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ABSTRACT.

Thispaper providesatechnical description of the neutron emission profile monitor asused routinely
at the Joint European Torus (JET), and includes representative examples of its operational
capabilities. The primary function of this instrument is to measure the neutron emission as a
function of both position and time in a poloidal section through the torus. For the first time,
sawteeth and their associated reversal s have been observed using aneutron diagnostic. Comparison
with other JET neutron diagnostics indicates agreement, in terms of absolute neutron emission
rates, to within £15%. This was the first such instrument routinely in use on any tokamak. It
provides unique data which are independent of all other diagnostic measurements.



1. Introduction

The advent of large tokamaks with increased fusion neutron production, such
as the Joint European Torus (JET) 1, makes it feasible to obtain
spatially-resolved measurements of the fusion neutron emission from a plasma.
The knowledge of the behaviour of the neutron emissivity of the plasma, which
in JET is non-circular, under different operational scenarios constitutes a

powerful constraint on the theoretical modelling of the plasma behaviour.

This paper describes the design and performance capability of the JET
ncutron cmission profile monitor, which is now used routinely to measure the
fusion neutron emission during JET discharges as a function of time and of
position in a poloidal section through the plasma. The work presented here is
primarily concerned with performing such measurements during the D-D phase
of JET operation, but the experience gained will be used to modify the instrument

for the later D-T phase.

No laboratory tests of the newly-constructed profile monitor were carried out
before installation on the tokamak in September 1986, as it was considered of
greater importance to take advantage of a short period of operation prior to an
extended shutdown, beginning November 1986, to discover whether any
unexpected problems would arise from the peculiar environment of JET. In the
event, a number of problems were encountered which could not have been found

in laboratory tests; nevertheless, useful profile data were obtained 2).

The lessons learned in 1986 led to a number of major modifications and
improvements before the re-installation of the profile monitor in August 1987.
Since then, further improvements have been implemented, as deemed necessary,
to cater for the increased JET fusion neutron production and to reflect the

changes in the JET operational programme.

An illustration of the complete instrument as installed on JET is shown in
Fig. 1.



2. Design of the Neutron Emission Profile Monitor
2.1 General Outline

Basically, the instrument comprises 2 fan-shaped multi-collimator arrays,
hereafter referred to as cameras, both viewing the same poloidal section through
the plasma. The spatial resolution (fwhm) of each collimator channel at the
centre of the plasma is =x12cm. The horizontal camera, comprising 10
collimators and containing dectector channels 1 - 10, views the vertical profile, and
the vertical camera, comprising 9 collimators and containing detector channels
11 - 19, views the horizontal or radial profile. Fast neutron detectors situated at
the end of each collimator channel, between 5.5 and 5.8m from the centre of the
plasma, record neutron and y-ray emission data, which are stored as time traces
in the JET database.

The present multi-collimator approach was constrained by the restricted access
for diagnostics on JET. The geometry ensures that each individual collimator
channel has approximately the same viewing efficiency and provides a good

coverage of the plasma extent (Fig. 2).

Unavoidably, the fusion neutron emission is slightly attenuated by the
structural materials (mainly Inconel 600) of the vessel access and pumping port
windows. In addition, neutrons backscattered from, and y-rays produced at, the
interior vessel walls and central column contribute directly to the events recorded

in each collimator channel detector.
2.2 Neutron and Gamma-ray shielding

Both cameras utilise bulk high density concrete shielding assemblies 2) (a
composition of barytes, colemanite and portland cement with a density of

~3400 kg/m3) within which is located a removable detector box housing the

a) supplied by Sir Robert McAlpines, Hayes, Middlesex, England ;
and Python Cranes, Littleborough, Lancashire, England.



neutron detectors, plus a removable high density concrete rear shield to reduce
background neutrons and y-rays backscattered from the external JET structure

and torus hall walls.

The horizontal camera assembly (Fig. 3) consists of a bulk shield (=3.1m x
1.5m x 2.1m) weighing =32 tonnes, supported with its centre line at a height of
6m above the torus hall floor by a stcel tower. The vertical camera assembly
(Fig. 4) consists of a bulk shield (= 1.55m x 1.0m x 1.75m) weighing =~ 12 tonnes,
and is supported on brackets attached to the upper horizontal limbs of the
magnetic structure of JET. In the case of the vertical camera assembly, both the
bulk and removable shield assemblies have additional lead screens to reduce the

y-ray flux associated with the nearby water cooling pipework.

