTRA
V.A. Introduction to Neutron Emission Spectrometry
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Housing ⭋ ⫻ l
~cm 3 !

Detectors Considering for Application in ITER Neutron Cameras*

TABLE III

housing for each poloidal angle offer a variety of choices
of collimator0detector combinations to increase the dynamic range of external RNC measurements. The 12 lines
of sight of the RNC are equally spaced ~by 30 cm at the
plasma center!, symmetrically with respect to the plasma
equatorial plane. The vertical extension of the plasma
coverage by the RNC external channels is 3.3 m from
⫺0.5 ⫻ b to 0.5 ⫻ b, where b is the minor plasma radius
in the vertical direction.
Full plasma coverage in the vertical direction is provided using additional channels placed inside equatorial
port plug #1. These channels consist of a stainless steel
plus water shielding block containing nine collimators
;140 cm in length and 4 cm in diameter. Four collimators view the plasma above the main external RNC fan of
view and another four view from below ~see Fig. 6!. In
this way, the additional channels will provide plasma
coverage for 0.5 , r , 0.9 in the upper and lower parts
of the plasma, where r is the radial coordinate normalized by the averaged plasma radius, a. A ninth collimator
viewing the plasma center will be used for cross calibration of the external channels and the additional channels.
The detector modules of the additional channels will be
placed behind the collimators inside an in-plug shielding
block. Because of the strong restriction in maintenance,
the most robust and radiation-resistant detectors are under
consideration for this application.
Several possible arrangements of the VNC have been
studied, including distributed and upper VNC. The main
concept of the lower VNC ~LVNC! arrangement is to
place the VNC shielding module inside a divertor port 9
with collimators viewing the plasma through the gaps
in the divertor cassettes, the blanket modules, and the
triangular support. The LVNC version shown in Fig. 6
has 10 collimators 35 mm in diameter and ;150 cm in
length. The detector block is placed behind the collimators and can be removed for maintenance. All options
have essential interfaces with other ITER systems, such
as divertor cassette, rail, triangular support, blanket modules, vacuum vessel, and thermal shield. Optimal LVNC
arrangement will be decided on the basis of on-going
analysis. The results of the MCNP calculations indicated that the discussed LVNC arrangement could provide well-collimated neutron source measurements with
application as detectors shown in Table III along with
their performance characteristics.

Neutron Camera
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collimator records the superposition of spectral characteristic of the local emissivities over the viewed plasma.
As the sight line is often directed through the plasma
core, which has the highest emissivity, the emission from
the plasma core is dominant in the measurements. In
addition to this direct plasma emission, the collimated
flux includes two types of scattered ~indirect! neutron.
The viewed part of the opposite side of the plasma vessel
is a source of backscattering. Other indirect contributions are due to neutron in-scattering taking place in the
collimator walls, plasma port plate, etc.
Then, the neutron emission spectrometry is a multiplefunction diagnostic the information of which is derived
from measurement of the energy distribution of the direct
and scattered flux from the plasma neutron emission,69,70
Fd and Fs .
The indirect flux data are essential for benchmarking
of model calculations of the scattered neutron flux field
at locations of interest. This affords important empirical
input, for example, for calibration of neutron monitors,
i.e., to determine the relationships of their responses to
the uncollimated neutron flux received and the total neutron yield rate. The neutron emission spectrometry data
are also used for calibrating the flux detectors in the
collimator arrays of cameras. The issue here is the admixture of scattered contribution to the measured flux of
neutrons of energy above a certain threshold and the
benchmarked model calculations are also used to determine the interference ~the factor Is0d ! of the scattered
flux in the measured spectrum in the region of overlap
with that of direct neutron emission, Fd ~En !. That is, the
spectrometer determines Fnm ~En ! and the value of Is0d
such that Fd ~En ! ⫽ Fnm ~En ! ⫺ Is0d {fs ~En !, where fs ~En ! is
the spectral shape from the benchmarked simulations. A
good spectrometer should typically allow Is0d to be kept
at a level of a few percent in the region of interest to study
direct neutron emission, Fd ~En !, measurement of which
is the main objective of neutron emission spectrometry
diagnostics. The scope and quality of the neutron emission spectrometry information are dependent on spectrometer factors, such as energy resolution and bandwidth,
flux detection efficiency, count rate capability, signal-tobackground ratio, and calibration. This has set the framework for selection of high-performance spectrometers
for use on current fusion experiments and applies also to
choosing development objects for ITER.
The spectrum of direct plasma neutron emission reflects the relative motions of the fuel ions given by their
velocity distributions. The Maxwellian population of a
thermal equilibrium plasma of temperature Ti gives a
Gaussian-shaped spectrum of width W @ M Ti and amplitude ~reaction rate! A @ n1 n2 ^sv&~Ti ! where n1 , n2 , are the
local ion densities and ^sv& is the reactivity, as defined in
Eqs. ~7! and ~11!, respectively ~see Sec. I!; this holds for
homogenous @constant Yn ~r!# plasmas for which profile
effects from Yn ~r! are absent. Moreover, the neutron emission from a thermal plasma has a characteristic peak

