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Neutron spectrometry at JET (invited) 
O. N. Jarvis, G. Gorini, M. Hone, J. Kallne, G. Sadler, V. Merio, and P. van 8elle 

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, United Kingdom 

(Presented on 10 March 1986) 

Measurements of the energy spectra of fusion neutrons is accorded a prominent position in the 
neutron diagnostics program at JET. The nature of the information on plasma properties which it 
is hoped will be obtained is discussed, as is the availability of suitable instruments and techniques 
for spectrometry on thermonuclear plasmas. Of these instruments, only the 3He ionization 
chamber has, so far, been successfully exploited; the lessons learned regarding its performance are 
outlined and the results obtained for ohmically and ICRF-heated plasmas are presented. It is 
shown that the deuterium ion energy distributions appear to be Maxwellian for all plasmas 
studied, that central ion temperatures have been obtained on a shot-by-shot basis which agree well 
with corresponding values obtained by neutral particle analysis and that the deuteron-to-electron 
density ratio in the plasma is approximately 0.5. 

INTRODUCTION 

Neutron spectrometry has long had a part to play in fusion 
research. I The original motivation was to try to confirm the 
thermonuclear origin of the neutron emission from the var­
ious fusion devices but. eventually, the merits ofhigb resolu­
tion neutron spectrometry were appreciated2

•
3 as an ion 

temperature diagnostic. In recent years a few attempts to 
realize this potential have been made4-6 and these can be 
considered to have provided proof of principle. However, it 
is only with the advent of JET and TFTR with their high 
neutron yields and long pulse durations that neutron spec­
trometry is expected to become a routine diagnostic. 

That the exploitation of neutron spectrometry as a plas­
ma diagnostic is still at such a tentative stage is due to two 
factors. First, there is no spectrometer available which pro­
vides the detection efficiency and energy resolution needed 
for operational use with the low neutron emission intensities 
from the smaller magnetic confinement devices. Second, the 
neutral particle charge exchange technique7 has been found 
to provide reliable data on hydrogenic ion energy distribu­
tions with useful spatiaJ and time resolution. Because 
charge-exchange diagnostics encounter increasing difficul­
ties as the plasma size, density, and neutron production in­
crease, it is presently considered that they will not be oper­
able during high neutron yield D-T plasma operation, for 
which neutron spectrometry should at last assume a role of 
major importance. 

i. OBJECTIVES 

The primary objective for neutron spectrometry is the 
identification of the production mechanisms responsible for 
the observed neutron emission. It is clearly indefensible to 
embark on a program of research and development into a 
fusion power source which depends on the production of 
neutrons as an essential component ofthe energy cycle with­
out confirming that the relevant physics is fully understood. 
This basic understanding should be established during deu­
terium plasma operation. It is sometimes argued, however, 

that by the time D-T plasma operation commences the neu­
tron production mechanisms will be sufficiently well under­
stood that the only neutron measuring instrument really 
needed will be a simple neutron counter. This view would 
perhaps be correct if plasma ignition could be realized by the 
brute force addition of heating power. Unfortunately, recent 
experiences has shown that a successful outcome will not be 
obtained so easily with the present generation of tokamaks. 
Nevertheless, significant a-particle heating is expected and 
the study of a-particle confinement can be commenced. It is 
in just this situation that neutron spectrometry can be par­
ticularly helpful. 

The identification of neutron production mechanisms is 
a broad field of endeavor which is conveniently divided into 
two, depending on whether coarse or fine neutron energy 
resolving power is required of the spectrometer employed. 
Coarse energy resolution should suffice to distinguish elec­
tron processes (electrodisintegration of deuterium fuel and 
photoneutron production at limiters) from fusion processes, 
to separate D-D from D-T and T - T fusion reactions and to 
identify the secondary T-D neutrons9 emitted from deuter­
ium plasmas, whereas very good energy resolution is needed 
to distinguish fusion reactions resulting from thermal effects 
from those due to the presence offast particles introduced by 
the various additional heating techniques. These various 
contributions can be identified by the terminology "plasma­
plasma," "beam-plasma," and "beam-beam" induced fu­
sion reactions, where the term "beam" is applied here equal­
ly to those beam ions injected as neutral particle heating 
beams as to those high-energy (or, at least, nonthermal) 
particles generated through ICRF heating. Good resolution 
is also required to measure the energy spectrum of the secon­
dary T -D neutrons emitted from deuterium plasmas; this 
measurement would test the presence of nonclassical fast 
particle loss mechanisms. 

