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Abstract
This paper presents a review of the current state-of-the-art neutron spectroscopy in fusion research. The focus is on the

fundamental nuclear physics and measurement principles. A brief introduction to relevant nuclear physics concepts is given

and also a summary of the basic properties of neutron emission from a fusion plasma. Compact monitors/spectrometers like

diamond, CLYC and the liquid scintillator are discussed. A longer section describes in some detail the more advanced,

designed systems like those based on the thin-foil proton recoil and time-of-flight techniques. Examples of spectroscopy

systems installed at JET and planned for ITER are given.
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Introduction

Neutrons are produced in most high performance magnetic

confinement fusion research devices. Their spatial and

energy distributions can be used to gain knowledge of the

properties of the constituent fusion fuel [1]. On the most

fundamental level, single-detector neutron monitors are

used to estimate the total fusion power and energy. More

advanced instruments, so called neutron cameras, give

information on the neutron spatial distribution (in the

poloidal plane), thereby providing information on the

fusion power and the alpha particle birth profiles. In this

paper we will focus on even more specialized measure-

ments of the plasma neutron emission, namely neutron

spectroscopy. We will present the basics of neutron mea-

surements, in particular for spectroscopic use, give some

examples of the measurement techniques employed and the

information that can be gained from such measurements.

Some Pertinent Nuclear Physics

The neutron is a nucleon, i.e., a constituent of the atomic

nucleus. As a free particle it is unstable but with a long

lifetime of about 11 min (due to the properties of the weak

force which governs its decay); thus the decay is not an

issue for neutron measurements in fusion. Nucleons (pro-

tons, neutrons etc.) are influenced by the strong nuclear

force, which is short ranged, acting on distances of femto-

meters [fm = 10-15 m] and thus only affects the properties

within or close to the radius of the atomic nucleus. Unlike

the proton, the neutron is electrically neutral and thus not

affected by the electromagnetic force. This puts consider-

able restrictions on the types of measurement techniques

that can be employed for its detection, as we will see later.

Atomic nuclei are systems of A bound nucleons: Z

protons (each of charge ?e) and N neutrons (charge 0) held

together by the strong nuclear force. The nuclear mass

number is defined as the sum of the number of protons and

neutrons, A = Z ? N. The proton number, Z, defines the

chemical element; Z = 1 is Hydrogen, Z = 2 is Helium,

Z = 3 is Lithium etc. For each element there exist a number

of different variants, differing in the number of neutrons,

N, they contain; these variants are called isotopes of the

particular element.

The standard nuclear isotope notation is Z
AXN, where X

is the chemical symbol (i.e., H for hydrogen, He for helium

and so on).
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Unlike the short-ranged strong force, the electromag-

netic force has infinite range. This is important when

considering the possibility to initiate nuclear reactions, as

at large distances, atomic nuclei (which always have a

positive charge of ?Z) repel each other through the Cou-

lomb force. Only at the short distances of the nucleus, the

strong force takes over and nuclear reactions can occur. For

nuclear reaction purposes, the Coulomb repulsion potential

can be estimated as:

Vc ¼ ðe2=4pe0Þ Z1Z2= R1 þ R2ð Þ½ � ð1Þ

where Z are the nuclear charges and R the ‘‘strong force

radii’’ of the involved nuclei (where Ri & Rx ? 1 [fm] is

approximately the radius at which the strong force kicks in;

Rx is the nuclear radius, which can be approximated as

Rx = 1.2�A1/3 [fm]).

Thus, for any nuclear reactions involving hydrogen to

occur, such as fusion, the Coulomb energy at a distance of

a few fm has to be overcome by the kinetic energy of the

reacting particles. For deuterium and tritium the Coulomb

potential is approximately Vc,dt * 400 keV [2] at the

distance of the strong force. In reality, this is modified by

quantum mechanical effects such that tunneling and reso-

nant behavior and the onset of, for example, d ? t fusion

reactions is considerably lower. The situation is illustrated

in Fig. 1, for p–p and n–p interactions. Note the lack of a

Coulomb potential in n–p (n-nucleus) interactions. This

fact is a crucial aspect of the possibility to use neutrons to

induce fission reactions in heavy nuclei, such as Uranium

and Plutonium.

A few other properties of particle interactions should be

introduced for the purpose of the present discussion:

• Cross sections, r this is a fundamental property of

nuclear reactions, and is the effective area of the

particles involved in a particular nuclear reaction. Due

to the small areas involved, the unit barn [b] has been

introduced, where 1 barn = 10-28 m2 = 100 fm2.

• Nuclear binding energy, B The strong force holds

nuclei together in the nucleus, while the Coulomb

repulsion (between protons) tends to tear it apart. The

energy stored as binding energy in the nucleus is

defined by the energy (mass) difference between the

sum of the constituent nucleons and the nucleus at

hand: B = R(mp) ? R(mn) - mAX. This comes about

from the famous relation E = mc2. Here the common

notation to omit the c2 in the formulas has been

introduced; this notation will be used extensively

below.

• Nuclear reaction Q value The Q value is the energy

released or required in a nuclear reaction. It is defined

as the sum of all particle masses before and after the

reaction: Q = R(mbefore) - R(mafter). Note that no ref-

erence to possible kinetic energy is involved. A reaction

with a positive Q value means that energy is released in

the reaction (as kinetic energy of the outgoing parti-

cles). A negative Q value, on the other hand, means that

energy must be supplied in order for the reaction to

occur. Also note that in all cases, the repulsive

Coulomb potential must still be overcome in order to

initiate the reaction, and this energy will be regained as

kinetic energy of the outgoing particles; however, it is

not part of the Q value definition.

• Nuclear reactions There are mainly two shorthand ways

in which nuclear reactions are described:

(i) a ? B ? C ? d which means particles a and B

react to produce particles C and d, alternatively written

as (ii) B(a,d)C. The former notation is more common in

reactions involving fundamental particles, while the

latter is often used in nuclear reactions. In the latter

notation, the B and C are taken to represent the

involved (heavy) nuclei, while a, b are taken to be the

lighter particles. Example: 6Li(n,t)4He is shorthand for

the reaction where a neutron interacts with a Lithium-6

nucleus to produce a triton (t; 3H) and an alpha particle

(a; 4He). Note that in strong nuclear reactions, the

nucleon numbers are conserved, such that the number

of neutrons and protons are the same before and after

the reaction.

• Nuclear excited states In some nuclear reactions the

resulting nucleus is left in a state with excess energy, an

excited state. This is often noted by C*, indicating that

the nucleus C is not in its ground state, but carrying

excess energy: B(a,d)C*.

• Nuclear decay Nuclei in an excited state, X*, will

undergo decay to reach a stable state, for example by

gamma (c; electromagnetic) radiation to the so called

ground state of the nucleus at hand, Xgs. However,

depending on the level of excitation and the particular

n-p 

Fig. 1 The combined nuclear and Coulomb potential in the vicinity of

a nucleus at r = 0
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nucleus, some decays occur through particle emission:

X* ? Y ? (n, p, b, a), where the Y could still be in an

excited state and undergo subsequent decay. Some

heavy nuclei have no stable ground state. This is the

case for all nuclei heavier than lead (Pb), although the

lifetimes can sometimes be very long. For example,
238U, which decays through a emission, has an

estimated half life of 4.468 billion years. The decay

modes of interest for the present discussion are:

• X* ? Xgs ? c (gamma decay; EM interaction;

decay half life in the range fs–min)

• X* ? Y ? b ? m (beta decay b-, b?; nuclear

transformation; weak interaction; decay half life in

the range ms–hr)

Basic Neutron Detection Principles

A thorough review of radiation detection principles and

practice is given in Ref. [3]. As mentioned previously,

neutrons are electrically neutral, and cannot be detected

through electromagnetic interactions. For charged parti-

cles, like protons and electrons, interactions with the

electrons in the detector material produce moving, free

electric charges. Collection and detection of these free

charges is often the main method of particle detection.

However, for neutrons, no free electrons are produced from

traversing neutrons; direct nuclear reactions have to be

utilized in order to produce such free charges in this case.

A special beneficial circumstance for neutron detection

through nuclear reactions is that no Coulomb barrier pre-

vents the neutron from interacting with a nucleus. Some of

the useful nuclear reactions for neutron detection are:

(a) Nuclear elastic scattering X(n,n0)X0; where X0 is the
nuclear recoil. These are ‘‘billiard ball’’ nuclear

collisions/reactions, mediated by the strong nuclear

force. ‘‘Elastic’’ in this context means that there is no

internal nuclear reconfiguration of the nucleus X, i.e.,

it is in its ground state both before and after the

reaction. Two-body kinematics governs the energies

of the outgoing particles. A moving charged recoil

nucleus can in this case create free electrons in the

detector material which can be used for detecting the

presence of the initial neutron.

• Examples: H(n,n)H(pR), D(n,n)D, 4He(n,n)4He,
12C(n,n)12C (where pR indicates a recoil proton).

• Detector systems utilizing this method are scin-

tillators, thin-foil proton recoil and time-of-flight

systems.

(b) Nuclear inelastic scattering X(n,n)X* followed by

detection of the X* decay radiation. Several different

decay modes of the resulting excited nucleus, X*,

can be utilized c, b, n, etc.

• Examples: 115In(n,n)115Inm; where m = * =

metastable state, with a long half life.

• Detector types utilizing this method are for

example activation foils.

(c) Nuclear reactions X(n,y)Z. These are reactions

where two (or more) charged reaction products

appear in the final state where y = p, d, a, pn, …

• Example: 12C(n, a)9Be, 3He(n,p)3H, 6Li(n,t)a.
• Detector types: diamond semiconductor, 3He

tubes, Li glass scintillators.

(d) Fission X(n, x�n)Y*,Z*; heavy charged fission

fragments

• Examples: X = 235U, 238U, Pu

• Detector types: Fission chambers (FC), Parallel

plate avalanche counters (PPAC).

The Fusion Plasma as a Neutron Source: The
Direct Emission

A more comprehensive summary of the concepts intro-

duced here is given in for example Ref. [4]. Fusion energy

research is focusing on plasmas with the hydrogen isotopes

deuterium (D) and tritium (T) as fuel, where the intended

fusion reaction is d ? t. The attractive properties of this

reaction are (i) its high energy release (17.6 MeV per

reaction), (ii) its high cross section and (iii) its low

threshold energy. Some of these properties are summarized

in Fig. 2, showing the fundamental cross sections of rele-

vant fusion reactions (in particular d ? d, d ? t, t ? t) as

function of ingoing particle energy and, more relevant for

fusion plasmas, the reactivity hrvi as a function of plasma

thermal (kinetic) temperature.