energy, Ec , but plasmas of nonequilibrium ion distributions can produce spectra with tail signatures, such as
non-Gaussian shape, energy ~Doppler! shift relative to
Ec . The latter situation belongs to fuel ion velocity distributions affected by auxiliary heating power ~Paux ! of
NBI or ICRH injection 71 as shown in Eqs. ~8! and ~10! in
Sec. I. These driven plasmas have suprathermal velocity
components in the fuel ion populations in addition to the
thermal bulk component. In addition, the fuel populations can be in states of rotation apart from having anisotropicity in the pitch angle distribution manifested as
Doppler shifts in the neutron spectrum.
Moreover, the population of fast confined alpha particles can give rise to alpha knock-on ~AKN! neutron
emission in D-T plasmas with a unique signature in the
high-energy tail of the spectrum. Fusion product tritons
from d ⫹ d r p ⫹ t reactions can form a suprathermal
component in the fuel ion population, a fraction of which
can suffer nuclear burnup on the bulk deuterons with
neutron emission ~triton burnup!. In a plasma of ~pure!
deuterium, triton burnup is the sole source of the 14-MeV
component of the spectrum, which is a factor of 10⫺3
weaker 6 than the bulk of 2.5-MeV neutrons from d ⫹
d r 3 He ⫹ n, while it comes in addition to AKN in D-T
plasmas. The AKN component in D-T plasma and the
triton burnup component in D-T plasma originate from
fusion products generated in the plasmas, which we distinguish from fuel ion neutron emission.
The potential D-T plasma parameter information obtainable from neutron emission spectrometry diagnostics
is summarized in Table IV ~Refs. 69, 70, and references
therein!. The diagnostic functions are separated into four
categories: ~A! fuel ion kinetics for plasmas without ~A1!
and with external heating Paux ~A2!; ~B! confined alphaparticles; ~C! the collective motion of the fuel ion population; ~D! fusion reactivity parameters; and ~E! other
support information. The diagnostic functions marked
“with a superscript a” in Table IV have been identified as
essential for ITER ~Ref. 72!. The listed functions assume
the use of high-performance ideal spectrometers given
adequate interface accommodation and viewing access
to the plasma; the latter is essentially a requirement on
the aperture in the plasma facing wall although the window can be thick, i.e., steel a few millimeters thick is
acceptable. The information given in Table IV can be
complemented with neutron profile monitors ~or neutron
cameras!, which determine the direct flux as a function
of sight line, related to neutron emissivity of the plasma
and its radial profile, Yn ~r!.
The basic sight line is assumed to be radial with the
spectrometer in the equatorial plane or, generally, perpendicular to the magnetic axis, @P#. Some functions
require the use of a tangential sight, indicated as @T#, or
those in which a tangential sight is beneficial as @t# in
Table IV. The tangential direction can be either collinear or counter to the anisotropy direction of the ion in
neutron emission ~e.g., the NBI direction!, and so dual
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TABLE IV
Summary of Neutron Emission Spectroscopy Diagnostic Functions That Can Potentially Be
Performed in D-T Plasmas with Certain Large Spectrometers Complemented with
Neutron Camera Data Depending on Interface Access and Sufficiently High Fusion Power
A. Fuel ion kinetics
~A1! Thermal population
~1! reaction rate
~2! density product nd nt @t #
~3! Ion temperature a
~A2! Population with significant suprathermal velocity components b as A1 plus @t,t2# c
~1! suprathermal reaction rate components in addition to reaction rate:A1-~1!
~2! relative densities of suprathermal velocity components
~3! suprathermal temperature and ion temperatures ~if Maxwellian, otherwise slowing down!
B. Confined alpha particles [t,t2]
~1! amplitude and shape of slowing down distribution a
~2! pressure
C. Collective motion of fuel ion populations [T,t2]
~1! toroidal rotation a
D. Fusion parameters
~1! Fusion power a ; will provide values for dd and dt reactions separately
~2! division of fusion power into thermal and suprathermal components @t,t2#
~3! fuel ion densities in the core ~nd , nt and nd 0nt ! d @t,t2#
E. Other information
~1! the extended spectrum of direct and scattered neutrons from the plasma
~2! empirical data for benchmarking of flux field calculations.
a Diagnostic

functions identified as essential for ITER ~see Ref. 70!.
The framework here is a the phenomenological analysis of the neutron spectrum as due to a bulk component
~reactions between thermal ions! and several suprathermal components involving suprathermal velocity
components of the fuel population as divided in epithermal and high-energy neutron emission with and
without the involvement of anisotropy.
c
The basic sight line is assumed to be a basic perpendicular sight line @P#; @T# indicates a single tangential
sight line is essential and @t# beneficial ~beyond gain in statistics! or dual, @T2# and @t2#.
d
Requires simultaneous measurement of 2.5-MeV neutrons from dd reactions and 14-MeV from dt.
b

tangential sight lines can be essential @T2#. Taken together, the list given in Table IV assumes the use of up
to three spectrometers covering as much as possible of
the co0counter angular range in the equatorial plane.
The information comes from measurement of the direct
and scattered d ⫹ t r a ⫹ n emission over the range
En ' 10 to 20 MeV except for the function D3 in
Table IV, which requires simultaneous measurement of
the range En ' 1.5 to 5 MeV to cover the 2.5-MeV d ⫹
t r 3 He ⫹ n emission.
Extraction of the diagnostic information depends on
the complexity of the spectrum where the neutron emission from thermal plasmas is most amenable to analysis
~case A1! ~Fig. 16a!. The interpretation of the results is
mostly a matter of handling the profile factor in the lineintegrated data, B~rSL !, which can be obtained quantitatively from cameras. Spectra for plasmas with Paux ~Case
A2! can be complex, and the ability to analyze them
depends on the number of significant components and
their relative weights 73 ~Figs. 16b and 16c!. Thus, the
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stability of the analysis results depends on the uniqueness of signatures of the underlying ion velocity components. Analysis model dependence can affect the results
to varying degrees. However, the neutron spectrometry
data can be used the other way around—i.e., the predicted state of the fuel ions and their reactivity are used
as input to simulate neutron spectra, which can be confirmed or rejected empirically.
The main issue concerning the AKN component ~function B! is the count rate. The AKN, however, was observed during the D-T experimental campaign 74 ~DTE1!
at JET in plasmas of highest fusion power ~5 to 16 MW!
at count rate ⱕ10 n0s ~Fig. 17!. On ITER, we would
expect count rates in the range up to 10 4 n0s due to the
combination of higher fusion power and electron temperature. The high-energy tails in D-T neutrons would
interfere with the AKN spectra depending on the strength
and type of Paux applied and the viewing direction as
illustrated by the simulations shown in Fig. 18. The triton
burnup is not the objective of diagnosis in D-T plasmas
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Fig. 16. Measured neutron spectra by MPR for ~a! the ohmic,
~b! the NBI period, and ~c! the D-T plasma generated
at JET during the DTE1 campaign. The spectra were
analyzed in terms of different neutron emission components generated with assumed velocity components
of the fuel ion population. The constant level to the
left includes the scattered neutron contribution. The
theoretical spectra have been folded with the response
function and fitted to the data covering the neutron
energy range from 11 to 17 MeV.

but is in D plasmas,75 where the high-energy tails in D-D
neutrons would not interfere.
The main problem with fuel ratio measurement ~function D3! is measurement of the 2.5-MeV D-D spectrum,
which sits on a scattered neutron continuum ~mostly from
dt D-T reactions! with a peak to continuum ratio 76 of
about 1:1. The issues are the low count rate and the ability to subtract from the continuum Fs ~En ! to obtain the
remaining D-D component. The continuum is expected
to be featureless in the region of interest, the shape of
which fs ~En ! can be obtained from benchmarked neutron
model calculations and the amplitude A s from the measured D-T neutron emission, i.e., Fd ~En ! ⫽ Fnm ~En ! ⫺
A s{fs ~En !. As we are mostly interested in the ratio of D-D
neutron emission to D-T neutron emission, the detailed
shape of the D-D spectrum is not essential and the inter624