Inside both bulk shields are embedded the mild steel channel collimators, of
rectangular cross-section. Those in the horizontal camera all measure 44 x 25mm,
with provision for collimator inserts to reduce the aperture to 24 x 15mm, 15 x
15mm or 10 x 10mm, dependent upon the JET operational programme. Those in
the vertical camera vary from 25 x 8mm (channel 11) up to 25 x 25mm (channel
19) due to the geometrical constraints of viewing the plasma in a narrow
triangular opening through the vertical port structure, with provision for 15 x
15mm or 10 x 10mm collimator inserts in the wider channels. For both cameras,

the detector boxes are located behind 1200mm of high density concrete.

2.3 Fast Neutron Detection

Although the detection of 2.45 MeV neutrons, even in the presence of y-rays,
is fairly straightforward in principle, the JET environment poses several problems
with regard to the choice of a suitable neutron detector. In particular, the fusion
neutron emission rate and the effect of the high and variable magnetic fields

around JET have to be considered.

In the D-D phase of JET, the total fusion neutron yield ranges up to 5 x 1016

n/s, which implies a direct neutron flux of up to =107 n/s in the central channels



of the instrument, plus associated y-ray and backscattered neutron contributions.

Consequently, the neutron detection system has to have :

¢ 2 fast response to achieve good time resolution,

® a capability to discriminate between neutrons and y-rays,

e a reproducible neutron energy bias to provide a stable neutron detection
efficiency; the setting to be chosen to reduce the backscattered neutron

component to an acceptable level.

A ncutron dctector based on the NE213 liquid organic scintillator ® coupled
to a pulse shape discrimination (PSD) unit ¢ was chosen to satisfy these

requirements.
2.4 Magnetic fields

Measurements of the magnetic field strengths at the proposed neutron detector
locations for the horizontal and vertical cameras during several JET discharges
(Br =3.4T ; I, =®5MA) prior to installation indicated that magnetic fields of up
to 0.01 and 0.1T, respectively, would be experienced by the neutron detectors.
Photomultiplier tubes, although usually supplied enclosed in an open p-metal
cylinder, are highly susceptible to magnetic fields (including the Earth’s at
~5x 10-> T) and, therefore, must be well shielded against the high variable
magnetic fields in the vicinity of JET.

The solution to the problem of how to operate scintillation detectors in such
high magnetic fields involved a series of closed cylinders, and using materials with
progressively increasing magnetic permeability, whilst ensuring that no cylinder
was allowed to become magnetically saturated. This resulted in the design of a
triple magnetic shield comprising mild steel (3mm in the horizontal camera and

8mm in the vertical camera), 2mm radiometal 9 and 1.2mm p-metal 9, as shown

b) supplied by NE Technology Ltd., Sighthill, Edinburgh, Scotland.
¢) supplied by Link Analytical Lid., High Wycombe, Bucks., England.

d) supplied by Telcon Metals Ltd., Crawley, Sussex, England.



in Fig. 5. The mild steel cylinders in the vertical camera were also electrically

insulated from the detector box housing to eliminate magnetic break-through.

2.5 Temperature

The ambient temperature in the JET torus hall is =25°C, rising to >30°C
when JET is operational. The gain of photomultiplier-based detectors varies with
the environmental temperature. The use of a triple magnetic shield to overcome
the high variable magnetic fields meant that the photomultipliers were located in
a fully-enclosed confined space. Due to heat dissipation in the detector dynode
chains, it was found necessary to apply water cooling to the outside of the
individual mild steel cylinders to maintain the detectors at a constant temperature
(in the range 12 to 18°C) and to employ various techniques for monitoring the

temperature and individual detector operation.

In the event of a failure in the cooling water supply, resulting in an increase
in the detector temperature, the system has been designed to trip the high voltage

detector supply at a pre-definable temperature (usually = 20°C).

3. Experimental System

The complete electronic arrangement for the neutron emission profile monitor
is shown schematically in Fig. 6. The cable distance from the detector box
housings to the main instrument conditioning electronics is 60m, and from the
conditioning electronics to the CAMAC data acquisition electronics is a further
50m.