In fusion experiments with D and T fuel the main fusion

reactions (d ? d, d ? t, t ? t) include the following neu-

tron-producing channels (where the value in parenthesis is

the neutron energy in the cold plasma limit):

d ? d ? 3He ? n (2.45 MeV) (Branching ratio = 50%)

d ? t ? 4He ? n (14.0 MeV) (Branching ratio =

100%)

t ? t ? 4He ? n ? n (0–8.8 MeV)
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In addition, non-fuel nuclei of different kinds can also

be involved in neutron producing reactions. For fusion

plasmas, such ‘‘impurities’’ can be either particles delib-

erately injected, for example as part of the plasma heating

(3He), they can be the a particle ‘‘ash’’ from the fusion

reactions, or unwanted elements that have entered the

plasma from the surrounding walls and other structures

(9Be, 12C):

d ? {3He, 4He, 9Be, 12C,…} ? n ? X

However, in this presentation we will not discuss these

latter reactions further, but concentrate on the emission

properties of the main fusion reactions.

The neutron emission intensity is directly coupled to the

fusion reaction rates in the plasma, since neutrons are

produced in 50% of the d ? d reactions and in 100% of the

d ? t reactions. The (local) fusion reaction rate can be

written:

R ¼ 1=ð1þ dabÞnanbhrvi m�3s�1
� �

ð2Þ

Here, na, nb are the number densities of the fusing ions,

hrvi is the reactivity, i.e., the integral over the velocity

distributions of the two fusing ions and their relative

velocity, weighted by the fusion cross section, r:

hrvi ¼
ZZ

fa vað Þfb vbð Þvrelr vrelð Þdvadvb m3s�1
� �

ð3Þ

and d is the Kronecker delta function: d ab = 1 if a = b; d

ab = 0 if a = b. This delta function must be introduced in

order to avoid double counting in single (fuel) species

plasmas.

The reactivity hrvi can be evaluated for thermal plas-

mas as a function of plasma thermal (kinetic) temperature

expressed in energy units as kBTi, where kB is Bolzmann’s

constant and Ti is the plasma temperature in [K], as shown

in Fig. 2(right).

For a plasma in thermal equilibrium the velocity dis-

tributions are given by Maxwell–Bolzmann functions:

f vð Þ ¼ 4pv2 m/2pkBTið Þ3=2exp �mv2=2kBTi

� �
ð4Þ

The neutron emission spectrum from such a thermal

plasma can be calculated analytically (with some simpli-

fications) and is very close to Gaussian in shape [6, 7]:

f Enð ÞTH� ðrwð2pÞ1=2Þ�1
expð�ðEn � hEniÞ2=2r2wÞ ð5Þ

where TH indicates thermal conditions, rw is the standard

deviation and the energies are centered around hEni (see

below). The width (rw) of the neutron energy distribution

can be expressed in terms of the kinetic temperature as:

rw ¼ ð2kBTihEnimn= m1 þm2ð ÞÞ1=2 � C sqrt kBTið Þ ð6Þ

For d ? d reactions the constant in front of the square

root is Cdd = 82.6 [keV-1/2]; for d ? t it is Cdt = 177

[keV-1/2]. Clearly, in thermal plasmas, or in situations

where the thermal emission component can be clearly

identified and measured, the width of the (thermal) neutron

energy distribution gives an estimate of the plasma tem-

perature, Ti. This is one of the primary physics parameters

Fig. 2 (left) Cross sections of

some nuclear fusion reactions

relevant for fusion energy

research. The three reactions

most relevant for the present

work are encircled. (right) The

fusion reactivity hrvi as
function of the thermal plasma

kinetic temperature (kBTi).

From Ref. [5]
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that neutron spectrometry can provide. It should be noted,

however, that in an actual measurement, the information

provided will be integrated along the instrument’s field-of-

view, and thus influenced by local plasma parameters such

as density and temperature. Normally, the neutron emission

will be heavily biased towards the core of the plasma.

It should be pointed out, that this thermal broadening

also sets the ‘‘standard’’ for spectroscopic measurements,

such that the resolution of the spectrometer should be

matched to the expected thermal broadening of the spectra.

The resolution should be good enough to resolve the

thermal broadening, but it need not be considerably better

than this. In most high-performance fusion experiments,

such as JET, ASDEX, etc., plasma thermal temperatures

from basic ohmic heating are around 2–3 keV; the corre-

sponding broadening is then given by Eq. 6.

In the presence of non-Maxwellian components of the

fuel velocity distribution function, the neutron energy

spectrum will include components corresponding to these

sources [7]. The origin of such non-thermal components

could be the internal alpha heating or external heating

sources, like NBI or RF. There is a non-trivial relationship

between the non-thermal neutron energy spectrum and the

underlying fuel velocity distribution and the connection is

in general difficult to calculate analytically. Often Monte

Carlo techniques are used in a forward modelling approach,

where a model of the fuel ion velocity distribution is used

to calculate the corresponding neutron energy distribution.

The underlying fuel velocity distribution can be taken

from, for example, plasma modeling codes such as

TRANSP or ASCOT. Alternatively, when full-scale

plasma modeling is not available or too time consuming,

more simplified models can be used where a number of

distinct fuel components are used to represent the main

processes in the plasma. These ion velocity components are

then taken to represent ions in thermonuclear equilibrium,

ions injected by the Neutral Beam Heating system, ions

accelerated by the Radio-frequency heating system and (in

particular in future high performance devices such as ITER

and DEMO) ions affected, ‘‘knocked-on’’, by the high-

energy alpha particles. In the latter three cases, the slowing

down (through collisions with the thermal plasma) of the

primary high-velocity ions must be calculated in order to

gain an accurate representation of the component.

Fusion reactions involving ions from the different

velocity components are then calculated, generating a

number of distinct neutron emission components with

characteristic energy distributions. These neutron energy

components are for example (i) the thermal component,

given by fusion reactions involving two ions from the bulk

thermal distribution, (ii) the beam-thermal (or beam-target)

component, involving one ion from the neutral beam

slowing-down distribution and one from the thermal bulk,

(iii) the RF-thermal (RF-target) component, (iv) the beam–

beam component etc. The particular conditions of a

specific fusion plasma will determine which of these

components are present on a significant level in the neutron

spectrum [8, 9].

An example of some of the primary (i.e., directly from

the fusion reactions) neutron emission components of a

typical ITER plasma are shown in Fig. 3. Here, only

thermal and beam-thermal components are shown. In

addition, one can expect that also RF-thermal and alpha

knock-on [10] components will be present in ITER. The

calculation of the direct neutron flux at the position of the

active detectors requires some computational tools. The

calculation of the neutron energy distribution seen by a

specific diagnostic (see further below) based on a specific

fuel ion velocity distribution is done with codes like

DRESS [11], GENESIS [12], ControlRoom [13]. Codes

like LINE21 [14] take care of the sampling of the plasma

volume and treat any intervening obstacles in the field of

view of the diagnostic.

Fusion Neutrons: The Scattered Component

In neutron spectroscopic measurements at magnetically

confined fusion facilities, the main source of information

rests in the direct neutron emission as discussed above. In

order to isolate the direct emission and to select the

emission from a specific region of the plasma, collimated

measurements are most often employed. The situation is

schematically depicted in Fig. 4. In addition, more or less

substantial neutron shielding is required around the active

DD TT DT

Fig. 3 Example of some of the primary neutron emission spectral

components in a 50:50 DT plasma of typical ITER conditions;

injection energy of the deuterium NBI is 1 MeV. Blue full line

corresponds to thermal DT reactions, blue broken line to D beam-

thermal T reactions, red full line to thermal DD reactions, red broken

line to beam-thermal DD reactions and green full line to thermal TT

reactions (Colour online)
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detection system, in order to reduce the exposure to any

detrimental background radiation at the measurement

position. For fusion neutron measurements, this back-

ground is closely correlated in time and intensity with the

primary fusion reactions and it is mainly composed of

(capture) gammas and scattered neutrons (i.e., non-direct

neutrons). Induced radioactivity and other sources nor-

mally play a minor role. These background components

should be well understood both in order to design the

diagnostic system and to interpret the data.

As seen in Fig. 4, a number of different processes

contribute to the flux of scattered (low-energy) neutrons at

the active detector. One of the most important contribu-

tions comes from far-wall backscattered neutrons. In this

case, the region (area) of the tokamak internal wall in the

direct field of view of the spectrometer system acts as the

source. Note, however, that this area can be illuminated by

neutrons from a large part of the plasma volume, thereby

enhancing the effect. Other contributions come from neu-

trons scattered in materials close to the active detector,

such as scattering in the collimator and other structures.

These neutrons normally originate from a somewhat

smaller region of the plasma, thereby reducing the effect of

this contribution. For completeness, it is also important to

consider any direct neutrons that are lost due to capture or

out-scattering, in particular if absolute comparisons

between models and measurements are done. The situation

for gammas is to some degree similar to the neutrons, with

the addition that absorbed neutrons often generate so called

capture gammas, i.e., a gamma radiation due to the

absorption of a neutron in a nucleus. The gammas will

often appear in structures close to the active detector vol-

ume, and special care has to be taken in the design of the

system to reduce this background component.

There exist several computer codes that calculate the

neutron and gamma transport and thus can give an estimate

of the background flux at a certain position in a specified

geometry. Examples of such codes are MCNP [15], SER-

PENT [16] and TRIPOLI [17].

It is important to note that all scattered neutrons will be

energy downgraded. The main processes are elastic and

inelastic neutron scattering, X(n,ń)X́and X(n,ń)X*. In both

cases, the outgoing neutron, n0, will be of lower energy

than the one going into the reaction. This is illustrated in

Fig. 5, which is similar to Fig. 3 but for a plasma with 10%

T and 90% D. In this model calculation, done with MCNP,

a significant level of scattered neutrons appears that is not

part of the direct emission from the plasma.

As is clear from Fig. 5, scattered neutrons from the

original d ? t reactions (i.e., energy down-graded from

14 MeV) fill out the region below 14 MeV all the way to

lowest energies. As can be understood from the figure,

in situations of significant T relative density (nT/nTOT-
[ 20% or so), this background can act to obscure the

signal from the fusion d ? d reactions, making them hard

or even impossible to discern.

The presence of any background in a measurement sit-

uation must of course be understood and controlled. In all

diagnostic measurements for fusion, scattered neutrons and

gammas will constitute a strong background source that

will have to be carefully assessed both in the design of the

diagnostic system and in the interpretation of the data.