An investigation into production mechanisms might ap­
pear to be unconnected with the study of high-temperature 
plasmas but the results of the investigation are expressible in 
more familiar terms. The measured neutron energy spectra 
are directly related to the energy distribution in the plasma 

1717 Rev. Sci. Instrum. 57 (8), August 1986 0034-6748/86/081717-06$01.30 ® 1986 American Institute of Physics 1717 



Detector 
vet. system 

_JIIIIIIIIIIIj 
Concrete . 
shielding I 

I Line of sight 
defined by collimator 

/OJtlineot 
_.. - - - - - - _/_, magnet limbs 

I 

- -" - - - - - - -1'£ ~-",,-=-oJ 
: I 1 f 

I 

• I Coils 
I I 

I 
1 

1 
1 

I I 

~Support structure 
: ; and radiation 
: : shielding 

-£:':-=.=.'=I 
I 

. __________ . ___ J Vertical 

diagnostic port 

FIG. 1. Schematic layout of the line of sight to the Roof Laboratory. 

of the reacting ions which, in the case of additionally heated 
plasmas, is dependent on a whole range of plasma and heat­
ing technique properties. 'the extent to which the many 
physics parameters can be disentangled depends on circum­
stances. However, for plasma species in thermal equilibri­
um, the central ion temperature is readily extracted along 
with valuable information concerning the hydrogen ion den­
sities, which are not directly measured by conventional diag­
nostic techniques. 

II. INSTRUMENTS AND METHODS 

An essential prerequisite for successful. measurements 
of neutron energy spectra is an operating position for the 
spectrometer which permits the plasma to be viewed along a 
wen-collimated line of sight but which is otherwise heavily 
screened from neutron and gamma radiation emanating 
from the fusion device. Provided the neutron yield is suffi­
ciently high, the ideal viewing location is outside the biologi­
cal shield wall. At JET we have two such locations in the 
Roof Laboratory, with the collimated neutron beams being 
permitted to escape from the building in the vertical direc­
tion (Fig.!.). In order to obtain a line of sight tangential to 
the plasma current, a movable containment for the 
spectrometer will be placed within the Torus Hall itself 
(Fig.2). 

With spectra taken along a singJe line of sight it will 
probably prove difficult to separate beam-beam, beam-plas­
ma, and plasma-plasma contributions, but with two comple-
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FIG. 2. Layout of the neutron spectrometer radiation shield in the Torus 
Hall. 

mentary lines of sight which emphasize these contributions 
differently, we can hope to obtain a more detailed under­
standing by exploiting the kinematic properties of the two­
particle reactions lO coupled, for deuterium plasmas, with 
the effects of the nonisotropic reaction cross section. The 
kinematic dependence is easy to appreciate in the case of a 
cylindrical plasma, with neutral beams injected axially; in 
this case the axial, but not the radial, !.ine of sight would 
provide spectra Doppler shifted to higher or lower energies 
by the forward motion of the beam ions and also by any axial 
bulk motion of the plasma column. In JET. these differences 
are expected to be smeared out to some extent because our 
"tangential" line of sight is really tangential to the inner wall 
of the vacuum vessel rather than to the axis of the plasma 
discharge and also because the neutral beams are injected 
over a wide range of angles to the field lines rather than 
axially. Nevertheless, the vertical line of sight will be sensi­
tive mainly to the normal component of velocity of the beam 
ions whereas the tangential line of sight will be sensitive 
mainly to the parallel component. Fast ions generated by 
ICRF heating will possess velocities primariJ.y normal to the 
magnetic field lines. 

Several types of 2.5-MeV neutron spectrometers are 
currently being prepared for use with deuterium plasmas. as 
listed in Table I. 
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TABLE I. Spectrometer for 2.S-MeV neutrons. 