3.1 Neutron detector | PSD combination

Each fast neutron detector comprises an NE213 liquid organic scintillator
(50mm diameter x 10mm deep bubble-free BA-1 cell), with a small built-in 22Na
source ( =200 nanocurie), coupled to a S5cm diameter 10-stage low-gain low-noise

Thorn-EMI 9815 linear focussed photomultiplier. The output signals are DC



coupled (via 60m 75Q superscreened coaxial cable ®) to Link Analytical Model
5020 Pulse Shape Discriminator units to distinguish between neutron and y-ray

events.

Smaller NE213 cells (25mm diameter x 10mm deep) have recently been
introduced for high neutron yield discharges in order to reduce the detection
volume of the cells not in the direct channel line-of-sight when using the smaller

collimator inserts, so as to minimise the extrancous background component.

3.2 Fast Neutron Detector

[t is important to match the photomultiplier gain to the input requirements of
the PSD unit to achieve optimum neutron / y-ray discrimination performance.
The photomultiplier dynode chain voltage divider was specifically designed for
use with this PSD unit, based on several years of experience with such units in

fast neutron time-of-flight applications 3).

3.3 Pulse Shape Discrimination (PSD) Unit

The Link Analytical Model 5020 PSD unit (an improved Model 5010) is
essentially that described by Adams and White 3), but with the outputs and logic
modified for the present application to enable a higher throughput.

The PSD unit has 4 independently variable discriminator levels, viz.
THRESHOLD, PILE-UP, LOWER and UPPER. The THRESHOLD
discriminator determines the input stage constant fraction discrimination level
and sets the minimum input signal processed by the PSD unit. The PILE-UP
discriminator determines the signal level for the rejection of events due to pile-up
in the scintillator at high count rates. The LOWER discriminator level is sct to
the desired operational neutron energy bias and the UPPER discriminator level
is set at the desired upper neutron energy bias. Together, the LOWER and

UPPER discriminator levels define the energy windows corresponding to the

e) MM20/75 supplied by BICC, Helsby, Warrington, England; and Cabeltel, Fumay, France



NEUTRON and GAMMA digital pulse outputs. Neutron events above the
UPPER discriminator level are output as UPPER events. (This latter output was
provided as a special modification, by Link Analytical, to the standard Model
5020 PSD unit).

In addition, the PSD units used in this application have a remote control
feature, also implemented by Link Analytical, which enables both the selection
of any of the 19 PSDs and the type of ANALOGUE output (ALL, NEUTRON,
GAMMA or UPPER) in order to provide measurements of the energy spectra for

diagnostic performance monitoring and physics purposes.

PSD digital outputs corresponding to NEUTRON and GAMMA events in the
neutron energy range 2 to 3.5MeV (equivalent to a y-ray energy range of ~0.7
to 1.44MeV) and UPPER neutron events above =~ 3.5MeV, plus LIVETIME
CORRECTION, are fed, via TTL-ECL converters, to 4 separate latching scalers
(Lecroy Model 4433) with (normally) 10ms time resolution for subsequent storage
in the JET database. In addition, there is provision for recording specific
time-sliced (0.5s) ANALOGUE output data from one channel PSD per

discharge, to be digitised and stored in the form of a sequence of spectra.

The built-in 22Na source is used to set the appropriate neutron energy biases

and to facilitate monitoring of the detector.

The calibration for each detector is obtained in terms of the equivalent neutron
energy by recording the pulse height spectrum from the built-in 22Na source and
establishing the channel numbers corresponding to the peak and half-heights of
the 2 Compton edges. In terms of electron energy, this corresponds to 0.303 and
0.350 MeV for the 0.511 MeV y-rays and 0.994 and 1.077 MeV for the 1.274
MeV y-rays from #Na. The equivalence between y-ray and neutron energy was
derived from monoenergetic neutron response function measurements in the
energy range 1.5 to 3.3 MeV performed on the SMV Van de Graaff 49 at Harwell
Laboratory by bombarding a thin (& 5keV thick) 7iT target with protons in the
energy range 2.4 to 4.2 MeV. The relation determined from these measurements

can be expressed in the quadratic form given by



L,(E,)=—0.131 + 025E, + 0.03915E, (1.5< E, <33 MeV)