Active detector volume 

Fig. 4 Schematics of processes involved in neutron absorption,

scattering, penetration and direct emission. Plasma in yellow,

tokamak solid structures in dark brown (including instrument

collimator), detector mechanics in purple, active detector volume in

orange. Arrows illustrate possible neutron ‘‘histories’’: red is the

direct flux at the detector, blue is (collimator) in-scattered neutron

flux at the detector, green is (far wall) back-scattered neutron flux at

the detector, orange is direct out-scattered or attenuated flux, black is

neutrons stopped/absorbed in solid structures (Colour online)

10% T, 90% D

Fig. 5 Results from an MCNP simulation of direct and scattered

neutron emission spectral components in a 90:10 DT plasma of

typical ITER conditions; injection of NBI deuterium is at 1 MeV. Red

full line corresponds to thermal DT reactions, Blue full line to beam-

thermal DT reactions, red broken line to thermal DD reactions, blue

broken line to beam-thermal DD reactions and black full line to the

total neutron spectrum, including also scattered neutrons from dd and

dt fusion reactions (Colour online)
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Calculating the Neutron Energy in Fusion

In fusion, neutrons are emitted from the fusion reactions

d ? d ? 3He (0.8 MeV)? n (2.5 MeV) and d ? t ? a
(3.5 MeV)? n (14.1 MeV). These are two body exother-

mic reactions with Q values equal to 3.27 MeV and

17.6 MeV for the DD and DT reaction, respectively. The

kinetic energy carried by the neutron is determined by the

kinematics of the reaction.

Consider the reaction d ? d ? 3He ? n. Using non-

relativistic kinematics, the energy of the outgoing neutron

can be written [9]:

En ¼
1

2
mnV

2
CM þ m3He

m3He þ mn

ðQþ KÞ

þ VCM cosðhÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m3Hemn

m3He þ mn

ðQþ KÞ
r

ð7Þ

Here Q is the reaction Q value, Qdd = 3.27 MeV; mn and

m3He are the masses of the neutron and 3He-particle,

respectively; K is the relative kinetic energy, K = 1/

2l(vrel)
2 with vrel = |vd1 - vd2| and where l is the reduced

mass; VCM is the center-of-mass velocity of the reactants

(dd), VCM = (mdvd1 ?mdvd2)/(md ?md); h is the neutron

CM scattering angle with respect to VCM.

In the case of dd fusion, the center of mass velocity

simplifies to:

VCM ¼ mdvd1 þ mdvd2
2md

þ vd1 þ vd2
2

ð8Þ

For the d(t,n) 4He reaction, replace d, d, 3He with d, t,
4He, respectively, and Q = Qdt = 17.6 MeV.

For reactants at rest the neutron energy would be con-

stant and equal to E0 = m3He/(m3He ?mn) Q = 2.45 MeV

and 14.0 MeV for the DD and DT reaction, respectively.

When the reactants are not at rest the energy of the prod-

ucts is shifted by a quantity that depends on the reactant

velocity (energy) and on the emission direction of the

neutrons, through the term VCM�cos(h), which is responsi-

ble for the Doppler broadening effects in the neutron

emission, and the K-factor which gives an additional small

energy-dependence [7]. The emitted neutron energy spec-

trum is thus related to the reactant fuel ion velocity (en-

ergy) distributions and Eq. 7 is the basic relation used to

interpret neutron spectroscopy measurements in fusion

plasmas.

It is important to note that the term VCM cos(h) in Eq. 7

introduces a directional dependence in En. For isotropic

velocity distributions, f(vd), the cos(h) term averages to

zero and the neutron energy distribution is the same in all

directions. This is the case, for example, in a thermal

plasma.

For non-isotropic f(vd) the neutron energy distribution

will depend on the measurement direction, i.e., on the

diagnostic line-of-sight with respect to any preferred

directions in the fuel ion velocity distributions. For mea-

surements in magnetic confinement fusion such a preferred

direction is the direction of the magnetic field. Certain

populations of plasma fuel ions will have velocity distri-

butions that depend on the pitch (vpar/vtot), where vpar is the

velocity component parallel to the (local) magnetic field).

This situation applies to, for example, fuel ion populations

due to external heating, such as those injected by Neutral

Beam Injector (NBI) systems or accelerated by Ion

Cyclotron Radio-frequency Heating (ICRH) systems. The

cos(h) dependence of En, together with the gyro motion of

the ions (and electrons) around the magnetic field lines can

create rather particular neutron energy spectra in certain

directions. An example is shown in Fig. 6, for d ? d

reactions and a pitch equal to zero (i.e., NO parallel

velocity, only perpendicular) and a number of different

deuteron energies, measured at a viewing angle of 90� to

the magnetic field. A very distinctive, quite broad, double-

humped spectrum appears. Ions heated by ICRF can be

modeled with such a process.

Role and Challenges for Fusion Neutron
Spectrometry

The primary role of any fusion diagnostic system is obvi-

ously to provide time resolved information on relevant

plasma/fuel ion parameters either for fundamental under-

standing of the fusion plasma physics and/or as part of the

systems for machine control and protection. In the latter

case, feed-back of results for active machine control should

Fig. 6 Simulations of neutron energy distributions for a number of

cases where high-energy (0.1–2.0 MeV) mono-energetic deuterons of

pitch zero (i.e., with gyro motion completely perpendicular to the

magnetic field) are made to interact with deuterons of a 5 keV bulk

plasma. The emission is viewed by an instrument at an angle of 90� to
the magnetic field
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be provided on the ms time frame (or longer, depending on

the parameter under study).

For neutron spectroscopy, the primary physics parame-

ters/effects that can be provided are:

• The thermal fuel ion temperature, Ti. As discussed

above, this quantity can be deduced from the width of

the thermal neutron emission component.

• The fuel ion density and ratio nT/nD. This quantity can

be deduced in two ways: (i) in plasmas with nT/

nD\ 20%, by comparing the intensities of the thermal

neutron emission components at 2.5 and 14 MeV, (ii) in

plasmas of higher relative tritium contents by measur-

ing and separating the thermal and beam-thermal

components at 14 MeV. At ITER, neutron spectroscopy

has been identified as the primary diagnostic to provide

this quantity.

• The intensities of different neutron components,

thereby providing quantities like thermal fuel ion

fraction.

• More specialized information, like heating efficiencies

and effects like RF tail temperatures, details on the fuel

velocity distribution functions etc.

• A neutron spectrometer (system) can/should also be

included as an extra sight line in any neutron camera

system. In particular, with some complementary profile

information from such a neutron camera, a well-

characterized neutron spectrometer can provide an

independent estimate of the total neutron rate (Pfus).

Some physics results based on analysis of neutron

spectra can be found in for example Refs [14, 18–23].

Since neutron spectroscopic measurements are normally

performed using collimated lines-of-sight (fields of view),

the results provided will always be an integral measure-

ment of the conditions in the volume covered within the

field of view of the instrument. To disentangle more local

effects, additional profile information (or assumptions) is

required.

Some specific challenges for neutron diagnostics include

[24]:

• The plasma constitutes an extended ([ 100 m3), con-

tinuous emission (min-hr) neutron source. This puts

some requirements on the implementation of neutron

diagnostic systems:

• Collimated and well shielded measurements are

normally required, often involving quite substantial

radiation shielding installations.

• The neutron flux at the detector(s) will be composed

of both direct and scattered neutron contributions,

and these have to be understood and handled.

• Reliable, robust techniques should be used, as both

the requirement of substantial radiation shielding

and the desire to be close to the plasma make service

and replacements cumbersome.

• The experimental conditions around the ‘‘reactor’’ are

harsh, often involving:

• High levels of neutron and gamma background

radiation;

• High temperatures, high B-fields, high-frequency

EM noise interference;

• There are special requirements on the detectors in

neutron diagnostic systems:

• The harsh environments mean that detectors need to

be robust and reliable under high temperature, high

radiation, high B-field conditions or that these

environmental effects are mitigated by appropriately

designed interfacing, such as cooling, magnetic

shielding etc.

• The detectors are placed in a mixed field of neutron

and gamma radiation and a separation of these

signals is required for high quality results.

• The system needs to resolve weak signatures in the

neutron emission: good signal-to-background ratios

are required. This is illustrated in Fig. 7, showing a

simulation of the ITER measurement situation. Here

it is seen that in order to access the alpha knock-on

(direct imprint of the alpha heating in the neutron

spectrum) a dynamic range of more than 4 orders-

Scatter 

Background 

T = total spectrum,         B = thermal bulk 

NBI = neutral beam        AKN = alpha knock-on 

Simulation ITER; DT 

Fig. 7 Simulation of expected neutron emission spectral components

in a 50:50 DT plasma of typical ITER conditions; injection energy of

the deuterium NBI is 1 MeV. Red full line corresponds to thermal DT

reactions, blue line to D beam-thermal T reactions, and magenta full

line to the alpha knock-on effect. The estimated level of scattered

neutrons and background are also indicated in yellow (Colour online).

Adopted from Ref. [25]
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of-magnitude is required. This is a very challenging

experimental task.

• Results should be reported with a time resolution

down to ms. For the type of counting experiments

that are typical for neutron diagnostics this means a

requirement to accept and acquire data of MHz

signal rates. In other words, the count rate capability

of the system has to be high, in the MHz region.

• For machine control and protection, information is

required in real-time with down to ms time resolu-

tion: this means fast transfer rates from acquisition

electronics to processing units as well as fast and

robust data analysis.

• Interfacing can be an issue:

• The size and weight of the neutron spectrometry

systems are considerable.

• The desire to place the systems close to the neutron

source (i.e., the plasma), in order to maximize count

rates, means that large and heavy components for

radiation shielding are required.

• Maintenance and replacement of components in

positions close to the fusion source is a challenge.

• A competition for ‘‘real estate’’ around the fusion

device, where bulky neutron diagnostic systems,

closely coupled and with ‘‘direct’’ lines-of-sight into

the plasma, can be at a disadvantage.

Finally, it should be mentioned that the very high neu-

tron rates expected in future high-performance fusion

devices, such as ITER and DEMO, which are seen as

problematic for many of today’s plasma diagnostics, are

instead a great opportunity for neutron diagnostics of all

types.

Review of Neutron Spectrometry
Techniques: Compact Detectors

There is a quite broad range of techniques and detectors

that can (and have been) used for fusion neutron spec-

troscopy [26, 27]: they span from small compact single

detectors/monitors of a few kg to very specialized instru-

ment systems of considerable weight (10’s of tons) and size

(several m3). Some of the more common techniques are

schematically depicted in Fig. 8.