ference from scattered D-D neutrons is insignificant. As
A s can be determined with good statistical accuracy, the
limiting concern is the achievable D-D neutron count
rate, which is a factor 100 lower than that of dt due to the
D-D0D-T reactivity ratio. For some detectors, there may
be a large difference in detection efficiency between D-D
and D-T neutrons @a factor of 6 in the case of the magnetic proton recoil ~MPR! discussed below#.
Measurement of the fusion power ~functions D1&2!
by the method discussed here 70 depends crucially on
accurate measurement of the energy distribution of a
collimated neutron flux Fnm ~En ! and determination of
the direct spectrum Fd ~En ! as described above. The
plasma volume contributing to Fd ~En ! is determined
by the collimator ~sight line and solid angle!, in addition to the neutron emission profile, which is obtained
from the B~rSL ! data of cameras. Thus, the relationship
between the measured Fnm ~and Fd ! and the total neutron rate Yn can be determined based on ab initio derived factors; as the spectrum is measured for both D-D
and D-T neutrons, absolute determination of fusion power
in D-T plasmas of any isotopic composition, including
pure D, is possible. The main issues are the absolute
calibration of the spectrometer to determine the collimated flux Fnm ~En ! and the relative calibration of the
camera channels to measure the shape of the neutron
brightness distribution and the shape of the derived emissivity profile. The method has been tested and applied
to neutron spectrometry data from the DTE1 campaign
of JET as illustrated by the example shown in Fig. 19.
The method is still under development to quantify all
systematic error sources with regard to Fd ~En ! and the
sensitivity to the plasma profile shapes within the typical range variations as well as extreme cases.
V.B. Spectrometers on Present Tokamaks
Time-of-flight ~TOF! is a common neutron spectrometer method and requires the use of two plastic scintillation detectors in fusion applications. The first ~S1! is
placed in the beam of collimated neutrons flux, of which
a fraction is detected through the proton recoil produced
in the scattering n ⫹ pH r pR ⫹ n ' , where pH and pR
denote a proton in the first plastic detector and the recoil
proton, respectively. The second detector ~S2! is placed
at a known distance ~L! and records a fraction of the
scattered neutrons, again through proton recoil ~Fig. 20!.
A preferred design is to place S1 and S2 on the constant
TOF sphere such that the time it takes scattered neutrons
to travel from one to the other is t2 ⫺ t1 ⫽ tTOF , where
En @ 10tTOF is independent of scattering angle a.a This is
comes from the flight path given by L2 ⫽ 4r 2 cos 2 a and
the scattered neutron energy given by En ' ⫽ 2mr 2 cos 2 a0t 2 ,
which is related to the incident neutron energy through En ⫽
En ' 0cos 2 a; relativistic n ⫹ p scattering kinematics are assumed and m p ⫽ m n ⫽ m. Thus, En is En ⫽ 2mr 20t 2 .

a This
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Fig. 17. The measured spectra by MPR for NBH D-T plasmas of the JET DTE1 campaign compared with calculated D-T and AKN
components folded with ~a! the spectrometer response function and ~b! the D-T and AKN components as function of
neutron energy.

Fig. 18. Predicted spectra of neutron emission from ITER plasmas subjected to ICRH triton heating ~upper panel! and NB 1-MeV
tritium injection ~lower panel!. The resulting AKN emission component is shown in comparison with the deuteriumtritium neutrons contributions ~thermal bulk and 1% suprathermal!. The sight line is assumed to be radial in the midplane
~Ref. 70!.

the principle behind the TOF spectrometer designed to
optimize the count rate ~TOFOR! capability 77–79 and in
operation at JET since November 2005. It has an estimated count rate capability of a few hundred kilohertz,
which will be approached in the flux from maximum
power JET D plasmas.
The other possibility is to allow incoming neutrons
to scatter from a hydrogen nucleus in S1 and produce
charged recoils, such as protons in n ⫹ pH r n ' ⫹ p,
which carry information on En through En ⫽ Ep 0sin 2 b
where b is the angle between En and Ep ~with the same
assumptions as above and noting that b ⫽ 90-a! ~Refs. 70
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and 71!. The protons are produced in a thin target, such as
foil of polyethylene, placed in the collimated neutron
flux; the thickness is set by the minimum proton energy
loss DEp ⬍⬍ Ep and so En can be determined with the
desired energy resolution through measurement of Ep of
the recoils emitted in a downstream detector at a known
angle b. The simplest proton recoil detector for use is a
silicon diode placed well outside the beam flux, i.e.,
b .. 0 and so that the angle relative to the foil becomes
sufficiently well defined for the required energy resolution. The detector should be sufficiently thick to stop the
protons so that Ep can be related to the measured pulse
625
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Fig. 20. Principles of the TOF spectrometer showing an incoming neutron being scattered from a proton in scintillator S1 into scintillator S2 at angle a with both
detectors placed on the constant TOF sphere ~upper
panel!. The lower panel shows a model of the TOF
spectrometer designed for optimized rate ~TOFOR!;
the height is ;1 m ~Ref. 70!.

Fig. 19. The neutron yield rate ~Yn ! for D-T plasmas of the
JET DTE1 campaign obtained by MPR from absolute
measurement of the magnitude and the energy distribution of the collimated flux ~ y-axis! and its correlation with the results from the fission chamber yield
monitors. The results were obtained with a neutron
emissivity profile of fixed shape and a shape derived
from camera data in the lower panel. The maximum
yield rate of 6 ⫻ 10 18 n0s corresponds to a fusion
power of 16 MW.

height. The limiting factors with this recoil technique are
the finite spread of b and determination of Ep through
pulse height measurement, both of which limit the energy resolution. These limitations are resolved with the
MPR method,80,81 which allows the use of protons emitted at b ' 0 deg and the desired situation that En ⬇ Ep .
The recoil protons are subjected to momentum analysis
when they pass from the target to the focal plane of the
magnetic spectrometer where they are counted in an array
of scintillation detectors ~see Fig. 21!.
MPR is the most robust method and shows high performance in the aspects mentioned above except for its
limited count rate when used with 2.5-MeV d ⫹ d r 3 He
neutron emission. A TOF spectrometer is the best choice
626

Fig. 21. Model of the MPR spectrometer with the top lid of the
yoke removed. The incoming neutrons produce proton recoils in the CH2 target foil. The forward-going
protons are focused and monometer analyzed in the
pole gap of D1 and D2 magnet and counted in the
detector array at the focal plane exit. The upgraded
version ~MPRu! has a new detector and electronics,
which allow measurement of neutrons down to below
2 MeV ~Ref. 70!.