where L, is the equivalent electron cnergy (MeVee), and E, is the maximum recoil
proton energy (MeV). These measurements were necessary since the relation of
Cecil et al. » was found to be inappropriate for the NE213 scintillators used in
the present application. The results are in excellent agrcement with the more

recent work of Dekempeneer 9, but not with that of Verbinski 7

The spectrum zero offset channel is determined directly by recording a pulse
height spectrum with the PSD unit switched to ALL, which corresponds to all
events above the THRESHOLD discriminator level plus the built-in stabilisation
pulse. A typical 22Na pulse height spectrum is shown in Fig. 7, which indicates
the equivalence between corresponding neutron and y-ray cvents in terms of their

equivalent electron light output response in relative units.
3.4 Magnetic Field Monitoring

Within each detector box, there are 2 triple-axis magnetic field probes (each
comprising 3 sets of 100 turn coils at right angles) to measure the magnetic field
outside the neutron detector assemblies. The magnetic fields are sampled using
a 10ms time resolution for cach discharge, and stored as time traces in the JET

databasc.
3.5 Temperature Monitoring

Within each detector box there are 3 RTD temperature sensors 9, 2 strapped
to different detectors, and 1 monitoring the internal detector box temperature.
These sensors are sampled at = 135s intervals irrespective of whether a discharge
is in progress and the values at the end of each discharge are stored in the JET

database.

f) supplied by H.A.Wainwright & Co. Ltd., Guildford, Surrey, England.



4. Corrections to the Experimental Data

The basic data recorded by the neutron emission profile monitor comprises the
time-traces of the individual channel line-integrated emissions corresponding to

neutron and y-ray events. The following have to be considered:

e livetime correction,

e ncutron detection efficiency,

e gcometry, which includes solid angle,

® ncutron attenuation and collimator scattering,
e qnecutron backscatter, and

e cross-talk between adjacent channels.

4.1 Livetime Correction

The PSD LIVETIME CORRECTION output differs from the normal BUSY
output in that it compensates for the rejection of events occurring within the pulse
integration time. This output is used to gate a free-running high precision
oscillator (2MHz); departures from 2MHz determine the correction for

dead-time.
4.2 Neutron Detection Efficiency

The absolute neutron detection efficiency was determined using conventional
associated particle techniques on the Harweil 500kV Van de Graaff, utilising the
D(dn)3He and D(d,p)T reactions. For a neutron ecnergy bias of 2 MeV, the
absolute neutron detection efficiency for 2.45 MeV neutrons was measured to be

2.4 x 10-2 per neutron/cm2.

As well as requiring a good knowledge of the absolute detection efficiency of
cach individual neutron detector, it is also important in this application to know
the relative efficiency responses between the 19 detector / PSD combinations.
Measurements with a strong 252Cf source, first with a single detector combined

with each PSD, and then using each detector combined to the same PSD unit,

10



showed all relative detector /| PSD combination efficiency responses to be the

same to within +2-3%.

4.3 Geometry

The experimental neutron emission rate, (n/s), is converted to line-integrated
ncutron emissivity, (n/s;m?), using the factor (ab)?2/4nl? where a and b are the

collimator widths, and / the collimator length.

4.4 Neutron Attenuation and Collimator Scattering

Corrections are required for: (i) the attenuation of the neutrons as they pass
through the vacuum vessel windows and the material surrounding the neutron
detector, and (ii) the scattering of the neutrons in the collimator itself. A detailed
MCNP 8 model of cach profile monitor channel has been used to calculate the
combined correction for each channel. For the horizontal camera, the correction
is 9% and for the vertical camera x~17.5%. The differences are due to the
different thicknesses of neutron attenuating materials between the necutron

producing plasma and the fast neutron detectors.

4.5 Neutron Backscatter

A different correction for neutron backscattering is needed for each individual
collimator channel since they look directly at the inner wall of the JET vacuum
vessel from which scattered neutrons emanate. These correction factors were
calculated using the FURNACE 9 code. It was found that, for a neutron energy
bias of 2 MeV, the backscattered neutron contribution in the central channels
amounts to =3% of the total incident neutron flux on the detector, rising to
>75% in the outer channels. The backscatter contribution increases significantly

with decreasing neutron energy bias.