As can be seen in Fig. 8, many of the neutron detection

techniques listed in ‘‘The Fusion Plasma as a Neutron

Source: The Direct Emission’’ section have been tested and

used in fusion. JET in particular has over the years had an

ambitious program of neutron diagnostics, including, in

particular, several different types of neutron spectrometers

[26].

Scintillators with a large hydrogen content are often

employed as neutron counters and also, in a more limited

capacity at least for fusion, as spectrometers. The main

mechanism for detection in this case is (n, p) elastic scat-

tering. This subject is only briefly introduced here and

more extensively covered in another paper in these pro-

ceedings (M. Cecconello); it will not be discussed further

here. Here, instead, we will focus on a few other neutron

measurement and spectroscopy techniques.

Example 1: Semiconductor Detectors; Diamonds
(C)

Diamond is a very interesting detector material for fusion

diagnostics [28, 29], primarily for neutron counting and

spectroscopy, for a number of reasons:

• There are a number of useful nuclear reaction channels

with neutrons, some providing charged particles (only)

in the final state. This provides a reasonable efficiency

and the possibility for spectroscopy;

• It is mechanically a very robust material, and chemi-

cally benign (non-toxic, resistant and inert to many

chemicals, etc.);

• It can withstand high temperatures;

• It is allegedly very radiation hard;

• There is rapid progress in fabrication of synthetic,

single crystal diamonds suitable for neutron spec-

troscopy through the Chemical Vapor Deposit method;

quality and size of samples is improving.

For low energy neutrons (i.e., for fusion neutrons in D

plasmas), there are two main reaction channels open:

• n ? 12C ? n ? 12C (elastic),

• n ? 12C ? 13C* (n capture (c))

Fig. 8 Schematics of the main neutron spectroscopy techniques

discussed in this paper. Top left illustrates use of a hydrogenous

scintillator, bottom left use of a diamond semiconductor, middle

shows the two variants of the thin-foil proton recoil technique; right

the time-of-flight technique
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At higher neutron energies, from about En[ 5 MeV,

several new reaction channels open up (available for fusion

neutrons in DT plasmas):

• n ? 12C ? n0 ? 12C* (Q = - 4.4 MeV)

• n ? 12C ? a ? 9Be (Q = - 5.7 MeV)

• n ? 12C ? n0 ? 3a (Q = - 7.3 MeV)

The cross sections for some of these reactions are shown

in Fig. 9. As can be seen in the figure, the situation is rather

complex, with many reaction channels open (depending on

En), and in order to understand the response of a diamond

detector one needs to know such cross sections in detail,

both the excitation functions (dr/dE; as shown in the fig-

ure) and the angular differential cross sections (dr/dh). In
addition, detailed kinematics modeling of the reactions is

required. A somewhat more complete table of the possible

final state particles in n ? 12C reactions is given in

Table 1. As shown, for fusion relevant neutron energies,

En\ 20 MeV, there are at least 8 open reaction channels.

Characterization of an actual diamond detector with

mono-energetic 20 MeV neutrons is shown in Fig. 10.

Here, many of the reactions of Table 1 can be identified. In

particular, the very favorable situation with the
12C(n,a)9Be reaction is evident. This reaction has the

lowest Q value (Q = - 5.70 MeV) of all the channels with

charge-only final states. The charged-only final state makes

it well suited for spectroscopy, in particular of neutrons in

DT plasmas, where the main direct emission is centered

around En = 14 MeV. The energy of the final state parti-

cles, about 8.3 MeV for En = 14 MeV, is the highest for

any charged-only channel, so the full-energy peak is well

separated from the rest of the spectrum. Energy resolution

of dE/E\ 3% has been achieved with diamond detectors

intended for use at fusion facilities [31].

Another beneficial property in this context is the fairly

‘‘flat’’ cross section for En[ 9 MeV, simplifying the

interpretation of data. A slight drawback of the diamond

detector is the rather low ratio of good events in the (n,a)
peak compared to the rest of the spectrum. As seen from

Fig. 9, at En = 14 MeV this is on the level of a few percent.

Even though the (n,a) events stand out clearly in the

spectrum, all the other reaction channels will put a load on

the detector and acquisition electronics, limiting the count

rate capability (of good counts in the (n,a) peak) to below

100 kHz or so. This, in turn, will limit the achievable time

resolution for physics results.

In order to analyze data from a diamond detector the

response of the detector to neutrons in a broad range of

energies is required. Such a response function, connecting

the measured quantity of the instrument with the neutron

energy, is often constructed from a mixture of data from

measurements (such as those in Fig. 10) and simulations.

12
C(n, tot) 

12
C(n,n’)

12
C* (4.44) 

12
C(n, )

9
Be α

Fig. 9 Cross sections as function of neutron energy from the ENDF

data library for some of the neutron induced reactions in diamond

(12C). Included are the total cross section (n,tot), the cross section for

leaving the 12C in its first excited state at 4.44 MeV and the cross

section for the (n,a) reaction (suitable for neutron spectroscopy). Data

from Ref. [30]

Table 1 Some of the final state particles in n ? 12C reactions and

their Q values

Products Q (MeV) Products Q (MeV)

12C ? n 0 n0 ? 3a - 7.27
13C ? xg 4.95 12B ? p - 12.59
12C ? n0 ? g - 4.44 11B ? d - 13.73
9Be ? a0 - 5.70 11B ? n?p - 15.96

Here, a0 denotes the situation where the 9Be is left in its ground state.

(Note that there are two columns of reaction products and corre-

sponding Q values.)

Fig. 10 Response of a diamond detector to mono-energetic neutrons

of En = 20 MeV. Some of the structures in the spectrum are identified

by their reaction channel and their Q value. Peaked structures

typically correspond to charged-only final states, while broad

structures correspond to final states with (at least) one neutral particle

(here neutron). Adapted from Ref. [32]
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The simulation model is tuned to reproduce the experi-

mental data, and is necessary in order to supplement the

often limited number of measurements at different neutron

energies. The measurements will put constraints on the

modeling, and a good coverage of experimental data over

the energy region of interest helps improve the modeling.

The primary use of diamonds would be as neutron spec-

trometers in DT plasmas, which would suggest a detailed

characterization of the response in the region 10\En-

\ 20 MeV. Such a characterization is described in Ref.

[32].

Even though the charged-only channels, in particular the

(n,a) reaction, are best suited for spectroscopy, it should be

mentioned that also n-12C elastic scattering can be used, in

a manner similar to that in scintillators (where n–p elastic

scattering is the primary reaction). This opens up for the

use of diamonds also in D plasmas, something that has

indeed been tested at JET [33]. Figure 11 shows results for

a diamond used at JET in DD operations, where data from

a set of 45 NBI heated discharges were summed to produce

the pulse height spectrum. The calculated response for a

number of mono-energies is shown in the top panel and the

measured data, together with a component fit, at the

bottom. A good agreement between modeling and data is

obtained, indicating that physics results pertaining to the

neutron spectrum can be extracted. An obvious drawback is

the rather low neutron rate and efficiency of the detector,

which makes it necessary to sum many discharges in order

to obtain sufficient statistics to perform the analysis.

Diamond detectors are an active line of research and

development in fusion neutron diagnostics. At JET, for

example, two sets of diamond detectors are currently

installed, one single crystal detector in a tangential line-of-

sight, and a pixelated, 3 9 4 matrix, of 12 crystals in a

radial, vertical LOS. The latter is shown in Fig. 12.

In summary, diamond detectors seem to offer a robust

technique for neutron spectroscopy in particular for DT

operations. However, the experimental use at high perfor-

mance fusion devices is still somewhat limited, and some

issues with diamond detectors remain to be studied:

• The low fraction of useful counts in the (n,a) peak,

corresponding to a few % of the total load, means that

the detector ‘‘efficiency’’ for useful counts is low. Thus,

very high total count rates will be required and the

count rate capability for neutrons and the influence of

pile up at high rates must be studied.

Fig. 11 (Top) Ideal response of

a diamond detector to low

energy mono-energetic neutrons

in the range 2\En\ 3 MeV

through n-12C elastic scattering.

(Bottom) Experimental data

from a diamond detector

installed at JET (points with

error bars). A model response

has been fitted to the data, partly

based on the calculated response

functions in the top panel. The

best fit is shown in magenta and

includes components

corresponding to Direct neutron

emission (brown), Scattered

neutrons (green), gamma rays

(dark blue), and a calibration

alpha source (light blue). From

[33] (Colour online)
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• In diamonds produced with natural abundance carbon,

about 1% of the nuclei will be 13C. This means that the
13C(n,a) reaction can disturb measurements of weak

neutron spectral components.

• A ‘‘polarization effect’’ has been observed, meaning a

degradation of the output pulse height over time. The

cause of this effect is at present not fully understood,

and should be investigated further. The effect can be

mitigated by reversing the detector bias after some time

of exposure.

• The main production technique for artificial diamonds

through the CVD process has limits when it comes to

the dimensions of spectroscopy-grade crystals: at

present the limit is a few tens of mm2 in area, and a

thickness up to 1 mm. Increased dimensions, in partic-

ular thickness, would be important to increase the

efficiency of the detectors.

• The radiation hardness properties of diamond detector

assemblies should be investigated further. Recent

results have indicated issues, possibly related to the

contacting of the detectors [35].

Example 2: In-Organic Scintillators for n
Spectroscopy—CLYC: Cs2LiYCl6:Ce Crystals

A recent development with potential for neutron mea-

surements, also fast neutron spectroscopy, at fusion facil-

ities is the so called CLYC scintillator material [36, 37].

The chemical composition is Cs2LiYCl6:Ce, where the

elements of interest for neutron induced reactions are

mainly Li and Cl. Even though the potential for high-per-

formance neutron spectroscopy might be somewhat lim-

ited, the material would offer interesting possibilities of

measurements in mixed radiation fields of thermal and fast

neutrons, in combination with a strong gamma component.

The reactions of interest for neutron measurements are:

• 6Li(n,a)3H with a Q = 4.8 MeV, i.e., there is no

threshold for this reaction, and it is therefore well

suited for thermal neutron measurements. In principle,

in view of the charged-only final state, this channel

could be used for neutron spectroscopy, although the

very strong thermal cross section tends to overshadow

the effects of fast neutrons.

• 7Li(n,an)3H with a Q = - 2.5 MeV, i.e., a threshold

reaction, thereby sensitive to counting of fast neutrons.

However, the 3-body final state, involving a neutron,

does not make this reaction channel suitable for

spectroscopy.

• 35Cl(n,p)35S with a Q = 0.61 MeV. This charged-only

reaction channel has a potential for neutron spec-

troscopy that could be explored.