for neutron spectrometry diagnosis of D plasmas. Different combinations of the TOF and recoil methods
have been studied conceptually and have also been applied, but no advantages were observed as fusion neutron
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spectrometers over the straightforward TOF method or
MPR. The requirement of high performance implies separation of the target for scattering of the neutrons or
production of the recoils and the detectors.
It is tempting to use a target that is also the detector
so the in situ deposited recoil energy is determined through
the measured pulse height. This is the idea underlying the
compact spectrometer concept in the form of a thick ~several centimeters! hydrogenous scintillation detector 82,83
such as NE213 and stilbene, which have intrinsically
distinguishable characteristics with regard to gammas and
neutrons. The neutron spectrum can be unfolded from the
measured pulse height spectrum.82,83 However, the situation is complicated because the energy of the recoils
does not vary only with En but also with the recoil production angle b, which is unspecified. This latter fact
distinguishes the compact concept from neutron recoil
spectrometers where b is specified giving a one-to-one
correspondence between measured Ep and En . Recent
experimental studies showed that it is possible to compensate for this complication of compact spectrometers
by reducing the systematic, statistical, and stability uncertainties in the measurement combined with advancements in the unfolding technique.83,84 A new method based
on digital signal processors showed excellent performance in spectrum measurement with PSD for neutrons
and gammas using NE213 detectors.85,86 A similar system but with a stilbene detector showed high count rate
capability in addition to the spectrum measurement and
PSD on JT-60 U ~Ref. 87!.
Since 1983, neutron spectroscopy has been performed at JET ~Ref. 82!, and at present JET is the
tokamak best equipped for neutron spectroscopy diagnostics with two high-performance spectrometers installed. TOFOR ~Refs. 77, 78, and 79! is dedicated to
measuring 2.5-MeV dd neutrons and diagnosis of D
plasmas and will reach count rates in the 100-kHz range.
It is placed in the roof lab looking vertically down on
the plasma at a distance of ;20 m with the sight line
perpendicular through the plasma core. There is also an
upgrade version 81 of the MPR ~MPRu! for measurement of the entire fusion neutron spectrum ~'1.5 to 18
MeV with 620% coverage in each setting!. This is a
high-performance instrument for diagnosis of D-T plasmas with count rates up to the megahertz range for
full-power discharge; 0.6 MHz was attained in the DTE1
at 16 MW. For D plasmas, it is complementary to TOFOR
because of its superior calibration although the count
rate will have an expected maximum in the range of a
few kilohertz resulting in data of limited statistical accuracy. It has an intermediate sight line at 42 deg to the
radial near the equatorial counter to the NBI direction.
TOFOR0MPRu combination will allow the first detailed neutron spectroscopy diagnosis plasmas to exploit the anisotropicity in the neutron emission relative
to the magnetic field and driven by auxiliary power
injection.
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V.C. Neutron Spectroscopy Systems on ITER
It is envisaged that neutron spectroscopy will become an essential part of the neutron diagnostic complement for D-T fusion experiments on ITER. Many
neutron spectrometer systems 65,88,89 have been considered for ITER. The types chosen will not only affect the
scope or quality of the neutron spectroscopy information but also the roles of the other neutron diagnostic
systems of yield monitors and cameras. A change in the
role of spectrometers is expected in going from JET to
ITER as collimated flux measurements would be easier
than uncollimated measurements because of access limitations and effective shielding of the plasma radiation.
Moreover, the collimated flux measurements with spectrometers and cameras are complementary as exemplified by determination of the ~absolute! fusion power
through tests at JET; there are likely to be other synergic uses of the neutron diagnostic complement to be
developed to give more information than the individual
systems alone.
Considering the importance and usefulness of neutron spectroscopy, a relatively large space has been prepared for this purpose outside the main shielding. In
addition, a small but sufficient space for compact neutron
detectors, capable of energy-resolved measurement, has
been prepared at the end of each collimator of RNC and
VNC ~for details, see Sec. IV; see also Table III!. The
characteristics of these detectors 88–90 are compared and
shown in Table V. The ion temperature profile may be
obtained under limited conditions. Information on the
behaviors of energetic fuel ions with time and spatial
resolution can be obtained by detectors with medium
energy resolution 91 or with compact spectrometers such
as NE213 or stilbene with dedicated digital signal processors and advanced unfolding processes, as described
above. They are especially important to study the abnormality expected in plasma containing ions close to Alfven
velocity.
Monitoring of the triton density to deuteron density
ratio nt 0nd in a core plasma is required for burn control in
ITER. This can be estimated using D-T and D-D neutron
yields, which can be obtained by the separation of D-T
and D-D components from a neutron energy spectrum.
New neutron detection systems of TOF spectrometers
have been developed for measurement of the fuel ratio in
burning plasmas, such as ITER ~Refs. 92 and 93!. In
these TOF systems, the key issue is counting rate capability, because the number of D-D neutrons may be only
10200 to 10500 that of D-T neutrons. One of the methods
to overcome this problem is fast selection of neutrons of
interest by pulse-height selection.92 A test experiment of
sophisticated electronics with three discriminators for
the first detector was conducted using D-D and D-T neutrons from an accelerator 37 at the FNS at JAEA. Separation of each spectrum in the megahertz region was
confirmed experimentally.
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Characteristics of Neutron Detection Systems with Energy Resolution*
Neutron Detection Systems

Dimension ~typical!
~cm!

Energy
Resolution

Sensitivity
~cm 20n!

Dynamic Range

Limit by Radiation Damage

20 ~for 100 ms time window!

5 ⫻ 10 13 n0cm 2
5 ⫻ 10 15 n0cm 2

5 ⫻ 10 9
5 ⫻ 10 10

10 15 n0cm 2
10 15 n0cm 2
5 ⫻ 10 15 n0cm 2

5 ⫻ 10 10

5 ⫻ 10 15 n0cm 2

Compact Spectrometer
NDD 88
Scintillation fiber detector 25

⭋ 1 ⫻ L2
⭋ 5 ⫻ L10

2.5%
3.3%

;2 ⫻ 10⫺5
;3 ⫻ 10⫺3

Medium Spectrometer
FUSION SCIENCE AND TECHNOLOGY

Proton recoil 81,82
COTETRA90
Proton recoil with microchannel

⭋ 40 ⫻ 40
⭋ 10 ⫻ 40
⭋ 20 ⫻ 40

2.2%
6%
2%

10⫺4
10⫺3
10⫺5

Large Spectrometer
MPR 70
TOF ~TOFHR! 70
TOF for DD0DT 91,92

200 ⫻ 200 ⫻ 300
200 ⫻ 200 ⫻ 100
50 ⫻ 50 ⫻ 100

2%
1.6%
20%

;5 ⫻ 10⫺5
10⫺4

*They are divided into three categories by size. Large spectrometers are supposed to be located outside the main shield, but medium and compact systems can be set at
the end of each collimator of the neutron camera.
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Some of the neutron spectroscopy capabilities of
large-sized high-performance spectrometers MPR, which
have been demonstrated at JET, could be used with similar sight lines and collimator solid angles. However, a
recent inventory gave negative results regarding an
alterative high-performance spectrometer for the 14MeV technique 70 because of difficulties in obtaining sufficient flux in the MPR collimator for a given neutron
yield rate with the diagnostic-machine interface imposing sight line limitations and the spatial resolution limiting the plasma volume to be viewed.
In broad terms, the current plasmas of most interest
for neutron spectroscopy measurements are those strongly
driven by auxiliary power injection. On ITER, the objective is to reach plasmas that require little auxiliary
power beside alpha heating, which should be ideally
suited for neutron spectroscopy studies as well as experiments to reach this stage and fusion optimization of
the plasma.