Spectrometer type 
for D-D plasmas 

Energy Efficiency 
resolution (%) (counts!n cm -2) 

NE213 scintillator 
Nuclear emulsions 
H2 spherical ion chamber 
'He ion chamber 
Neutron time of flight 
Proton recoil (thin foil) 

8 
4 
3 
1.5 
4 
7 

10-3 

10-2 

10- 2 

lO- J 

10- 6 

The required energy resolution (R) and efficiency (17) 
can be specified by demanding the spectrometer to provide 
useful results for ohmicaUy heated plasmas at an operating 
position 20 m distant: our ideal spectrometer would then 
haveR-4%, 17 > 10- 2 counts/n cm- 2 and would possess a 
wide dynamic range of operation. The spectrometers listed 
in Table I all possess drawbacks, as discussed previously. II 
The recently installed neutron time-of-flight spectrometer J2 

has been designed specifically to cover a wide dynamic range 
but, due to its inherent background radiation sensitivity, it is 
suitable only for deployment in the Roof Laboratory. The 
3He ion chamber offers excellent energy resolution and effi­
ciency, but suffers from certain problems which are exposed 
later in this paper. A particuJar concern regarding its use in 
the Torus Hall is its high sensitivity to epithermal neutrons. 
It is possible that the hydrogen spherical ionization 
chamber l3 will give better results, at least until fluxes are 
high enough for the proton-recoil technique to become use­
ful. Nuclear emulsions 14 will be employed for confirmatory 
purposes. The chief role of the NE213 scintillator is as a 
moderate resolution 2.5-MeV neutron flux monitor. 

Table II identifies the spectrometer types under serious 
consideration for use with D-T plasmas. 

Ideally, the required spectrometer energy resolution 
and efficiency as determined for D-T plasmas with addi­
tional heating applied are R - 2% and 17 > 3 X 10 - 5 

counts/n cm - 2. The Si diode spectrometer 1 1 is expected to 
be usable with the narrow energy spectra provided by ohmi­
cally heated base plasmas. The tandem-radiator approach, IS 

a thin-foil proton-recoil technique, is suitable for operation 
within a movable containment in the Torus hall; the two 
. f fl' h t 16 17 t ttme-o - Ig t spectrome ers' are no . 

m. PREDICT'ON OF NEUTRON ENERGY SPECTRA 

A supporting activity of considerable importance is the 
development of a computer code which can predict the neu­
tron energy spectra which should be recorded along any line 

TABLE II. Spectrometer for l4-MeV neutrons. 

Spectrometer type 
for D-T plasmas 

Nuclear emulsions 
Si(n,llo) reaction 
Tandem radiator method 
Associated-particle time of flight 
D, backscatter time of flight 

Energy Efficiency 
resolution (%) (counts!n em - 2) 

3 
0.7 
2.4 
1.4 
1.0 

10-4 

10-.1 
10-' 
10-5 

10-.1 

1719 Rev. Sci.lnstrum., Vol. 57, No.8, August 1986 

of sight for given conditions of plasma heating (e.g., number 
and orientation of injected neutral beams, etc.) and for set 
values of such plasma parameters as temperature and den­
sity profiles. The computer code under development l8 for 
JET is called NSPEC. Important features of the code are 
power deposition, a solution to the Fokker-Planck equation 
for the fast ion velocity distribution, and the use ofrelativis­
tic kinematics including anisotropic reaction cross sections. 

Previous calculations of neutron spectra from beam­
heated plasmas have been restricted19 to simultaneous equal 
intensity co- and counter-injection of monoenergetic beams 
in the parallel direction and parallel observation. This ideal­
ized geometry clearly demonstrated the importance of Zeff 

in determining the fast ion velocity distribution through 
pitch-angle scattering. 

Given both experimental results and reliable predic­
tions, the next step will be to perform a multiparameter 
search to optimize the fit of prediction to data. This step has 
not yet been taken, although neutron spectra from beam­
heated plasmas have been measured.4

,J4 

IV. MEASUREMENTS 

Neutron spectrometry measurements on JET plasmas 
have, so far, been concentrated on the exploitation of the 3He 
ionization chamber. Detectors of this type have previously 
been used in tokamak research, first by Strachan4 on PL T 
and, more recently, by FisherS on Alcator C. In both in­
stances the neutron fluxes were low and only very limited 
statistics were acquired. 