11



4.6 Cross-talk

Cross-talk can arise from neutrons entering one channel being scattered in the
neutron detector region and, subsequently, being detected in the neutron detector
in an adjacent channel. Measurements using a strong Am-Be source, positioned
at the entrance to one collimator, showed the cross-talk to be <0.5%. As a result

no corrections to the data are needed.
4.7 Summary

In principle, the application of the above corrections should be
straightforward, as certainly appears to be the case for Ohmic and low power Ion
Cyclotron Resonance Heating (ICRH) discharges, but has still to be fully
quantified for the high fusion neutron yield discharges. The problem here is to
understand the various y-ray breakthrough and pile-up effects which are strongly
dependent upon both the total detector count rate and the n/y ratio at a given
bias. (y-ray breakthrough is the erroneous recognition of y-ray events as neutron

events by the PSD unit, and increases at both lower biases and higher rates).

5. Data Assessment and Analysis

Because of the vast amount of data (>0.5 Megabytes) recorded for cach JET
discharge, a dedicated computer code with enhanced graphics capabilities has
been written to allow a detailed assessment and preliminary analysis of the data

to be carried out in a variety of formats, including:

¢ individual neutron and y-ray emission time traces,

¢ horizontal and vertical camera neutron and y-ray emission profiles,

e horizontal and vertical camera neutron and y-ray emission contour plots
(profile v. time),

e comparison with global measurements (fission chambers) 10-12),

¢ centroid of neutron emission (global geometry correction factors),

¢ specific neutron and y-ray energy spectra (one channel per discharge),

¢ time dependence of the magnetic fields within the detector boxes.

12



6. Operational Capabilities

As this instrument was the first neutron emission profile monitor to be
operated routinely on any tokamak, it is useful to present some representative
examples of the data to illustrate its operational capabilities and the benefits of
having good spatial and time dependent information for the neutron emission

during a discharge.

More dectailed analyses of some of the data so far obtained using this

instrument have already been described in the literature 13-16),

6.1 Time Traces and Profiles

Fig. 8 shows the time traces for the neutron signals from a typical SMA Ohmic
D-D plasma discharge over a period of 17s for all of the 19 channels. The first
two rows refer, in order, to the horizontal camera channels and the remainder to
the vertical camera channels. Fig. 9 shows the corresponding horizontal camera
neutron emission profiles (i.e. vertical profiles) in 1s intervals. As would be
expected, the neutron emission is greatest in the central channels indicating that
the main fusion neutron production occurs in the central regions of the plasma.
By contrast, as would be expected, the y-ray emission (not shown) is essentially
channel independent, since it primarily arises from neutrons escaping from the
vacuum vessel and interacting with the surroundings, although some are from
neutron interactions with the interior vessel walls within the view of the

collimators.

However, during some JET discharges a significant y-ray component has been
observed that is attributable to y-ray emission from the plasma itself. Fig. /0
compares necutron and y-ray emissions during periods of lon Cyclotron
Resonance Heating (ICRH) and Neutral Beam Injection (NBI) within the same
discharge; it is clear that ICRH can be accompanied by a large increase in y-ray
emission without a corresponding increase in the neutron emission. In such cases,

the y-rays emanating from the plasma are due to ICRH accelerated (up to several

13



MeV) charged particles which induce nuclear reactions with the plasma

contaminants, mainly Be, C and O 13.14),

6.2 Sawtooth Phenomena

Examination of the individual channel time traces for many deuterium
discharges reveals the sawtooth phenomenon in the central channels,
accompanicd by sawtooth reversals in some of the outer channels, as shown in
Fig. //. In many instances the peak-to-valley ratio of individual sawtceth is 3 to
1. Since this is a line integral representation, the axial neutron emissivity must
exhibit even more dramatic changes during sawteeth oscillations in the plasma.
Fig. 12 shows the neutron emission profile before and after a sawtooth crash

using 2.5ms time resolution.

In the main, the y-ray time profiles do not exhibit this phenomenon during
deuterium discharges, since the y-rays originate primarily as a result of neutron
capture in the vessel walls and surroundings. However, y-ray sawtecth and their
associated reversals have been observed 13.14) during ICRH due to interaction of
fast (MeV) RF driven particles with Be, C, and O impurities in the plasma (Fig.
13).