VI. MEASUREMENT OF GAMMA RAYS
VI.A. Introduction to Gamma-Ray Measurement
One of the most important techniques used for studying fast ion behaviors in fusion devices is nuclear reaction gamma-ray diagnostics.94 Measurements on the
tokamaks Doublet-III ~Ref. 95!, TFTR ~Refs. 96 and
97!, JET ~Refs. 98 and 99!, and JT-60U ~Ref. 100! have
shown that an intense gamma-ray emission is produced
when fast ions ~fusion products, ICRF-driven ions, and
NBI ions! react either with plasma fuel ions or with plasma
impurities, such as beryllium, boron, carbon, and oxygen. On JET, the gamma-ray emission measurements were
first reported by Sadler et al.98 and have since been used
to interpret different fast ion physics effects arising during ICRF and NBI heating.101
There are three sources of fast particles that can give
rise to gamma-ray emissions from plasmas. First, fusion
reactions @see Eqs. ~1! through through~4!# between the
plasma fuel ions produce fusion products, such as fast
tritons, protons, 3 He, and 4 He ions with energies in the
mega-electron-volt range. Second, ICRF heating of H
and 3 He minority ions accelerates these ions to energies
in the mega-electron-volt range. There are also ICRF
schemes to accelerate D, T, and 4 He ions. Third, NBI
heating introduces D, T, H, 4 He, and0or 3 He ions. Fast
ions born in plasmas produce line spectra due to their
nuclear reactions with low-Z plasma impurities. The fusion product neutrons interact with the structural materials, generating a continuous gamma-ray background.
Typical gamma-ray spectra recorded during ICRF heating with 3 He ions are shown in Fig. 22. The 17-MeV
gamma rays from the D~ 3 He, g! 5 Li reaction, used in
JET as an indicator of the ICRF power deposition efficiency, were observed.
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Fig. 22. Sum of four gamma-ray energy spectra measured during discharges with ICRF heating tuned to v ⫽ vc 3 He
in deuterium JET plasma with high 3 He concentration
hHe ⫽ 20% ~Ref. 104!.

A list of all essential nuclear reactions, which have
been identified in the gamma-ray spectra recorded at
JET, is given in Table VI. These reactions are classified
by the types of fast ions interacting with different target
ions in plasma. The nuclear reaction energies, the Q
values ~Q * !, which characterize the mass balance of the
reactions, are also presented there and can be used for
assessment of the excitation energy of the residual nuclei. In general, the energy in the center-of-mass frame
for a reaction a~b, cg!d is given by E ⫽ Q * ⫹ Ea ⫹
Eb ⫺ Ec ⫺ Ed , where Q * ⫽ ~Ma ⫹ Mb ⫺ Mc ⫺ Md !c 2
and Mi ~i ⫽ a, b, c, d ! is the rest mass of the nucleus
involved in the reaction. Table VI also contains assessments of the minimum energy of the fast particles required to produce gamma-ray yields, at levels that can
be measured in JET.
Particularly, Table VI shows the reaction
9 Be~a, ng! 12 C, the significance of which was investigated in detail for the fusion-born alpha-particle measurements.102 This reaction is a resonant reaction, which
has thresholds. The presence of the 4.44-MeV peak in
the gamma-ray spectra is evidence for the existence of
alphas with energies exceeding 1.7 MeV. The 3.21-MeV
gamma rays indicate that alphas with energies in excess
of 4 MeV exist in the plasma. As an example, Fig. 23
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TABLE VI

VI.B. Gamma-Ray Measurement on Present Tokamaks

Nuclear Reactions Identified in Gamma-Ray Spectra
Recorded at JET

shows two gamma-ray spectra, recorded in the same
JET discharge: the left plot shows the spectrum during
300-ms T-beam blip, while the right plot shows the
spectrum just after the NBI blip. During the injection
two gamma-ray peaks 4.44 and 3.21 MeV were observed because the alpha energy exceeded 4 MeV due
to the conservation of momentum even though the energy of the T-beam was in the ;100-keV region. In
the post-blip time slice, however, the 3.21-MeV peak
became rather weak. This is an effect of changes in the
distribution function, i.e., the result of a shift of the
high-energy tail to the low-energy range due to alphaparticle slow-down.

The fusion gamma-ray spectra recorded at DoubletIII ~Ref. 95! employed a detector consisting of an NaI~Tl!
crystal 5 cm in diameter and 5 cm in length viewed with
a PMT. The detector was placed in a lead collimator 4 m
from the machine center viewing the plasma tangentially.
During hydrogen NBI heating, 5.5-MeV gammas from
the reaction D~ p, g! 3 He were observed.
In TFTR, NaI~Tl! and NE226 detectors were used
for gamma-ray measurements.96,97 The detectors were
enclosed in a compact blockhouse on the test cell floor
with overall dimensions of approximately 2 m ~width! ⫻
2 m ~length! ⫻ 1 m ~height! and consisting of nested
strata of concrete, polyethylene, lithium carbonate, and
lead. The detectors viewed the TFTR vacuum vessel
through a cylindrical collimator 1.5 m in length and 20 cm
in diameter in the blockhouse. The NaI~Tl! crystal scintillator 10 cm in diameter and 10 cm in height was used
for background gamma-ray measurements. The fusion
gammas during deuterium NBI heating of 3 He plasmas
were observed with a cylindrical cell of liquid fluorocarbon scintillator NE226 measuring 12.7 cm in length ⫻
12.7 cm in diameter. This is a neutron-insensitive scintillator with rapid decay constant ~about 2 ns!, and the
peak energy resolution and detection efficiency for gamma
rays up to 19 MeV have been reported.94
In JT-60U, H-ions were accelerated by second harmonic ICRF heating up to several mega-electron-volts.
Gamma-ray spectra in the energy range of 1 to 20 MeV
were measured using a NaI~Tl! scintillator measuring
12.7 cm ⫻ 12.7 cm ~5 in. ⫻ 5 in.! surrounded by a
50-cm polyethylene and 30-cm lead shield.100,103 In the
JET tokamak gamma-ray energy spectra are measured
with two different devices, one with a horizontal and
one with a vertical line of sight through the plasma
center.104 The first spectrometer is a calibrated BGO
scintillation detector with diameter of 75 mm and a
height of 75 mm that is located in a well-shielded bunker and views the plasma tangentially. To reduce the
neutron flux and the gamma-ray background, the front
collimator is filled with polyethylene. Behind the scintillation detector, there is an additional dump of polyethylene and lead. The gamma rays are recorded
continuously in all JET discharges over the energy range
from 1 to 28 MeV, with an energy resolution of ;4% at
10 MeV. The second device for gamma-ray energy spectrum measurements is a NaI~Tl! scintillation detector
with a diameter of 125 mm and a height of 150 mm,
which views the plasma vertically through the center.
The spatial distribution of the gamma-ray emission
sources in the JET plasma is measured using the neutron profile monitor ~see Fig. 13!, which is routinely
used for neutron and gamma-ray measurements. The
monitor consists of two cameras, vertical and horizontal, with nine and ten lines of sight, respectively. The
radiation detectors are NE213 liquid scintillators.
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Reaction

Energy of Reaction, Q,
and Intensive Gammas
~MeV!