Fig. 12 (Left) Schematic design

of the 3 9 4 pixel diamond

detector installed in the Roof

laboratory of JET. (Right) Photo

of the diamond detector before

installation. From [34]

Fig. 13 Example of the difference in detector pulse shapes between

neutron and gamma induced events in a CLYC detector
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Some of the attractive properties of CLYC are:

• A good energy resolution of about dE/E * 4% for

gammas at Ec = 660 keV. This is worse than semi-

conductor detectors, such as diamonds, but on par with

many other recently developed in-organic scintillators,

such as LaBr3 and CeBr3 based detectors.

• The pulse shape response to neutrons and gammas is

quite different, as shown in Fig. 13, which opens up for

excellent neutron-gamma event separation through

Pulse Shape Discrimination analysis techniques.

• There is a possibility to tailor-suit the detector by

selective enrichment of the Lithium isotopes:

• enriching in 6Li increases the sensitivity for thermal

neutron counting

• enriching in 7Li improves the performance for fast

neutron counting

Figure 14 illustrates the possibilities to separate differ-

ent reaction channels by pulse shape analysis (Pulse Shape

Discrimination, PSD). As can be seen, the neutron induced

reactions are well separated from the gamma reactions.

Several issues remain for this material to be considered

as a resource in fusion diagnostics:

• As shown in Fig. 13, the light decay constant is of the

order ls, thereby restricting the count rate capability if

pile up at high rates is to be avoided.

• In a mixed field of gammas and neutrons, as is often the

case in fusion, the reactions involving neutrons are only

a small fraction of the signals generated in the detector.

The fraction of events useful in neutron counting or for

neutron spectroscopy is small.

• The response of the detector to neutrons at different

energies must be measured in detail, to investigate if the

potential for spectroscopy can be fulfilled.

• The technique should be tested at a high-performance

fusion facility to assess its potential in fusion neutron

diagnostics.

Advanced Neutron Spectrometry: n–p Elastic
Scattering

In this and the following sections we will focus on two

techniques used in more specialized, designed neutron

spectroscopy systems: the time-of-flight (TOF) technique

and the thin foil proton recoil (TPR) technique. The design

of these systems allows their performance to be adjusted to

the needs of the specific measurement situation when it

comes to the main system characteristics like energy res-

olution, detection efficiency and count rate capability. Still

there are inherent limitations with the techniques that must

be known and taken into account in any real implementa-

tion at a fusion device. As an introduction to this discussion

we need to take a look at the basic reaction of neutron

elastic scattering on hydrogen (protons), as this is the basis

for the signals detected in the systems.

Elastic Scattering H(n,n)H

The basic reaction utilized in both the TPR and (forward)

TOF techniques is neutron elastic scattering on hydrogen:

n ? p ? nR ? pR, where R indicates the recoiling parti-

cles after the interaction. Neutron elastic (nuclear) scat-

tering on hydrogen (i.e., protons in the target material) has

several advantages:

Fig. 14 Example of the use of a CLYC detector in a mixed field of

gammas and neutrons. (left) Separation of events (reaction channels)

through pulse shape discrimination (PSD). The neutron-induced

reactions on 35Cl and 6Li are indicated. (right) Projection on the pulse

height axis of the neutron-induced events in the red rectangles. From

Ref. [37]
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• The reaction has a high and well known (uncertainties

of single%) differential cross section, both regarding

dr/dE and dr/dh, in fusion relevant neutron energies,

En\ 20 MeV. This opens up the possibility for good

absolute measurements, if other experimental parame-

ters are known to a similar level of precision. See

Fig. 15.

• The differential cross section is close to isotropic in the

Center-of-Mass system for En\ 20 MeV, although a

slight anisotropy in the backward (CM) direction starts

to develop for En[ 10 MeV. This means a correspond-

ing slightly enhanced probability for protons scattered

into the forward direction, and can be of relevance in

some cases, in particular for absolute estimates. See

Fig. 16 [30].

• There exist a range of suitable hydrogenous material,

suitable both for active measurements (such as scintil-

lators) and as self-supporting, passive scattering mate-

rials (plastic foils).

• The kinematics of n–p elastic scattering for En-

\ 20 MeV is quite simple: no excited states of the

outgoing particles exists and the neutron energy is well

below any threshold for production of secondary

particles.

• The kinematics of neutron elastic scattering on nuclei

(Eq. 9) shows that scattering on Hydrogen gives the

Hydrogen nucleus (proton) the highest possible charged

recoil energy of any nucleus. For head on collisions

(hp = 0), practically the full neutron energy can be

transferred to the recoil proton, Ep = En (ignoring the

small neutron–proton mass difference):

Er ¼
4A

1þ Að Þ2
cos2 h
� �

En ð9Þ

Here Er is the energy of the recoiling nucleus, A is the

atomic mass number of that nucleus, h is the neutron

scattering angle in the lab frame, with h = 0 for head-on

collisions.

One can identify three cases for using the p(n,n)p

(elastic) reaction for neutron measurements:

1. Only look at the recoil protons: allow protons at ANY

scattering angle; measure the energy of the recoil

protons. This is used in most scintillators, like the

liquid NE213 scintillator. (See paper by M.Cecconello

in these proceedings.)

2. Only look at the recoil protons: passively allow protons

only in a restricted angular interval; measure the

energy of the recoil protons. This is used in the TPR

technique, and has been implemented in the MPR/

MPRu spectrometer at JET and suggested for ITER, as

further discussed in Sect. 11 below.

3. Measure the recoil proton (energy and time) in an

initial n–p scattering, follow the neutron, measure the

proton (energy and time) in second n–p scattering: this

is used in the TOF technique and implemented for

example in the TOFOR spectrometer at JET.

In the following sections we will take a closer look at

diagnostic systems based on points 2 and 3 above.

Time of Flight Systems

The neutron time-of-flight technique is based on a simple

concept: measure the time tTOF for the neutron to traverse a

known distance L. From this, calculate the velocity, v = L/

Fig. 15 The differential (dr/dh) cross section for elastic nuclear

H(n,n)H scattering in the laboratory reference frame for a number of

selected incoming neutron energies. Kinematically, the highest

possible scattering angle is 90� (assuming mn = mp). Adapted from

[30]

Fig. 16 The differential (dr/d(cosh)) cross section for elastic nuclear

H(n,n)H scattering in the CM frame for 0\En\ 20 MeV. From [38]
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tTOF, and finally determine the (non-relativistic) neutron

energy according to Eq. 10:

En0 ¼
1

2
mnm

2
n0 ¼

1

2
mn L

tTOF

� �2

ð10Þ

Here, mn is the neutron mass.

In some applications, a suitable time reference exists for

the time measurement, like the RF system of an accelera-

tor. In high-performance magnetic confinement fusion

experiments, however, where plasma discharges can extend

for several seconds, no such useful time reference exists.

Instead, a neutron double scattering configuration is used,

where the same neutron is detected in two (sets of)

detectors, here called S1 for the first (start) detector and S2

for the second (stop) detector, and the distance and time

between these detectors define the velocity of the scattered

neutron. The principle of the technique is shown in

Fig. 17(left). Note that in both S1 and S2 detectors, the

actual measured signal is due to the recoils protons,

according to the discussion in the previous section. In order

to achieve sufficient (proton) signal amplitude in the elastic

scattering in S1, the S2 coincidence detector is placed at

some angle, a, with respect to the incoming neutrons from

the plasma. The incoming neutrons are normally shaped

into a ‘‘beam’’ by suitable collimation between the diag-

nostic and the plasma, as shown previously in Fig. 4.

In principle, one can envisage both forward scattering

and backward scattering TOF systems. The latter would

then depend on a primary scatter (in S1) on a nucleus

heavier than hydrogen (proton). Such a possibility is

offered by using a deuterated scintillator as S1. Such a

solution is considered for the ITER High Resolution

Neutron Spectrometer system presented later in this paper.

However, in what follows we will mainly discuss the for-

ward scattering TOF technique.

In the double scattering configuration, the energy of the

scattered neutron, En0, is related to that of the primary

incident neutron, En, through the scattering angle a:

En0 ¼ En cos
2ðaÞ ð11Þ

From geometric considerations (Fig. 17(right)), one can

conclude that the distance L between any two points on a

circle connecting the center of S1 and the center of S2 can

be written:

L2 ¼ 2R2 1� cosðp� 2aÞð Þ ¼ 4R2 cos2ðaÞ: ð12Þ

Combining the three Eqs. 10, 11, 12 finally yields an

expression for the energy of the primary, incoming neu-

tron, En, that is independent of both the distance L and the

scattering angle a, and only dependent on the (fixed) radius

R and the measured time-of-flight:

En ¼ 2mnR
2=t2TOF ð13Þ

This is the basis for the ‘‘constant time of flight sphere’’

concept, which states that under the assumption of elastic

n–p scattering and as long as the secondary detectors, S2,

are placed on a sphere of radius R, the energy of the

incoming neutron is determined solely by the measured

time-of-flight.

Equation 13 gives some important information on how

we should design our TOF spectrometer. By differentiating

the expression we obtain the expected uncertainty in the

energy measurement, i.e., the energy resolution, as a

function of the experimental parameters R and tTOF, as

given in Eq. 14:

dEn

En

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
dR

R

� �2

þ 2
dt

tTOF

� �2
s

ð14Þ

In the design of the spectrometer, one often strives for a

certain maximum energy resolution, and an analysis of the

contributions in Eq. 14 can help in that work.

Here it is important to note that the uncertainty, dR, in

the radius R includes two components: first the uncertainty

in the installed positions of the S1 and S2 detectors, and

second, the additional uncertainty in the actual interaction

positions within the finite thickness of the S1 and S2

detectors. While the former uncertainty is a common,

systematic uncertainty for all measurements, the latter

component is a true random uncertainty.

Also note that the dt used here means the uncertainty in

the intrinsic time determination, and not the width of the

measured time-of-flight peak (which is actually directly

correlated to dE/E). This dt is given by uncertainties in the

timing electronics, in the time pick-off method, in the

statistical variations in the signal pulse shapes etc. In many

cases dR � dt and the expression for the energy resolution

reduces to dE/E = 2dR/R, i.e., the resolution can be

R L

R

Fig. 17 (Left) The principle of the neutron double scattering

technique used for fusion neutron time-of-flight measurements.

(Right) Geometry for the concept of constant time-of-flight sphere.

Also, the tilting of the S2 detector as used in the TOFOR

implementation at JET is indicated. See text for details
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estimated from geometry alone. Furthermore, the (sys-

tematic) uncertainty in the determination of the positions of

S1, S2 can be assumed to be of the order mm or better. This

means that in many cases, it is the detector thickness of S1,

S2 that will be the main contribution to the energy

resolution.