6.3 Major Plasma Disruptions

During a major plasma disruption, the instantaineous detector count rate can
be ecxtremely high due to run-away clectrons interacting with first wall
components, and may result in excessive y-ray breakthrough in the neutron
channels. This aspect of the data has yet to be fully examined. Nevertheless, the
data do indicate clear differences in the disruption duration and often indicate
where the run-away electrons (created during the disruption) strike the vessel

wall.

14



6.4 Runaway Electron Dominated Plasmas

Fig. 14 illustrates the interaction of run-away electrons with one of the
protection tiles on the inner vessel wall early in a JET discharge. Similar time

traces arc observed in the more central channels, but less so in the outer channels.

Another such phenomenon, shown in Fig. /5, is unique to the wall arca
around the bottom diagnostic port viewed by channel 14 from which both high
ncutron and y-ray emission arc obscrved; there are no signals in the other
channels. Incidentally, this provides further evidence in support of the

obscrvation (see 4.6 above) that the cross-talk between detectors is minimal.

7. Comparison with other JET Neutron Diagnostic Data

The neutron emission profile data have been compared with data from the
JET time-resolved neutron monitor 912 which consists of 3 pairs of fission
chambers mounted on the vertical linbs of the transformer yoke in the mid-plane
of the machine. The spatial neutron emission information is used to correct the
fission chamber data for the geometric effects of the plasma position in the
computation of the absolute JET neutron emission as a function of time during
the discharge. Figs. 16 & /7 illustrate the variation in the total neutron emission
ratio between the neutron emission profile and time-resolved neutron monitors
by considering separately the neutron emission summations for cach camera.
Fig. 16 relates to an NBI discharge (2.5MW of 80keV De) where the ratios are
essentially constant, whereas Fig. /7 relates to a combined NBI and ICRH
discharge (18MW NBI ; 12MW ICRH) where there is a ratio inbalance due to
cxcessively high count rate effects in the neutron emission (due to y-ray
breakthrough) and the production of neutrons in the range up to 10 MeV as a
result of nuclear reactions with plasma contaminants. It should be noted that a
strong component of non D-D fusion neutrons with energies appreciably above
3 MeV will also be detected, but with a lower efficiency than the 2.45 MeV

neutrons. However, neutrons below =2 MeV will not be detected at all. (For

15



D-D operation the contribution due to the 1% D-T fusion neutrons can be

ignored).

8. Discussion

The initial 1986 tests of this instrument, primarily aimed at assessing overall
performance, were extremely fruitful. The main concern was that about half the
NE213 liquid organic scintillators had developed bubbles due to operating the
detectors for long periods at temperatures >35°C.  This led to a complete
re-build of the vertical camera detector box housing, the installation of adequate
water cooling for all detectors, complete re-wiring of the detector dynode chains,
the replacement of all NE213 scintillator cells, and improved inter-channel
necutron shielding. Since the re-installation in 1987, the instrument has recorded
neutron emission data during most discharges for all JET operational scenarios
involving significant fusion neutron production. The reliability of the electronics
has been high with only occasional PSD malfunctions, and bubbles in the NE213

cells.

The D-D plasma data clearly exhibit the sawtooth oscillation phenomenon
previously observed by many other plasma diagnostics, and, for the first time
with neutron diagnostics, the associated sawteeth reversals. Clearly, this is an
area in which exploitation of neutron emission profile monitor can and will be

usefully pursued.

Comparison between the neutron emission profile and time-resolved neutron
monitors in terms of their total neutron emission ratio shows consistency within
the errors for Ohmic and low power NBI and ICRH discharges. However, this
ratio deviates by up to 20% from a constant value with increasing fusion neutron
production, the effect being particularly pronounced when the ICRH system is
used because of y-ray breakthrough (leading to an apparent increase in the
number of neutron events) and the detection of neutrons from nuclear reactions

of fast RF-driven minority ions with plasma contaminants.