Emin
~MeV! a

Protons
D~ p, g! 3 He
T~ p, g! 4 He
9 Be~ p, p ' g! 9 Be
9
Be~ p, g! 10 B
9
Be~ p, ag! 6 Li
12 C~ p, p ' g! 12 C

5.5 g5.5
19.81 g20
⫺2.43 g1.7, g2.4
6.59 g6.8, g7.5
2.125 g3.6
⫺4.44,⫺7.65 g4.4, g3.2

0.05
0.05
3
0.3
2.5
5.8

Deuterons
9 Be~d,

pg! 10 Be
Be~d, ng! 10 B
12 C~d, pg! 13 C
9

4.59 g3.4
4.36 g2.9, g3.6
2.72 g3.1, g3.7, g3.9

0.5
0.5
0.9

Tritons
D~t, g! 5 He b
9 Be~t, ng! 11 B

16.63 g17
9.56 g7.3
3 He

D~ 3 He,g! 5 Li
9
Be~ 3 He, ng! 11 C
9 Be~ 3 He, pg! 11 B
9
Be~ 3 He,dg! 10 B
12 C~ 3 He, pg! 14 N

0.02
0.5

Ions

16.38 g17
7.56 g4.8
10.32 g7.3
1.09 g2.9, g3.6
4.78 g2.3, g5.1

0.1
0.9
0.9
0.9
1.3

Alphas
9

Be~ 4 He, ng! 12 C

5.70 g4.4, g3.2

1.7,4.0

aAssessment

of the minimal fast particle energy needed for a
gamma-ray observation at JET.
b This reaction is a branch of the main fusion reaction D~T, n! 4 He
with the neutron to gamma ray ratio is about 10 5 :1. Thus,
17-MeV gamma rays in the same way as neutrons carry the
information about fusion performance and alpha particle birth
profile.
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Fig. 23. Gamma-ray spectra measured in JET discharge with deuterium NBI heating and tritium 300-ms blip ~Ref. 103!.

Although the JET profile monitor was developed for
neutron measurements and the shielding and detectors
are not entirely adequate for gamma-ray measurements,
in some discharges with ICRF only heating gamma-ray
measurements are possible by exploiting the different
pulse-shape characteristics exhibited by NE213 for neutrons and gamma-rays. The standard PSD electronic modules were set up to restrict the detection of the gammaray emission to the energy range 1.8 to 6 MeV. It was
shown that the discrimination between neutrons and
gamma rays, which are produced by ICRF-accelerated
fast ions, is acceptable for further analysis if their count
rates are comparable. Now at JET, to measure the
gamma-ray emission profile in the energy range Eg .
1 MeV, we use the fast electron bremsstrahlung diagnostic system, which is incorporated into the neutron
profile monitor. The detector array is comprised of 19
CsI ~Tl! photodiodes ~10 mm ⫻ 10 mm ⫻ 15 mm!. The
photodiodes are placed remotely for measurements in
the front of neutron detectors within each collimation
channel. The data acquisition system accommodates the
gamma-ray count-rate measurement in four energy windows. This allows allocating specific gamma-ray peaks
in the windows to be counted separately. A typical example of the tomographic reconstruction of the measured line-integrated profiles is shown in Fig. 24. It can
be seen clearly that the gamma-ray emission profile 105
produced by fast D ions ~right figure! differs from the
profile from 4 He ions ~left figure! accelerated by ICRF.
This effect can be explained by the difference in pitch
angle distribution between 4 He beam-ions injected quasi
FUSION SCIENCE AND TECHNOLOGY
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tangentially into the plasma and isotropic D-minority
ions.
VI.C. Measurement Systems on ITER
The gamma-ray diagnostics based on D~t, g! 5 He and
reactions could provide important information on behavior of the fusion alpha particles in ITER,
as proposed in Refs. 100 and 101, where Be impurity is
supplied from the FW. The main idea of the technique consists of a comparison of both the 3.5-MeV alpha-particle
birth profile ~17-MeV gamma rays! and that of the confined alpha particles slowed down to 1.7 MeV ~4.4-MeV
gamma rays!. These measurements could be performed
with a dedicated gamma-ray profile camera, which is
similar to the neutron0gamma camera currently in operation at JET. For time-resolved profile measurements,
efficient gamma-ray spectrometers and neutron attenuators, in each channel of the cameras, are needed. General
requirements of the spectrometers are high efficiency
and peak-to-background ratio. It could be a single crystal
spectrometer with heavy scintillator or a detector-array 106
like GAMMACELL based on the highly radiation-resistant
BaF2 scintillators, which allow measurement of gamma
rays in the energy range from 1 to 30 MeV. The feasibility
of the measurements also depends on the quality of neutron suppression of the collimators. Water is a simple
neutron filter with no carbon content, but 14-MeV neutrons will activate this attenuator, and the 6.13-MeV
gamma-ray background will become problematic. A
more convenient neutron filter is based on 6 LiH. It is
9 Be~a, ng! 12 C
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Fig. 24. Tomographic reconstructions of 4.44-MeV gamma-ray emission from the reaction 9 Be~ 4 He, ng! 12 C ~left! and 3.09-MeV
gamma-ray emission from the reaction 12 C~D, pg! 13 C ~right! deduced from simultaneously measured profiles ~Ref. 105!.

to measure the lost alpha strength.108 Study of realistic
detection system, specially the shielding and transportation of signals is awaited.

compact, effective, and transparent for gamma rays and
does not produce interfering gamma rays in the highenergy range. A 30-cm sample of the 6 LiH filter reduces
2.4-MeV neutron flux to ;900 times and the 15-MeV
neutron flux to ;30 times.101,107
Gamma-ray measurements at the JT-60U tokamak during experiments with deuterium NBI heated plasmas 100
showed that use of these plugs reduced the neutron-induced
gamma-ray background by a factor of 10. Gamma-ray cameras with such neutron filters seem to be the best candidates for measuring gamma-ray spectra in the presence of
high neutron fluxes typical of D-T reactor plasmas.
The gamma cameras could be integrated with radiation shields of radial and vertical neutron cameras and
have the same type of fan-shaped viewing geometry. Each
gamma-ray detector module should have a separate line
of sight with two adjustable collimators and intermediate
flight tube, allowing gamma-ray spectrometry over a wide
operating range. The collimators need to be individually
rotatable to set the appropriate collimation and neutron0
gamma suppression depending on the task.
Gamma-ray spectroscopy induced by alpha particles from a boron sample placed on the FW using
10 B~a, pg! 13 C reaction was proposed by Kiptily et al.

