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ABSTRACT

Two 3He ionisation chambers were used at the Joint Furopean Torus (JET) to
measure neutron energy spectra for discharges in which deuterium neutral beams
were injected into deuterium plasmas. By camparing the measured spectra with
theoretical calculations, the fraction of the total neutron yield due to
thermonuclear reactions was deduced. Calculated thermonuclear fractions agree
well with the experimental results.

. 1. INTRODUCTION

The Joint Eurcgpean Torus (JET) is the largest operational fusion experiment and
is supported by the Eurcpean Cammmities through the organisation FURATOM. It
is furmished with comprehensive plasma diagnostics instrumentation. Up to the
present time, operation has been restricted to deuterium plasmas with neutron
yvields of up to 10%% neutrons/sec. It is cbvious that neutron diagnostics have
an essential role to play in suwch a machine., In particular, neutron
spectrametry is uniquely capable of separating the contributions to the total
neutron yield according to the reaction mechanisms responsible for their
generation.

Earlier work in the field of neutron spectrametry as applied to magnetic fusion
devices has, in same instances [1,2,3], demonstrated that the neutron production
was of a non-thermal origin, whilst in others [4,5.6,7], it was able to confirm
that the neutron production was indeed thermonuclear, in which case it scmetimes
proved possible [6,7,1la] to detemuine directly the central ion temperature in
the plasma. Here, we present measurements of neutron spectra fram JET plasmas
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heated by the injection of powerful neutral deuterium beams (NBI), which results
in the strong emission of 2.5 MeV neutrons due to reactions between the fast
beam ions and the bulk deuterium ions of the plasma. The strong heating has the
quective of raising the plasma temperature and, therefore, the nsutron -
production rate fram thermonuclear reactions is also increased. The neutron
energy spectra take on a form which depends on the relative proportion of
thermonuclear to beam-plasma neutron production; they are, accordingly, analysed
to give the percentage thermonuclear yields. The analysis techniques have not
been fully cptimised yet, but the results give satisfactory sgreement with
theoretical predictions of both the neutron energy distributions and the
fractional thermomuclear yields.

2. NEUTRON PRODUCTTON DURING NBI

The total fusion neutron yield (Y, ) during deuterium neutral-beam injection
(NBI) can be separated into three camponents, thus: '

Ymt = Ypp + pr + Ybb (1)

where Ypp, is the thermonuclear (plasma-plasma) yield, pr is the beam-plasma
yield and Ybb is the beambeam yield. For the circumstances of the measurements
reported here, the beam-beam contribution can be shown to be negligible. Thus,
the parameter of interest, namely the fracticnal plasma-plasma vield (F), is
given by:
Y

P= gy (@)
e bp
The characteristics of the thermonuclear neutrcn production are well Jmown. The
energy spectrum is a Gaussian centred at 2.45 MeV with a full width at
half-maximm (fwbm) given by:

futm = © Ti“ (3)

wherecisveaklydependentontheionte:rpemtureTiandisoftentakentobea
constant (= 2.5 keV%, T, in keV) [10,11].



The calculation of the spectrum fram a beamheated plasma has been attempted by
a number of authors [6,12,13,14]. Calculations have been performed specifically -
for JET, using the code FPS [11], in which the geametry of the neutral injectors
and the lines-of-sight of the spectrameters (described in the next section) have
been modelled. As opposed to calculations by other authors, the anisotropy of
the cross-section was included. Same typical results are illustrated in Figures
la and 1b. A spectrum cbtained with a detector viewing the plasma in a
direction perpendicular to the magnetic field would show a bi-modal

distribution. This arises because ions rotating around the field lines in a
poloidal plane produce upward and downward energy shifts in the neutron energy
spectrum as they move towards or away fram the detector. The neutron spectrum
emitted tangentially is a distorted gaussian shifted in energy either updards or
dowrwards for parallel or anti-parallel emission, due to the parallel motion of
the beam ions. Thus, a detector with an arbitrary line-of-sight through the .
plasma will observe a bi-modal distribution (fig. la) which becames increasingly
symmetrical as the line-of-sight moves towards the perpendicular (fig. 1b). The
detailed shape of the spectrum depends on a mmber of plasma parameters,
including the energy and the direction at which the beams are injected, the ion
tamperature, the deuteron to electron density ratio (nd/ne) . the plasma current,
the plasma rotation and the line-of-sight. It should be remembered that any
measurement of a spectrum will be the sum of beamplasma and thermonuclear
contributions, as in figures l¢ and 1d.