16



At present there is one major problem that has yet to be fully resolved for the
highest yield deuterium discharges when the instrument is operating close to its
maximum count-rate capability in both cameras (= 500kHz) even after reducing
the size of the collimator apertures. An increasingly high y-ray breakthrough is
observed, this being particularly pronounced during periods of intense ICRH
when the y-ray emission from the plasma itself is high. In addition, the high
density concrete shiclding is evidently inadequate as a high y-ray background is
observed which is unaffected by the reduction in collimation. A number of
measures have been introduced to reduce this y-ray component, including
surrounding the complete detector box housing with =5cm of lead, using lead
filters inside the collimators, and reducing the potential for y-ray streaming at
various points on the bulk shielding. None of these measures has resulted in a
satisfactory reduction. However, the employment of smaller scintillators has
reduced the unwanted background events in proportion to the volume of

scintillant outside of the direct channel line-of-sight.

The PSD technique has been extensively used for many applications, but there
is minimal information on its performance at rates above x~200kHz., at which the
v-ray breakthrough was measured to be 1-2% using a strong ®Co source 3). This
increases rapidly with count-rate. The various associated pile-up contributions
can affect the n/y ratio quite dramatically, resulting in an increase in the number
of events erroneously recorded as neutrons. Pile-up has the following

consequences |

® n-n : detected as a neutron with a larger proton recoil energy,
e n-y : detected as a neutron with a larger proton recoil energy,
¢ v-n : detected as a neutron with a larger proton recoil energy,
e v-y : a fraction will be detected as neutrons dependent upon the PSD

integration times and the relative neutron and y-ray event pulse decay times.

In terms of absolute neutron emission, comparison with the absolute
determination of the neutron yield from the global neutron monitoring
diagnostics indicates agreement (under favourable conditions) to within +15%.

The observed departures of up to +30% are a result of y-ray breakthrough effects

17



and the detection of neutrons from nuclear reactions with plasma contaminants.
In addition, within the dynamic energy range of the neutron emission profile
monitor, the detection efficiency is a function of the neutron energy. On the other
hand, the global neutron monitors (i.e. fission chambers) are equally sensitive to

neutrons of all energies (below 20 MeV), and are fairly insensitive to y-rays.

The original design of the instrument was also aimed at the tomographic
reconstruction of the neutron emission profile data, which, although not
considered here, has been addressed by Marcus et al 9. Fig. /8 shows a
representative tomographic reconstruction of the necutron emission profile

monitor data before and after a sawtooth crash.

9. Conclusions

The neutron and y-ray emissions have been recorded for most JET operational
scenarios that result in significant fusion neutron production. A number of
features have become clearly evident and have convincingly demonstrated that
mecasurements of neutron emission as a function of position and time in the same

poloidal section through the plasma are important.

The operational experience gained from the instrument in its present form
provides a firm foundation for more detailed exploitation during the next phase
of JET operations. However, the high count rate problems experienced require to
be resolved before the commencement of the JET D-T phase. This will necessitate
replacement of the NE213 cells with other detectors more suitable for the high
yiclds of D-T fusion neutrons, together with improvements to the neutron and

v-ray shielding configurations.
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shield contains the neutron beam dumps for 8 of the 10 channels.
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6.  Electronic Schematic of JET Neutron Emission Profile Monitor. This shows
the complete electronic configuration for one neutron detector channel, and
its relation to the communal data acquisition modules for storage in the JET

database.
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8.  Time Dependence of the Neutron Emission in the 19 Individual Channels
for a Deuterium Fuelled SMA Discharge. The traces are corrected for
neutron detection efficiency etc. The channel numbers are indicated in the top
left hand corners. The total neutron emission observed in the individual

channels during the 17s period are indicated in the top right hand corners.
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given in the top left hand corners. The final trace shows the heating
waveform. It is clear that the y-ray emission in the central channels is
strongest during the ICRH period whereas the neutron emission in all

channels is strongest during the NBI heating period.
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11.  Neutron Sawteeth as observed in a Central Channel (Channel 6) and

Associated Reversals from an Outer Channel (Channel 2) for a 5SMA
Deuterium Fuelled Discharge with 9MW of ICRH and 6MW of NBI

Heating. The data were acquired in 2.5ms intervals.
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13. A Monster Sawtooth Crash as observed by the y-ray Channels 5 and 2. A
clear reversal is seen in Channel 2. The observed y-rays are due to
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interacting with C impurity ions in the plasma. At the sawtooth crash these
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14.  Example of a Run-away Electron Dominated Discharge. The periodic
interaction of the fast (up to 60 MeV) electrons with the first wall components
leads to the generation of bursts of hard X-ray Bremsstrahlung, which is

detected in the y-ray channels of the cameras.
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15. Example of Run-away Electrons Observed only in Channel 14. Run-away

electrons interact locally with first wall material opposite the line-of-sight of