Fast ions, such as heating ions and alpha particles,
should be well confined until they transfer their energy to
the plasma. In particular, alpha heating will be needed to
sustain ignition in fusion reactor plasma. Fundamental
confinement properties can be studied by measurement
of the alpha-particle loss 7,109 From the viewpoint of machine protection, it is important to monitor the bombardment location and the heat load on the FW ~Ref. 8!. A
clear understanding of loss mechanism is required to carry
the fusion program to a real reactor. The temporal behavior of lost alpha signals, and measurement of pitch angle
and energy distribution will be useful to understand the
underlying physics,7 such as first orbit loss,109,110 toroidal field ripple loss,111 ICRH-induced loss,112 and MHDinduced loss.113,114
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VII. MEASUREMENT OF LOST ALPHAS
VII.A. Introduction to Alpha Particle Loss
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VII.B. Examples of Fast Ion Loss Measurement Systems
VII.B.1. Fusion Reactivity Measurement
Since the early 1980s, measurement of protons produced by d~d, p!t and d~ 3 He, p! fusion was used to diagnose plasmas in the PLT ~Refs. 115 and 116!, DIII-D
~Ref. 110!, JIPPTII-U ~Ref. 117!, and ASDEX ~Ref. 118!
using silicon surface barrier detectors installed in metal
cases on vacuum vessels. In these experiments, fusionproduced fast ions were not confined, but the fusion reaction rate and their spatial information were obtained by
measurement of these fusion-produced fast ions, and useful information on the heating efficiency and heating
schemes could be obtained. By using the intrinsic energy
resolution of these detectors, the ion temperature or
slowing-down processes of heating ions were studied by
measuring the lost ion spectra.
VII.B.2. Confinement Study and MHD Loss
Measurement
In large tokamaks, such as TFTR or JET, a substantial portion of the fusion-produced fast ions were
confined. Similar but more dedicated probes were developed,109 and classical confinement properties, MHDinduced losses, ripple effects, etc., were studied. For
example, scintillation probes 109,112 were developed for
TFTR, and alpha-particle loss measured by a detector
located at the TFTR vessel bottom showed dependence
of loss ratios on the plasma current in the ion grad-B
drift direction.114 As these probes were capable of resolving the energy and pitch angles of escaping fast
ions with good time resolution, there has been a great
deal of study of the MHD-induced losses. The pitch
angle and energy-resolved lost ion measurement results
were compared with calculations using full-gyromotion orbit codes and characterized. Most of these
studies are reviewed in Ref. 7.
The experience of TFTR was transferred to other
tokamaks, such as JFT-2M ~ Ref. 119!, ASDEX
~Ref. 120!, and NSTX ~Ref. 121!, and helical devices,
such as CHS ~Refs. 122 and 123! and LHD ~Ref. 124!.
Figure 25 shows a schematic diagram of the scintillatortype lost fast ion probe of the compact helical system
~CHS!. Light emitted from the scintillator is divided by
a beam splitter into two detection paths and is detected
by the PMT array and charge-coupled device ~CCD!
camera. The PMT signals have high time resolution up
to 20 kHz. The 2-D image obtained with the CCD camera provides information on both gyroradius and pitch
angle simultaneously. Ions with larger gyroradii hit the
scintillator surface farther from the aperture than those
with smaller gyroradii. Ion impact points are dispersed
across the line passing through the center of two apertures according to the pitch angles of detected ions. The
experimental results clearly showed that the maximum
FUSION SCIENCE AND TECHNOLOGY
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Fig. 25. Schematic diagram of the scintillator-type lost fast
ion probe of CHS. Light emitted from the scintillator
is divided by a beam splitter into two detection paths
and is detected by the PMT array and CCD camera
~Ref. 123!.

ion energy corresponded to that of the injected beam
and that the ion losses were induced by MHD, as shown
in Fig. 26. Moreover, their pitch angle distribution
showed that two types of ions, passing boundary ions
and trapped ions, were lost periodically during an m0n ⫽
302 fishbone-like instability.
A new type of lost ion probe based on multichannel
thin foil Faraday collectors has recently been developed,
and has been used to investigate ion losses on NSTX
~Ref. 125!, DIII-D ~Ref. 126!, and JET ~Ref. 127!. These
detectors, in which ions that are lost from a fusion plasma
are detected as current, are intended to study lost ions in
general and d-t fusion product alpha particles. Figure 27
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Fig. 27. Lost ion Faraday cup detectors ~Ref. 128!.

Fig. 26. Time traces of the magnetic fluctuation and fast ion
losses for specific pitch angles and energies measured
with the scintillator probe on CHS during energetic
particle mode activity. The largest spikes are seen on
signals from the boundary of passing orbits ~Ref. 123!.

The self-heating of a D-T plasma by fusion-produced
alpha particles is the key to the realization of selfsustainable ignition of a thermonuclear plasma for fusion
reactors. The loss of alpha particles means deterioration
of the heating input power. Moreover, the localization of
alpha-particle bombardment on the FW surface may induce serious damage. This is one of the key problems in
ITER. However, the severe thermal0radiation environment of measurement location and the difficulties with
regard to access and installation limit the application of
conventional measurement tools.8
Strong localization of alpha-particle bombardment
on the FW surface of ITER has been predicted.8 The loss
location is ;200 deg in poloidal angle with toroidally
enhanced bombardment between adjacent toroidal field
coils. Here, the poloidal angle is defined with the inner

midplane being 0 deg. It is important not only to monitor
the bombardment location ~loss imaging! for machine
protection but also to measure the pitch angle, energy
distribution, and temporal behavior during MHD to understand the underlying physics.
Some diagnostic candidates for lost alpha-particle
measurement, such as camera imaging of scintillators on
the FW, scintillator probes, Faraday cups, and imaging
bolometers,8,129,130 have been studied for integration on
ITER. Camera imaging of scintillators fixed on the FW
will provide a bombardment image enhanced by alpha
particles.129 Figure 28 shows the geometry of the scintillator imaging system on a computer-aided design ~CAD!
drawing of ITER. Ceramic scintillators are fixed in holes
on the edges of the FW ~Cu backing! of blanket modules
#16 and #17 and viewed by a mirror system connected to
a filtered camera. Ceramic scintillators, which are covered by a thin ceramic layer protection against lowenergy ions0neutral particles, may be used to enhance
alpha-particle signals above the background. The alphaparticle gyromotion guiding into a hole and the scintillator surface in the hole directed toward the camera will
also help to discriminate alpha signals. It is necessary to
carry out the full gyro-orbit calculation in time reverse
including the actual shape of the modules to determine
whether orbits starting from the detection point return to
the plasma. An infrared camera can be used to monitor
loss, but there is no discrimination of alpha signals from
other ions.
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shows a photograph of the array of JET Faraday foil lost
ion probes.128
VII.C. Lost Alpha Measurement Systems of ITER
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Fig. 28. CAD drawing showing integration of the scintillator
imaging system. The upper port 11 is used for the
viewing camera, and the ceramic scintillators are fixed
behind the edge of the FW of blanket modules #16,
and #17 ~Ref. 129!.