A code, PENCIL [15], is used at JET to model the important aspects of
neutral-beam injection. It can be used to provide information on fast ion
deposition, electron or ion heating, beam driven current and momentum
deposition, and the beam-plasma and thermomuclear neutron yields which are of
particular interest to this work. The code can be used to analyse specific
shots by accessing the JET database. However, because of the uncertainties in
same of the relevant plasma parameters, the accuracy of the calculations is
strictly limited. Specifically, the thermonuclear yield scales as n& T¢ whereas
the beam-plasma yield scales as (n /n )T / . where To is the elect.rcm
temperature, and Py is the injectedbeampmerandnaandnearethedeuterimn
and electron densities respectively. The uncertainty in both Ti and 'I‘e is about
10% and that in n /n is about 20% since the impurity content of the plasma is
only known apprwu.mately. Thus, the accuracy of the thermonuclear yield

calculation is typically + 40%, that of the beamplasma vield at best 25%.
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Since the errors are correlated, the ratio F should be accurate to + 40%. It
should be noted that no neutron meéasurements are included as input to the PENCIL
code,

In the present work, experimental measurements of the fractional thermonuclear
yvields were extracted fram the spectrum shapes (by making use of the FPS
calculations) and were campared with the predictions provided by PENCIL. It is
implicit in this work that the conditions in the plasma centre can be taken as
representative of the plasma as a whole with regard to the neutron emission.

The PENCIL calculations support this assumption for the discharges to be studied
here. .

3. THE_SPECTROMETERS

The two neutron spectrameters used in this work are 3He ionisation chambers.
Both are 'SEFORAD' fast neutron spectrameters [16], containing a mixture of *He,
argon, and methane at a pressure of approximately 10 bar. The ion chamber
collects the charge produced by the triton and the proton fram each *He(n,p)T
reaction. The resolution of this device to (mono-energetic) 2.5 MeV neutrons is
40 keV and the response function between 2 and 3 MeV has been the subject of
detailed measurements. It can be represented as the sum of two Gaussians and an
error function. Seven parameters are required to define this response function,
most of these varying with incident neutron energy. Full details will be
reported separately [17]. The full response {0-3 MeV) of these detectors to
mono-energetic neutrons is camlex (see figure 2). This is because of
incamplete charge collection (wall effect) and elastic scattering from *He and
H. The wvery high sensitivity of the detector to thermal neutrons, and the
(moderate) sensitivity to T-rays together with long charge collection times (2 6
Hsec), limit the useful cmmt?rate; at count-rates in excess of 4000 counts per
second the spectrum is distorted by pile—up. We have shown that for lower rates
pile-up distortion is negligible conpared to the estimated statistical errors.

As discussed above, the neutron spectra from beam-heated plasmas can emphasise
different physical phencmena according to the viewing direction. In order to
exploit this feature, two lines-of-sight have been provided for the *He
spectrameters. The first detector is sited in the roof laboratory above the
torus and over a penetration through the floor. This provides the detector with
a well collimated vertical line—of-sight through the centre of the plasma, at a
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position appraximately 20 m from the horizontal mid-plane (Ffigure 3). The

- second spectrameter is positioned inside a massive hydrogenous shield in the
torus hall about 15 m from the plasma centre (figure 4) [18). This shielding
provides the ion chamber with a line-of-sight in the mid-plane of the vacuum .
vessel (at 60° to the magnetic field) aligned so as to avoid the central column
of the machine. The enclosure shields the chamber from the general background,
especially thermal and epi-thermal neutrons to which it is extremely sensitive.
Only the full energy peak is of value in determining the neutron spectrum. With
this shielding, the number of events in the full energy peak was maximised at
1/20th of the total nmumber of counts in the entire spectrum. This means that
the maximm ‘useful’ count-rate is only 200 c¢ps and, since approximately 800
counts were required for an unfolding, a minimm of 4 plasma-seconds is required
to accumilate a spectrun. Both detectors view the plasma through specially
thinned closure plates fitted to the diagnostic ports in the vacuum vessel.
Because of the magnet coils and neutron shielding around the rest of the vessel,
the neutron flux emerges predaminantly through these 'viewing' ports. The
cambination of collimation, carefully chosen line-of-sight and the thin material
over the ports results in negligible scattered flux and spectrum degradation for
either line—of-sight. '

Pulses fram the detector enter the attached pre-amplifier, and are then sent to
an ORTEC 673 amplifier and an ORTEC 542 linear gate and stretcher. For the
torus hall instrument, there is a 120 m length of superscreened cable conmecting
the pre-amplifier with the electronics in the diagnostic hall. The linear gate
and stretcher is used to shape the pulses before they are sent to a LeCroy 3512
analogue-to-digital converter and a LeCroy 3588 histogramming memory fram which
the data are collected by the JET camputer operated data acquisition system
{CODAs [19]). A series of neutron spectra is autamatically recorded for each
shot. Each spectrum is accumulated during a cne second 'time slice' into 256
chamnels; up to 20 spectra are cbtained for each discharge. Precision pulse
generators (ORTEC 448) are used to monitor the resolution of the spectrometers.
The positions of the thermal neutron peak and the 2.45 MeV peak produced during
Ohmic discharges were used to calibrate the spectrameters assuming a linear
energy scale.