As indicated above, when real measurement data is

available, the energy resolution is given by the observed

width and position of the measured time-of-flight distri-

bution (peak), as given by (dE/E)meas = (2dtTOF/tTOF)meas.

Here dtTOF is the full width at half maximum of the mea-

sured time-of-flight peak, and tTOF the mean time-of-flight.

Several time-of-flight spectrometers have been used in

fusion research over the year. Two recent examples are the

TOFOR [39–41] and TOFED [42, 43] spectrometers,

installed at JET and EAST, respectively. Here we will give

a more detailed description of the TOFOR spectrometer

[44].

The TOFOR spectrometer at JET was installed in 2005

and was built based on the following design drivers

[adopted from Ref. 45]:

• Optimize the design for D plasma measurements

(En & 2.5 MeV).

• Strive for an energy resolution corresponding to a

Ti & 4 keV, i.e., dE/E & 6.6%.

• The spectrometer should have a high count rate

capability, with a maximum capacity of about

Ccap & 500 kHz.

• It should be a simple, robust design, in particular

including a large area S2 for high efficiency.

The design resulted in a system of compact dimensions,

nicely fitting in the designated position in the JET roof

laboratory, with a = 30degr and L = 1.22 m, giving an

estimated average tTOF (En = 2.45 MeV) = 65 ns.

It was decided to base the design on fast plastic scin-

tillator detectors coupled to photo-multiplier (PM) tubes.

There were several reasons for this choice:

• Plastic scintillator is a hydrogenous material with

suitable and well-known mechanical and detector

properties. The composition is basically (CH)n thus

providing ample scattering centers (protons) for (n,p)

elastic scattering.

• Fast plastic means fast signal rise times which provide a

good experimental situation for precise timing

measurement.

• Plastic scintillators are robust, machineable, and have a

good track record in nuclear and particle physics

experiments.

TOFOR is composed of two sets of detectors, as

depicted in Fig. 18(left):

i. A stack of five S1 ‘‘start’’ detectors, each a disk of

radius RS1 = 20 mm and thickness tS1 = 5 mm, mak-

ing a total material thickness of 25 mm and a

geometrical thickness of 27 mm, allowing for

0.5 mm distance between the disks in the stack.

Dividing the S1 into several detectors improves the

Ccap, since pulse time properties, PM tube and

acquisition electronics set a limit for the count rate in

each individual detector channel at about 1 MHz.

ii. A set of 32 S2 ‘‘stop’’ detectors of ‘‘paddle’’ shape,

each 350 mm long and 15 mm thick. The S2:s form an

‘‘umbrella’’ like structure placed symmetrically around

the symmetry axis of the instrument, which coincides

with the collimated neutron beam.

The installation at JET is schematically depicted in

Fig. 18(right). TOFOR is installed in the roof laboratory at

JET, about 19 m from the center of the plasma and with a

line-of-sight going through the center of the plasma (note,

the size of TOFOR is not to scale). The collimation is

integrated in the roof laboratory floor which is about 2 m

thick and also acts as radiation shield.

The geometry of the S1 and S2 detectors was deter-

mined in a performance optimization simulation study,

where the thickness of the detectors was varied in order to

find the combination with the highest possible efficiency

for a selected energy resolution. The target energy reso-

lution was set to 5.8% and the results from the optimization

are shown in Fig. 19. Note that, in general, there is a

n”

n’

n flux

S1

S2

Fig. 18 (Left) Schematic drawing of TOFOR at JET. The neutron

flux from the tokamak is shaped into a ‘‘beam’’ indicated by a broad,

light blue arrow though the center of the figure. Primary neutrons, n,

are scattered, n0, towards S2, where a second scattering might happen,

giving a scattered neutron n00. The 5 scintillators of the S1 stack are

placed in the center of the lower light blue ring. The 32 S2 detectors

are indicated in medium blue, forming an ‘‘umbrella’’ symmetrically

around the neutron beam. Dark blue, orange and brown are support

structures. (Right) Geometry of the installation of TOFOR in the JET

roof laboratory. The TOFOR is not to scale. The red cone indicates

the instrumental field-of-view (Colour online)
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reciprocal relationship between resolution and efficiency,

such that a higher efficiency leads to a worse resolution.

The red dot indicates the selected optimal geometry with

tS1 = 25 mm (5 9 5 mm) and tS2 = 15 mm. This combi-

nation actually has a slightly better resolution than the

target (dE/E\ 5.8%) for an efficiency of slightly higher

than 0.12 cm2 (area efficiency).

Since the S2 detectors are fairly large, and have their

PM tubes attached at the lower end, they were tilted away

from the constant time of flight sphere in a manner shown

in Fig. 17(right). The tilt is such that neutrons at the upper

tip, far from the PM tube, will reach the detector slightly

before neutrons at the lower tip, close to the PM tube. This

is to partly compensate for the slightly longer light trans-

mission time through the length of the S2 detectors for

neutrons interacting at the far end (with respect to the PM

tube) compared to those interacting at the near end.

Combining the effects of the geometry, tilting of S2, and

electronics, an overall energy resolution of about dE/

E & 7% was achieved for TOFOR for En = 2.5 MeV. Due

to the choice to optimize TOFOR for D plasmas, the per-

formance in DT plasmas (En = 14 MeV) will be somewhat

reduced.

The original TOFOR installation included digital elec-

tronics that provided free-running time stamps (only) of all

eligible events (i.e., events in the detectors above a set

pulse-height discrimination threshold). As shown in

Fig. 20(top), time-of-flight values were determined by

selecting a signal in S2 (which is exposed to considerable

lower rates than the in-beam S1) and calculating the time

difference to all S1 signals in a specific time window, often

taken to be ± 200 ns. In the example of the figure, four

different S1 events are eligible to form a tTOF with this

specific S2 time stamp. Without pulse height information,

all interactions in S1 (within the time window) are eligible

as a valid S1–S2 coincidence, although in reality only one

of the S1 interactions is actually induced by the same

neutron that later interacted in S2. This makes the original

TOFOR system sensitive to so called random (accidental)

coincidences, i.e., tTOF values formed between uncorrelated

neutrons. The situation is particularly severe at high count

rates, since the signal count rate (true coincidences) scales

as Strue � Yn, while the random background scales as Sfalse
� Yn

2, where Yn is the neutron rate from the plasma. With

the TOFOR type of electronics, at some neutron rate the

false (random) signals will completely overshadow the true

signals, making the system useless as a spectrometer.

The problem can be partly overcome by measuring

correlated time and energy (pulse height) information. The

original TOFOR electronics did not allow for this, and

therefore an electronics upgrade program for TOFOR has

been initiated, dubbed ToFu [46, 47]. The main element of

the upgrade program is to replace the original TOFOR time

stamping (only) electronics with state-of-the-art waveform

digitizers (1 GHz sampling rate, 12–14 bit amplitude res-

olution, fast data transfers, etc.). This allows making more

strict selection of eligible S1 ‘‘candidates’’ for each S2

signal, as shown in Fig. 20(bottom): some combinations of

energy and time-of-flight simply do not comply with the

requirement of elastic n–p scattering.

The ToFu upgrade program is well under way, and

described in some detail in for example Ref. [47]. Fig-

ure 21 illustrates the new capabilities offered with ToFu.

Fig. 19 Results from GEANT simulations of TOFOR’s performance

in a study to optimize the thickness of the S1 and S2 detectors. Full

lines indicate efficiency contours in units of (cm2), i.e., including the

S1 detector area. Dashed lines indicate FWHM energy resolution

contours in units of (%). The red dot indicates the selected geometry

for the TOFOR design. Adapted from [39]

Area = P.h.  E(precoil) 

t(TOF) = t2(i) – t1(k,l,m,n) 

t1(n) 

t2(i) 

t1(m) t1(l) t1(k) 

Fig. 20 Illustration of the way the time-of-flight is determined, also

illustrating the are difference between original TOFOR time stamping

electronics (top) and the upgrade ToFu system capability (bottom).

With ToFu, correlation between time-of-flight and energy (pulse

height) makes it possible to discard (red crosses) certain S1–S2

combinations as invalid (Colour online)
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Figure 21a, b show the possibility to plot the data in a two

dimensional histogram, with energy versus time. The red

lines in (a) indicate the kinematic correlations (energy-

time) for eligible events in S1 directed towards the tips of

the S2 detectors; events outside of these lines are NOT

eligible single n–p elastic scattering events in S1 and can

be discarded. In S2, panel (b), only an upper level can be

set, indicated by the single red line. Still, all events above

this line can be discarded. The process of applying these

time-energy correlations is dubbed ‘‘kinematic cuts’’.

Figure 21 panels (c) and (d) show the projections of the

recorded events in panels (a) and (b) without (panel c) and

with (panel d) kinematic cuts. Note that panels (a) and

(b) both include the same ‘‘coincident’’ events, so projec-

tions of panels (a) and (b) on the time-of-flight axis,

without cuts, will be exactly the same, in each case giving

the blue line in panel (c). Panel (c) illustrates the back-

ground subtraction possible with the original TOFOR

electronics: the level of random coincidences for the data

set under study was determined from a region on the

negative time-of-flight side of the spectrum. This level was

then subtracted from the data over the whole spectrum to

find a representation of the true coincidences as shown in

the green curve in panel (c) (or to be more precise, the level

of random coincidences was included as a component in

the physics analysis of the data).

With the new ToFu electronics, the kinematics cuts (red

lines) are applied to panels (a) and (b) and only those

events passing both cuts are plotted in panel (d) (blue line).

The shape of the spectrum for times-of-flight formed with

negative values can again be used (now mirrored around

tTOF = 0) to estimate the influence of the random back-

ground. The final selection of eligible events is shown in

the green curve in panel (d).

There are a number of observations to be made when

comparing the green curves of panels (c) and (d): (i) the

gamma peak at tTOF = 4 ns has completely disappeared in

panel (d). This is as expected, since there should be no

possibility that gamma interactions pass as single scattering

elastic neutron events. The high tTOF tail is much reduced

in panel (d) compared to panel (c). This gives improved

possibilities to understand the influence of scattered

Fig. 21 Illustration of the

improved background reduction

offered with the ToFu

electronics upgrade.

a Correlation between tTOF and

energy deposition in the S1

detector, red lines indicate the

allowed region for n–p elastic

kinematics, b correlation

between tTOF and energy

deposition in the S2, red line

indicate the upper ES2 threshold;

c projection of the tTOF
distribution in (a) (or b) as in
the original TOFOR (no

kinematic cuts), blue line is for

full data set, red line is the

estimated level of random

coincidence background, green

line is background subtracted

data; d projection of the tTOF
distribution including kinematic

cuts, blue line is all events that

pass the cuts, red line is

estimated random background,

green line is background

subtracted data. From [47]

(Colour online)
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neutrons in all plasmas, and in particular improves the

prospect of measuring 2.5 MeV neutrons in a strong

background of 14 MeV neutrons, as will be the situation in

future JET DT campaigns. Finally, but not so clear from

this figure, the quality (in terms of statistical uncertainty) of

the 14 MeV peak at 27 ns has improved considerably in

panel (d) compared to panel (c).