The particular 3He ionization chamber used on JET was 
a commercial item, marketed by Seforad. 20 It is a cylindrical, 
gridded, chamber filled with 3He, Ar, and CH4 to a total 
pressure of about 10 atm. It was placed in the Roof Labora­
tory, with its axis horizontal, such that its active volume was 
fully immersed in the neutron flux originating from the plas­
ma some 20 m below. About 4% of the fusion neutrons pass­
ing through the chamber undergo JHe(n,p)t reactions (Q 
value 763.8 keV); the two fast particles transfer their entire 
energy to the gas through excitation and ionization pro­
cesses provided they do not encounter the chamber walls 
before coming to rest. The charge collected by the central 
wire is thus proportional to the total energy released in the 
reaction (Q + En ). The pulse-height spectrum therefore 
comprises a full-energy peak for the 28% of the events for 
which the two charged particles do not encounter the walls, 
and a broad low-energy tail for the 72% which do. In addi­
tion, the detector is very sensitive to thermal and epithermal 
neutrons owing to the lIv dependence of the n (3He, t)p re­
action cross section. As a result, we find that the ratio of fun 
energy to total events is about 1 :50. 

An essential preliminary to the use of the ion chamber 
on JET was the measurement of its energy-dependent re­
sponse function. In the present work, the source of mono kin­
etic neutrons was the T(p, n)3He reaction using protons 
with energies up to 3.20 MeV from a 3-MV Van de Graaff 
incident on a 50/-lg/cm2 thick TilT target viewed at 0° rela­
tive to the beam direction. The overall energy spread in the 
resulting neutron beam was less than 15 keV. The detector 
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FIG. 3. Showing the response of the 3He ion chamberto 2.42-MeV neutrons. 

response to 2.42-MeV neutrons is shown in Fig. 3, where the 
fun energy peak is seen to be nearly Gaussian in form with 
FWHM of 44 ke V. While the response function does vary 
with energy, this variation is slight over the range of interest 
in analyzing ohmic heated spectra and was neglected in the 
present work. 

A typical pulse-height spectrum obtained at JET with 
an ohmically heated plasma is shown in Fig. 4. The method 
of analysis adopted was to assume a Gaussian form of un­
known width Wand height H for the fusion neutron spec­
trum, to convolute this with the response function and to fit 
the result to the measured pulse-height spectrum using a 
maximum-likelihood21 method to obtain optimum values 
for Wand H. This procedure is applicable only to neutron 
emission from plasmas in thermal equilibrium, for which the 
emitted neutron spectra are3 nearly Gaussian in form, with 
FWHM = 82.5jf; for deuterium plasmas at temperature 
T; (keV). 

One of the major limitations with the 3He ionization 
chamber is its restricted count-rate capability (a few kHz 
only) which results from the need to use long time constants 
( 10 f-1s) in order to optimize the energy resolution. A simple 
analysis 11 shows that when both response function and neu­
tron spectrum under investigation can be described by Gaus­
sian functions with FWHM values Rand W, respectively, 
then the relation between ATJT and total count N in the 
measured pulse-height spectrum is ATJT; 
= (1 + R 2 /W 2 )2 112N -112. ForR«W,a 10% temperature 

measurement requires but 200 counts in the spectrum. 
Unfortunately, our response function is not a simple 

Gaussian and the amplitude of the low-energy tail due to the 
wall effect contributes in a major way to the "effective" reso­
lution obtained by forming the second moment of the re­
sponse function over the width of the neutron spectrum. 
This effect has been studied numerically22 over the range 1-
10 keY with the result ATJT; =a21/2N-lfz, with 
a = 1.81 ± 0.01, instead of the expected a = 1.08 for a pure 
42 keY wide Gaussian. 

In other words, we obtain R:::::: W under all circum­
stances and the excellent energy resolution apparently of-
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FIG. 4. A pulse-height spectrum obtained from an ohmically heated plasma. 

fered by the 3He ionization chamber proves to be illusory. A 
good spectrum requires not 200 counts, but 660. With a 
maximum acceptable count rate of 5 kHz, the minimum 
measuring period for a 10% accurate ion temperature value 
is 6.6 s. 