A new type of ceramic scintillator has been developed. The characteristics of ceramic sheets in which scintillation materials are blended have been tested using a
plasma source and a low-energy helium beam of 3 MeV
up to 4008C. However, scintillation efficiencies are degraded by continuous bombardment of ion beams. The
scintillation spectrum, the efficiency to electrons, and the
efficiency to ions are dependent on the materials blended.
Technology for sintering of scintillators into transparent
ceramics is currently under development, and it has been
shown that preheating of scintillator material mitigates
the degradation of luminescence.131
Candidate measurement tools for time-resolved pitch
angle and energy measurement of lost alphas include
Faraday cups and scintillator probes. Orbits starting time
inversely from the blanket gap between #16 and #17, as
shown in Fig. 29, return to the plasma, and suitable positions for these probes are close to the blanket gap. Working models are currently in preparation for examination
at JET, as mentioned above. Neutron-induced noise on
the Faraday cup probe has been examined theoretically
and is ;2% against maximum loss. It is considered that
dummy probes are necessary because radiation-induced
current and radiation-induced electric motive force may
pose problems for current measurement in the nA range.
Twisted cables should be tested. In addition, a cooling
system should be designed for the scintillators because
they will be exposed to temperatures above 3008C.
VII.D. Confined Alpha-Particle Measurement on ITER
Measurement of confined alpha particles is also essential to examine the heating source and to predict the
FUSION SCIENCE AND TECHNOLOGY
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Fig. 29. Drift orbits of escaping alpha particles calculated from
the detector position on the slits in the front panels of
the blanket module #16 with in time inverse ~Ref. 129!.

self-sustainable burning plasma for fusion reactors. As
alpha particles are confined in the plasma, an active
method should be used to obtain spatial information, and
this has attracted a great deal of attention from the viewpoints of transport studies, internal transport barrier studies, and alpha-particle–driven and0or pressure-driven
instabilities. Velocity distribution is also important for
analyses of Alfven instabilities.
However, this is a serious challenge in ITER. Several
measurement methods have been proposed and their feasibilities have been studied 8 as shown in Table VII, but as
yet none of these methods have proven satisfactory. One
of the most active methods is collective Thomson scattering ~CTS!. Several approaches have been proposed.
Kondoh et al. proposed use of a high-power CO 2 laser
~50 J, 10 Hz! with a scattering angle of 0.5 deg injected
from the divertor port.132 Other groups have proposed
use of 50 to 65 GHz beams in the X-mode from a tunable
gyrotron 133,134 or launching 1 to 2 MW at 180 GHz
~Ref. 135!. In CTS measurement, the velocity distribution of ions is obtained.
There have been several proposals based on charge
exchange recombination spectroscopy. This method is
based on measuring the line emission from single-charge
exchange reactions between beam particles and alpha
particles, and measurement on TFTR showed that this is
a useful tool to obtain slowed-down alpha particles.136,137
A method that uses the 1-MeV ITER heating beam 138
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Background estimation Be density
,100 ms
Above threshold

Above threshold
No

Yes

Above threshold
No

.1.7 MeV

?
1 to 3 MeV

could be applied for measurement of high-energy ~0.8 to
2.4 MeV! alpha particles moving in the direction close to
the heating beam because the charge exchange cross section decreases rapidly as the energy of relative motion of
beam deuterons and alpha particles increases above 200
keV. The same method can be used to measure the velocity distribution of thermalized alpha particles using
the lower energy ~100 keV! diagnostic neutral beam 139
~DNB!. Double charge exchange neutralization with highenergy neutral beams has also been proposed.140 This
method uses a tangential 3 He beam with energy of 0.8 to
1.5MeV injected from ITER equatorial port 6 ~Ref. 141!.
This method can be realized only when this port is available. In addition, activity on intense beam development
is required.
The AKN measurements are an indirect method using
elastic scattering between alpha particles and fuel ions
producing energetic deuterons or tritons. The suprathermal ions react to form neutrons with energies above the
14-MeV birth energy forming a high-energy knock-on
tail in the neutron energy distribution. This method was
described in detail in Sec. V. There are proposals to measure knock-on energetic ions neutralized by the 1-MeV
heating beams or by electron capture from intrinsic impurities to obtain integrated information on alpha-particle
confinement.142 Another technique measures the energetic knock-on neutron tail due to alphas using the lengths
of the proton recoil tracks produced by neutron collisions
in nuclear emulsions.142 Alpha-particle measurement by
gamma-ray spectroscopy is described in Sec. VI.

Gamma ~4.4 MeV!

AKO by bubble detector

AKO by neutral analyzer

Be

?

VIII. SUMMARY

AKO By MPR

1.7 MeV 3 He 0 from 10 mA 3 He⫺
Double charge exchange beam
neutralization

No

Contamination of beam ions**
Low efficiency
?
No

Beam development machine
integration v5 , only
,100 ms
2.5%
0.1 yr
10 ~3 MeV!

Yes

v5 , only
Outer region
Heating beam
DNB
Charge exchange recombination

1 to 10
50 to 60 GHz gyrotron
CO 2 high power laser 50 J, 10 Hz
1 to 2 MW at 180 GHz
Collective Thomson scattering

Requirement

1 to 3 MeV

,100 ms

Yes
Yes
Yes
Yes
Outer region
0.8 to 2 MeV
Thermal

Yes
Yes

10%

Yes
0.3 yr

,0.1 yr

1 to 3 MeV
1 to 3 MeV

Dt
Dv
Dr
Abs. na
Energy Range
S0N at r ⫽ 0
for Best Shot
Source

Comparison of Various Methods to Measure Confined Alpha Particles

TABLE VII
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Fusion product measurements, measurements of neutrons, gamma rays, and escaping mega-electron-volts ions
produced in D-D, D-T, and other nuclear reactions are
commonly used for diagnosing fusion plasmas magnetically confined. In D-D experiments on present devices,
fusion reaction between a thermal and a nonthermal ion
and that between nonthermal ions contribute substantially to the fusion reaction rate. Many interesting studies
on energetic ion behaviors have been done by fusion
product diagnostics. For D-T fusion experiments on ITER,
where the neutron emission rate will increase by more
than an order of 10 3 from present large tokamaks and the
thermonuclear fraction will be boosted as the selfheating source from alpha particles becomes dominant,
the fusion product diagnostics will be more important
and will play the essential role, not only on the measurement of the fusion output power, but also on self-heating
burning plasma studies. The combination of neutron emission rate measurement, profile neutron emission measurement, activation measurement, and careful calibration
experiments will provide the absolute fusion output and
fusion fluence on the FW from a fusion device. Because
FUSION SCIENCE AND TECHNOLOGY
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the neutron flux at detectors will be larger by an order of
2 to 6 than that of typical experiments on large present
devices, the time, spatial, or energy resolution will be
improved, and various dedicated measurements become
possible. High time-response measurements can be used
for burn control and MHD studies. Neutron emission
spectroscopy measurement have potential to provide other
information such as ion temperatures, fusion-produced
alpha-particle behaviors, fuel ion densities, and so on.
Measurement of confined alpha particles is essential
to examine the heating source into the plasma and to
predict the self-sustainable burning plasma for fusion
reactors. Several measurement methods have been proposed for ITER and their feasibilities have been studied,
but as yet none of these methods have proven satisfactory. Lost alpha measurement is challenging on ITER but
important to understand the underlying physics of the
loss and to avoid the localization of alpha-particle bombardment, which may induce serious damage on the FW.
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