The work on the ToFu upgrade is still ongoing, but it is

already now clear that it will improve the TOFOR system

data quality in both D and DT plasma operations.

Thin Foil Proton Recoil Systems

The thin foil proton recoil (TPR) technique is also based on

elastic n–p scattering. Contrary to the TOF technique, in a

TPR only a single elastic n–p scattering is used and no

further measurement of the scattered neutron is done. The

technique is based on measuring the energy of the scattered

proton in a restricted angular range, preferably in the for-

ward direction.

This leads to an important design restriction, namely

that the primary proton ‘‘radiator’’ must be thin, in order to

avoid a large and unknown proton energy loss. In practice,

thin self-supporting CH2 foils are used for the primary

scattering. However, an advantage with the method is that

these foils can be completely passive and any active signal

measurements are done outside of the collimated neutron

beam. This decoupling of the n–p scattering from the actual

measurement facilitates the design and makes it, in prin-

ciple, possible to shield the active detectors to any desired

level. Thus, by careful instrumental design, this technique

has the potential to provide excellent signal to background

ratios, thereby allowing for measurements of very weak

components in the neutron spectrum.

The two main implementations of the TPR technique are

schematically shown in Fig. 22, where TPR here means the

specific case with a proton energy-resolving detector

placed at an angle h out of the neutron beam. MPR stands

for Magnetic Proton Recoil, and is further discussed below.

The basic principle in both cases is: (i) neutrons from the

fusion plasma are collimated into a neutron beam, (ii) the

beam neutrons intersect a thin hydrogenous foil, (iii) some

of the neutrons undergo elastic n–p scattering in the foil,

(iv) the recoil proton is allowed to exit the foil and its

energy is measured at some angle (in the forward

direction).

There are several advantages of selecting the protons in

the forward direction:

• The energy of the recoil proton is the highest possible,

thereby facilitating its detection and separation from

background.

• The variation in proton energy is the smallest over a

specified angular range (Fig. 23).

• The spread in proton energy loss for a specific foil

thickness is minimized.

All the above points help to improve the performance

and energy resolution of the system. The use of thin foils

also improves the resolution, but decreases the efficiency.

Thus, the TPR/MPR technique is best suited for high-per-

formance DT operations where neutron rates are high, and

the low efficiency is less of a limitation.

Since charged particles are tracked in the TPR/MPR,

energy loss outside of the scattering foil and the active

detectors should be avoided. Therefore, the space between

the foil and the detector(s) should be evacuated. However,

the required vacuum levels are moderate, and levels of the

order p\ 10-3 mbar will normally suffice, putting rather

relaxed demands on the vacuum system.

MPR

TPR

Fig. 22 Schematic illustration of the TPR/MPR neutron spectroscopy

technique. TPR stands for Thin-foil Proton Recoil, MPR for Magnetic

Proton Recoil

Fig. 23 Kinematics of elastic n–p scattering for incoming neutrons of

En = 14 MeV. The recoil proton energy as function of proton angle is

shown. The green region roughly corresponds to the situation in the

MPR, the blue region to the TPR (Colour online). Adapted from [48]
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The MPR Spectrometer at JET

An instrument based on the MPR technique was installed at

JET in the Torus Hall some 8 m from the plasma center in

1996 [49–51] and has provided a wealth of neutron spec-

trometry data. Some early results can be found in e.g. Refs

[10, 49, 52, 53]. This technique employs a magnetic

spectrometer to separate the selected forward-scattered

protons according to their momentum (energy), as given by

the cyclotron equation: Bq = p/q, where B is the applied

magnetic field, q is the bending radius, p is the particle

momentum and q is the charge of the particle. This means

an approximate bending radius of q=0.7 m for Ep-

= 14 MeV and B = 1 T. The MPR instrument at JET is

depicted in Fig. 24. The magnetic spectrometer is of a

traditional nuclear physics design, using ordinary magnetic

materials. It is thus rather bulky (several m3), heavy (about

20 tons) and requires considerable power to operate. The

active detection system is a 32 element fast plastic scin-

tillator hodoscope, placed approximately in the focal plane

of the magnetic system about 1.5 m from the neutron beam

(n–p scattering foil). This allows for a very high count rate

capability of the spectrometer, of several MHz signal count

rate, and very good signal-to-background ratios.

Fig. 24 Schematic drawings of

the MPR/MPRu spectrometer at

JET. (top) A cut side view

through the center of the

system, showing the concrete

shield, the magnetic

spectrometer system (split in

two ‘‘dipoles’’), the neutron

collimator, the scintillator

hodoscope etc. (bottom) A more

detailed view of the magnetic

and detector systems. From [54]
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Due to its position in the JET Torus Hall, close to the

plasma, a rather substantial radiation shield is required

around the spectrometer. As seen in the figure, the instru-

ment is enclosed in a concrete ‘‘bunker’’ weighing about 65

tons.

The MPR has been designed to provide very good res-

olution of 14 MeV neutrons, corresponding to dE/

E = 2.5% for the optimized setting. There are three main

contributions to the energy resolution of the MPR:

• Energy loss in the n–p scattering foil, dEt. The

scattering reaction can take place at any (random)

point within the foil, and the outgoing recoil proton will

have to traverse a distance in the foil, ranging

approximately 0\L\ tfoil (somewhat adjusted for

the outgoing proton direction). This inflicts an unknown

energy loss to the proton.

• n–p scattering kinematics, dEk. Due to the finite

acceptance angle of outgoing protons, and the diver-

gence of the neutron beam at the foil, n–p elastic

scattering kinematics give a range of outgoing proton

energies even for a mono-energetic incoming neutron.

• Spectrometer ion optics, dEo. The finite area of the

scattering foil (10 cm2) and the properties of the

magnetic system give a spread in proton positions at

the hodoscope, even for mono-energetic neutrons. The

finite width of the hodoscope detectors also add to this

contribution.

In an optimized configuration, the three contributions

described above should be matched and add about 200 keV

each; the final resolution is obtained by adding the indi-

vidual contributions in quadrature.

The MPR technique allows for a flexible system, and

this has to some degree been implemented at JET. Thus,

the magnetic spectrometer B-field can be varied in the

range 0\B\ 1.4 T, there are several scattering foils

available in a carousel-like arrangement, and there are

several apertures for the recoil protons to enter the mag-

netic system. This makes it possible to combine different

settings in order to obtain the best performance for a

specific measurement situation: thicker foils and larger

proton apertures give higher efficiency, but poorer energy

resolution. Alternatively, thin foils and small proton aper-

tures improves the resolution at the expense of detection

efficiency.

A major upgrade of the original MPR was undertaken in

2005 (MPRu) [51], where the original 37-scintillator

hodoscope was replaced with a 32-element system com-

posed of so called phoswich scintillators. These detectors

combine two scintillator materials of slightly different

timing properties, thereby allowing for a better background

discrimination. In order to reduce the background further, a

layer of Gadolinium-based paint has been applied to certain

areas of the spectrometer. This should help to prevent some

of the thermal neutrons from entering the region close to

the detectors, thereby reducing the gamma background due

to neutron-capture reactions at the detector location.

The MPR/MPRu operated successfully in the JET major

DT campaign in 1997 and also in the more restricted trace

tritium campaign in 2003. It will be the main 14-MeV

neutron spectrometer in any upcoming JET DT campaigns,

as those presently planned for 2019–2020. Some results

from the MPR are given in Refs [54–56].

The Non-Magnetic TPR Technique

The principle of the non-magnetic thin foil proton recoil

technique [57, 58] is shown in Fig. 25. As in all fusion

neutron spectrometers, the neutron flux onto the instrument

is shaped into a beam by suitable collimators. As in the

MPR, the neutron beam intersects a thin hydrogenous foil

where some neutrons undergo n–p elastic scattering. The

recoil protons are measured in a (set of) energy resolving

detector(s) placed some distance L away from the scatter-

ing foil. A suitable aperture in the detector allows the

neutron beam to pass through without directly interacting

with the detectors.

The system in the figure is equipped with two detectors

for proton energy measurements, in a DE–E configuration.

This two-detector configuration helps to reduce back-

ground, which mainly will be due to neutrons from the

collimated beam, scattered towards the active detector

surface. For fusion neutron applications (DT operations),

the combined thickness of the two detectors should be

sufficient to fully stop protons up to Emax = 18–20 MeV.

The active detector area covers a proton scattering angle of

h ± Dh. In order to keep the resolution within the desired

range, i.e., about 2.5% as in the MPR case, while

Fig. 25 Schematic drawings of a non-magnetic TPR system. Elastic

n–p scattering takes place in the polyethylene (CH2) foil, a set of two

annular detectors to measure the energy of the outgoing recoil proton

is placed at a distance L from the foil. The front detector is thin

enough to allow protons above a certain minimum energy to pass

through to the back detector which is thick enough to completely stop

protons up to a certain maximum energy. From [59]
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simultaneously providing an efficiency high enough to

provide time-resolved measurements, the annular DE-E
might require some radial segmentation. It is possible to

increase the efficiency further by placing several TPR

systems in tandem. This is possible since the very thin foils

used for the n–p scattering leave the passing neutron beam

almost undisturbed.

Possible choices for detectors for the TPR are high-

performance scintillators (e.g., YAP) or semiconductor

detectors. In particular segmented Si strip detectors are an

attractive choice, since there is a large experience base with

such detectors in the nuclear and high energy physics

communities. The required total Si thickness for stopping

neutrons of En\ 20 MeV would be about 2 mm. Com-

mercial, annular, segmented Si detectors of such dimen-

sions exist (tDE = 0.5 mm, tE = 1.5 mm) and are well-

suited for a TPR application.

The resolution of the system will mainly depend on the

thickness and radius of the foil, the angular range of the

recoil protons and the intrinsic resolution of the energy-

resolving detectors. As in the MPR case, a flexible system

can be set up where a number of different pre-defined foils

(of different thickness) can be selected, and the distance

between foil and detectors varied.