There is one further detail to be discussed. So far we 
have been considering neutron emission as being from a plas­
ma at a uniform density and temperature. In practice, the 
neutron emission is a line integral over a plasma for which 
the precise ion density and temperature profiles are un­
known but the emission is strongly weighted to the central 
dense and hot core of the plasma. A numerical study using 
sensible profiles indicates that the Gaussian spectrum shape 
is realistic but that the central ion temperature can be ob­
tained from the apparent temperature by multiplying with 
the factor 1.08 ± 0.01. The effect of sawtooth oscillations on 
the time-averaged central temperature is believed to be negli­
gible. 

Our spectrometry measurements on JET have been re­
stricted to 36 plasma discharges which provided a sufficient­
ly high neutron flux and discharge duration that time-aver­
aged temperatures could be obtained to at least ± 20% on a 
single discharge basis. These were aU ohmically heated dis­
charges with Br = 3.4 T, Ip in the range 3-5 MA, central 
electron density 2.4-5.5 X 1013 cm- 3 and central electron 
temperatures 2.8-4.0 keY. A group of pulse-height spectra 
taken for consecutive discharges is illustrated in Fig. 5. Since 
the discharges in this cluster were nearly identical, the data 
have been aggregated and the fit to this data set is displayed 
in Fig. 6. That this fit is statistically acceptable indicates that 
our underlying assumptions are reasonable. In particular. 
the spectrum lacks any vestige of the high-energy tail that 
would accompany a high-energy component in the ion-ener­
gy distribution and is apparently free from low-energy neu­
trons resulting from scattering of the thermonuclear neu­
trons from the vacuum vessel walls and windows. 

The aggregate spectrum provides a sufficiently precise 
value for T,. that this result can be combined6 with the total 
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neutron yield, which scales as n~ Tf where a=4 for T; = 3 
keY to provide a measure of nd (or, rather nd1ne)' In this 
way, we find nd1ne = 0.47 ± 0.07 for the spectra illustrated 
in Figs. 5 and 6. Other aggregated spectra provide confirma­
tory density ratios. It should be noted that such a low-den­
sity ratio is rather difficult to reconcile with the optical spec­
troscopy and bremsstrahlung data; a ratio of 0.6-0.7 is 
indicated by these diagnostics. 23 

An idea of the T j time dependence can be obtained by 
aggregating spectra for corresponding 1-s time intervals. 
One such set of measurements is displayed in Fig. 7, where it 
is seen that the spectrometer temperatures follow closely the 
neutron yield temperatures (now assuming nd = 0.5ne ). 
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FIG. 6. The pulse-height spectrum obtained by summing over discharges 
3047 to 3052. 

1721 Rev. Sci.lnstrum., Vol. 57, No.8, August 1986 

% 3 ,=. 
~ 
::0 
OJ 2 
~ 
E 
~ 
c: 
Q 

0 
0 15 

T,me (51 

FIG. 7. Time dependence of the central ion temperature measured by neu­
tron spectrometry, summing over 12 similar discharges, superimposed on 
the temperature trace obtained from the neutron yield measurement for dis­
charge 3052. 

The ion temperature data obtained from the neutron 
spectrometer agree well with the neutral particle analyzer 
measurements. 24 Averaging the data for all 36 discharges 
gives a ratio of neutron ion temperature to NP A temperature 
of 1.07 ± 0.013 (excluding any NPA systematic errors). 

Finally, some 23 ICRF-heated plasmas with 3He as mi­
nority species were also studied. The discharges were all at 
4.0 MA and 3.4 T but the period during which the rf power 
was held constant was only 1 s in duration, so these dis­
charges had to be aggregated before analysis. The increase in 
ion temperature was of order 10% for 2-MW applied rf pow­
er. Most notably, the neutron energy spectra taken during 
ICRF heating showed no sign of the high-energy tail which 
would indicate a non thermal component in the deuterium 
ion energy distribution. This lack of non thermal deuterium 
ions was confirmed by the NP A measurements. 

V. CONCLUSIONS 

The importance of neutron spectrometry for high-tem­
perature plasma diagnosis in fusion devices operating with 
deuterium and deuterium-tritium plasmas has been out­
lined. The instruments and techniques available for making 
the measurements have been described and the need for 
further work indicated. Finally, the measurements made on 
JET during 1984 and 1985 with a 3He ionization chamber 
spectrometer have been presented and the results discussed 
in terms of other available diagnostic data. 
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