Channel 14 to form bursts of hard X-rays (identified as y-rays by the PSD

unit) and photoneutrons.
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16. Ratios of Measured Neutron Emission for a 2.3MW NBI Discharge. The
upper time trace shows the global neutron yield as determined by the
time-resolved fission chambers. The middle and lowermost time traces show,
respectively, the ratio between the individual camera summations and the
global neutron yields. In this case the ratio is constant during the whole of the

discharge period associated with significant fusion neutron production.
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v-ray breakthrough effects and the detection of neutrons resulting from
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emission profile before and after a sawtooth crash.
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6.  Electronic Schematic of JET Neutron Emission Profile Monitor. This shows

the complete electronic configuration for one neutron detector channel, and

its relation to the communal data acquisition modules for storage in the JET

database.
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equivalent electron energies. The neutron energy bias monitoring technique
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8. Time Dependence of the Neutron Emission in the 19 Individual Channels
for a Deuterium Fuelled SMA Discharge. The traces are corrected for
neutron detection efficiency etc. The channel numbers are indicated in the top
left hand corners. The total neutron emission observed in the individual

channels during the 17s period are indicated in the top right hand corners.



Pulse No. 15149

- 2-3S 34s 4-5s - | 5-6s 6-7s
—-7-8s 8-9s 9-10s 10-11s 11-12s

—12-13s 13-14s 14-15s 15—-16s 16-17s

Counts/channel (x103)
o N pOo M _bO DM b
]

12 910 sy

Detector channel (Horizontal camera)

JG91.675/9
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top of each profile and the channel number correspondance is indicated in the
bottom left hand profile.
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10. Comparison of Neutron and y-ray Emission Time Traces during Periods of
ICRH (9.5MW 3He) and NBI (8MW of 80keV De°). Channel numbers are
given in the top left hand corners. The final trace shows the heating
waveform. It is clear that the y-ray emission in the central channels is
strongest during the ICRH period whereas the neutron emission in all

channels is strongest during the NBI heating period.
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11.  Neutron Sawteeth as observed in a Central Channel (Channel 6) and
Associated Reversals from an Outer Channel (Channel 2) for a SMA
Deuterium Fuelled Discharge with 9MW of ICRH and 6MW of NBI

Heating. The data were acquired in 2.5ms intervals.
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the Sawtooth Marked in Fig. //.
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clear reversal is seen in Channel 2. The observed y-rays are due to
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1MeV)

interacting with C impurity ions in the plasma. At the sawtooth crash these

fast particles are expelled from the centre of the plasma causing the abrupt

increase in y-ray detection in the outer channels.
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14. Example of a Run-away Electron Dominated Discharge. The periodic
interaction of the fast (up to 60 MeV) electrons with the first wall components
leads to the generation of bursts of hard X-ray Bremsstrahlung, which is
detected in the y-ray channels of the cameras.
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15. Example of Run-away Electrons Observed only in Channel 14. Run-away
electrons interact locally with first wall material opposite the line-of-sight of

Channel 14 to form bursts of hard X-rays (identified as y-rays by the PSD
unit) and photoneutrons.
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16. Ratios of Measured Neutron Emission for a 2.5MW NBI Discharge. The

upper time trace shows the global neutron yield as determined by the
time-resolved fission chambers. The middle and lowermost time traces show,
respectively, the ratio between the individual camera summations and the
global neutron yields. In this case the ratio is constant during the whole of the

discharge period associated with significant fusion neutron production.
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17. Ratios of Measured Neutron Emission for a combined 1SMW NBI and

12MW ICRH Discharge. In this case the ratio deviates significantly from a
constant during the period of maximum fusion neutron production due to
y-ray breakthrough effects and the detection of neutrons resulting from
nuclear reactions with plasma contaminants. Note the low values during the

period before 9s while only ICRH was applied to preheat the plasma.
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18. Example of Tomographic Reconstruction (Ref. 16) showing the neutron

emission profile before and after a sawtooth crash.
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