In a study similar to that previously shown for the TOF

technique, an optimization of the performance of the TPR

can be performed [59]. In Fig. 26 the results from such a

study are shown, where the efficiency (e) and energy res-

olution were studied as function of the geometrical

parameters of the system; here foil thickness, f, and dis-

tance between foil and detector, L. Two cases are shown,

one where the detector segmentation has been used (Case

2; lettered results) and one without segmentation (Case 1;

numbered points). Clearly the segmented solution gives a

higher efficiency and more compact design, although at the

cost of a more elaborate and expensive data acquisition

system, in order to equip all segments with their own

electronics read-out. Still, the performance (e = 3�10-5,

dE/E = 4.5%) and geometry of the system is quite attrac-

tive for neutron spectroscopy at high-performance devices

such as ITER, although the system as shown here has not

yet been tested at a real high-performance fusion facility.

Proposed High Resolution Neutron Spectrometer
System for ITER

ITER has several neutron systems planned; some have

been decided for full implementation while others are only

developed to a conceptual level at this stage. Neutron

spectroscopy on ITER falls in the latter category of so

called ‘‘enabled’’ diagnostics, meaning there is work (and

costs) allocated for a development up to a conceptual

design but that full implementation is pending further

decisions.

The main purpose of a High Resolution Neutron Spec-

trometry (HRNS) system [60] would be to measure the

(core) fuel ion ratio (nT/nD) in ITER high-performance DT

plasmas, which is a high-level requirement for process

Fig. 26 Results of an

optimization study of a Thin

Foil Proton recoil system for

ITER. Case 1 (numbered points)

is for a non-segmented detector,

case 2 (lettered points) for a

segmented one. (Left) Scatter

plot of the values of Resolution

and Efficiency for the selected

geometrical configurations. The

blue shaded area indicates the

acceptable range of resolution

values. (Right) The geometry

for the evaluated geometrical

configurations in terms of foil

thickness, f, and distance

between foil and dE detector, L.

From [59] (Colour online)
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control; auxiliary measurements include the (core) fuel ion

temperature, heating effects and contributions to the alpha

heating physics. The system will be installed in the same

port cell as the ITER Radial Neutron Camera (RNC) [61],

some 12 m from the plasma center, so it could also be used

as an extra channel for the RNC. The conceptual design has

been concluded (end 2017) and reported to ITER. In order

to fulfill the ITER requirements in dynamic range (in

neutron flux), several spectrometers (systems) are required.

The system also includes an element of redundancy and a

system for measurement of the neutron emission in the

initial D phase of operations. It is estimated that the pro-

posed system will fulfill the ITER requirements on accu-

racy and time resolution in the measurements of the main

parameter, nT/nD.

Several of the spectroscopy techniques discussed in the

previous sections have been included into the conceptual

design of the HRNS system for ITER. The design is

schematically shown in Fig. 27. The system is placed in a

port cell right behind the RNC and using one of the central

collimated lines-of-sight of that system. The first system

encountered by the incoming, collimated neutron beam is a

‘‘tandem’’ TPR system, where 3 (or more) detectors of the

type discussed in the previous section are placed one after

another. Due to the thin foils used for the n–p scattering in

this system, most of the neutrons will pass unhindered

(without any interaction) through the foils, and are thus

available for use in subsequent sub-systems. The TPR

system is placed in a dedicated vacuum chamber, with thin

entrance and exit windows, to avoid too much energy loss

of the recoil protons on their way between foil and detec-

tor. Due to its intrinsically low efficiency, the TPR system

is intended for the highest power levels, Pfus = 500 MeV

(down to say 100 MW). A diamond matrix is placed just

downstream of the TPR system, to provide redundancy and

cover some part of the dynamic range.

In order to provide some renewed collimation and

reduce the background caused by neutrons scattered in the

TPR ? Diamond system, a dividing wall is proposed in

front of the next section of the HRNS system.

The second section houses two time-of-flight neutron

spectrometers, one of traditional forward scattering design

(basically copied from the TOFOR installation at JET), and

one of back-scatter design [62–64]. The two TOF systems

are intertwined in order to save space. The back-scattering

TOF system uses a deuterated scintillator as primary in-

beam scatterer (D1). This enables neutron elastic scattering

on deuterons, n-d, which both allows for and has a sig-

nificant cross section in the backwards neutron direction.

The kinematics of the reaction in the neutron energy range

of interest in DT plasmas (i.e., 14 MeV ± 25%) makes it

quite suitable for TOF operations: (i) the energy deposition

(by deuterons) in the D1 is high (several MeV) and (ii) the

subsequent neutron time-of-flight to the D2 (second scat-

terer) is well in the range for precision time measurements.

The higher efficiency of a TOF system makes this back-

TOF instrument useful in ITER operations in a lower Pfus
range than the TPR, down to about 5–20 MW. In order to

operate at higher Pfus, a local adjustable collimation must

be installed in the wall between the two HRNS sections to

reduce the incoming flux.

Both sections of the HRNS system are enclosed in local

radiation shielding, mainly to protect the port cell from too

high radiation levels due to the neutrons streaming through

TPR       Diam. 

backTOF              fTOF

Fig. 27 Schematic view of the proposed, conceptual design for a

High Resolution Neutron Spectrometry system for ITER. The

collimated neutron beam from the plasma enters from the left, first

detectors system is a tandem Thin-foil Proton Recoil (TPR) instru-

ment, second system is a diamond matrix detector (Diam.), third is a

back-scatter time-of-flight (backTOF), fourth is a forward scattering

time-of-flight (fTOF). The system back wall is indicated in green,

with a special neutron beam dump in army green. An air cooling

system is shown in bright green, gray and light brown (Colour online)
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the open collimator into the port cell. Particular attention

must be put in the design of a beam dump for the remaining

neutron beam at the far end of the system, both for radia-

tion protection but also to protect the TOF systems from

too high levels of unwanted background.

Tools for Spectrometer Development
and Synthetic Diagnostics

As described in the introductory sections, the fusion neu-

tron emission and its energy distribution can be a rich

source of information about the state of the plasma, and in

particular the state of the main plasma fuel ions. For the

purpose of fusion energy research the details of the neutron

energy distribution is not the primary concern; the impor-

tant parameter is the state of the fuel ions. Therefore, in

order to take full advantage of fusion neutron measure-

ments, not only have the diagnostics to be well designed

and characterized, there also has to be a suite of tools for

interpretation of the acquired data. Furthermore, in recent

fusion diagnostic work, the role of so called synthetic

diagnostics has come to play an increasingly important

role. This concept means that diagnostics that are to be

implemented on a fusion device should be modeled in

simulation codes to such a detail that the simulation models

can be included into the larger tokamak modeling frame-

works and provide realistic predictions of the data that

would be produced in a real experiment. This approach fits

very well into the thinking of forward modeling that is used

in this section. In forward modeling, as applied here for

fusion diagnostics, the starting point is the actual plasma

conditions (fuel ion properties etc.) and these properties are

then propagated through a number of modeling steps until a

modeling estimate of the actual measurements is obtained.

The result can then be compared to actual experimental

data in an effort to obtain information about the plasma

conditions. But the same processing chain can also be used

on any proposed, not yet realized, diagnostic system in

order to assess the performance of the system and to fine

tune its design. This dual use of the forward modeling

concept makes it particularly useful in fusion energy

research.

This section will briefly discuss some of the most rele-

vant tools in such a forward modeling approach.

The response of the neutron spectroscopy instrument to

the incoming fusion neutron flux must be determined in

detail. This includes both detailed understanding and

modeling of the individual detectors used, as well as a

characterization of the full instrumental response to fusion

neutrons. The work results in the formulation of an ‘‘in-

strumental/detector response function’’. This response

function could take the form of an analytical expression,

but more often is represented by a response matrix. The

determination of the response matrix often includes

detector calibration by measurements, using radioactive

sources (neutrons, electrons or gammas) or an accelerator

and a step of particle/detector simulations in order to give a

finer granularity and cover the full range of fusion-relevant

neutron energies. Useful codes in this work are for example

GEANT and MCNP.

Since neutron spectroscopy involves collimated lines-

of-sight, the field-of-view of the diagnostic into the fusion

plasma must be determined. The LINE21 code has been

developed to calculate the solid angle of each point in the

plasma with respect to the detector. The calculation is done

in a purely ‘‘optical’’ framework, where intervening

structures are either considered fully transparent or com-

pletely opaque.

The neutron transport from the plasma to the diagnostic

can be calculated with MCNP, SERPENT and similar

neutron transport codes. The direct (un-scattered) flux is

often quite straight-forward to determine, while the effect

of scattered neutrons at the detector normally requires

extensive modeling and calculations. Several processes are

important for the scattered flux, as described in Sect. 5. The

calculations can also include calculations of secondary

emission of for example gammas, which can be of

importance for background estimates.

The properties of the neutron emission from a certain

point in the plasma can be calculated with codes like

DRESS, GENESIS, FPS, etc. These properties include

mainly the intensity and energy of the neutron emission in

the direction of the diagnostic. These codes take as input

the spatially resolved distribution functions of the plasma

fuel ions (or other plasma populations).

Finally, the required spatially resolved distribution

functions of the plasma fuel ions are obtained from codes

such as TRANSP, PION, ASCOT etc., or a combination of

these.

Implementation of a suite of codes such as these has

been used in providing the physics results based on neutron

spectroscopy measurements as presented in e.g. Refs

[7, 40, 41, 65].

Summary, Outlook and Concluding Remarks

It has been shown in this review that fusion neutrons can

provide a rich source of information about the state of the

underlying plasma fuel ions. In order to exploit this

opportunity, well designed, calibrated and characterized

instruments are needed. This is especially true for the most

challenging neutron measurements, namely those of the

fusion neutron energy distribution with spectrometers.
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Neutron measurements rely on nuclear detection tech-

niques, and most of the available, developed techniques

have been implemented at fusion devices. In particular JET

has over the years provided a fruitful environment for

neutron instrumentation developments.

The expected high rates of neutrons (and gammas) at

future high-performance fusion devices, such as ITER and

DEMO, pose a challenge to all diagnostics. However, for

neutron measurements the higher neutron rates also con-

stitute an advantage as this is the primary signal to be

measured by the diagnostics.

Implementation of any diagnostic system at a high-

performance device is challenging, and neutron diagnostics

is no exception. Therefore it is important for the future that

opportunities for test and prototype installations are given

at today’s devices. It is encouraging that such a program is

pursued at several fusion machines, especially JET, in view

of its planned DT campaign where rich opportunities of

‘‘learning by doing’’ should be available.
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