4., THE ANALYSIS OF THE PULSE-HETIGHT SPECTRA

The pulse height spectra were unfolded using a program (EDRF)} specifically
written for this purpose [17]. The measured spectrum, M(E), is described by
equation 4:

ME) = [ R(EE)E(E)GE’ ' (4)

where R(E,E"} is the response function of the detector, ie. neutrons in the
energy range E° to E” + dE” have a prcbability R of producing a pulse of height
E. The response function is described by the sum of two Gaussians and a 'wall
effect' function [17]; figure 5 shows the response to mono—energetic 2.5 MeVv
neutrons. A full energy-dependent response function is inciuded in the code.
The incident neutron spectrum, £(E”), is described by a histogram, H(Ei) , made
up of a nurber of equal width bins; no assumptions are made about the shape of
f(E") except that its total width is 800 keV, extending fram 2.05 MeV to 2.85
Mev., A 'first guess' is made of the incident neutron spectrum and a theoretical
pulse height spectrum, MT(E),_ is calculated using an approximate form of
equation 4, thus:

nz
ML (E) = 1)=:n R(E,E;) H(E,) (5)
1

The index i refers to the channel number in the fitting region. R(E,Ei) is the
response to neutrons of energy Ei and H(Ei) is the bin height of the incident
neutron spectrum at energy Ei‘ The values of H(Ei) are varied until the fit of
MI. to the measured spectrum is optimised. The optimisation is achieved by the
minimisation of x?, using the Harwell subroutine VAO02A [20] and the errors on
the heights of each bin are found using the subroutine SV10A {20]. Eleven bins
were used to describe f(E”) as a campramise between maintaining the resoluticn
of the unfolded neutron spectrum and keeping the mmber of fitting parameters to
a minimm. Figure 6 shows an example of an unfolded neutron spectrum and the
corresponding fit to the raw data.

A second program (BPPP) was written to calculate F {equation 2) fram the
unfolded neutron spectrum. An appropriate beam-plasma spectrum, corresponding

to the correct line-of-sight, is taken fram previous FSPEC calculations. This
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is regarded as a 'typical' spectrum and its shape is not altered, oniy the
relative magnitude is changed. Next, a Gaussian neutron spectrum is generated
with a width appropriate to a particular ion temperature using equation 3. The
beam-plasma and the thermonuclear spectra are then summed and binned into a
histogram of the same width and mumber of bins as the unfolded experimental
neutron spectrum. By varying the heights of the two spectra and the ion
tamperature, a best fit is obtained and F is calculated.

Beam-heating has been applied for periods of 4 seconds or less. As the dynamic
range of the detector is limited, and a time-resolution of one second is
required, spectra from a number of shots must be added together to provide
enough counts for a successful unfolding. The selection of shots that were
sufficiently alike to allow summation was a camplex and time consuming process.
Ideally, only data fram identical shots should be summed before unfolding. If
this is not the case any information contained in the shape of the spectrum may
well be lost. This averaging was kept to a minimm campatible with cbtaining
good statistics.

Similar discharges were selected using a standard procedure. Initially, shots
were selected with the same plasma current, magnetic field configuration and
methods of additional heating. They were then examined more closely using the
neutron yield menitor {181 (see figure 7). The deuterium reaction-rate as a
function of time was examined for a number of shots and those with dissimilar
Yields were eliminated. This was usually sufficient to identify similar shots;
however, the survey of othei' relevant plasma parameters was continued to ensure
that there were no large dissimilarities. (This included an examination of the
ion temperature, the electron density, and the neutral-besm and RF power
levels).

Eight series of shots were judged to be sufficiently similar to allow summation.
These are listed in table 1, along with same of the relevant plasma parameters.
The series are labelled A to H. Tt should be noted that the shots making up
series B have different timings but were identical in all other respects; these
spectra were integrated over the time period fram 12 to 16 seconds into the shot
to include the periods of high neutron yield from all the shots in this series.



5. RESULTS

The codes EDRF and BPPP were used to analyse the spectra for each series,
Individual time slices were analysed when there were enough counts in the summed
spectra (except in the case of series B, discussed sbove). The following points
were noted about the general shape of each spectrum. Firstly, as predicted, the
neutron energy spectrﬁm is broader than that produced during purely Ohmic
heating and is distinctly nan—Gaussian. Figure 8 campares a Gaussian spectrum
fram a 3 keV plasma with the unfolded spectrum from series B (torus hall
line-of-sight); the response of the spectrameter to mono-energetic neutrons is
also shown. This broadening is quite clear. Secondly, the unfolded spectrum is
peaked and does not show the characteristic double~humped shape of pure
beam—plasma reactions. This clearly indicates that a large proportion of the
totel neutren yield is due to plasma-plasma interactions. The code BPPP was
used to estimate this proportion. Fair agreement between the unfolded spectrum
and the FPS predictions could be cbtained, as described below.

With the ion temperature and F as free variables, the fits of the spectra
cbtained with the detector in the roof laboratory yielded values for the ion
temperature which were consistent with estimates obtained from other
diagnostics. However, reasonable fits to the torus hall spectra could only be
cbtained after including a neutron spectrnum which arises from a population of
fast deuterons streaming in the opposite direction to theilr direction of
injection (figure 9). This phenomenon is expected in tokamaks in which a
fraction of the injected particles became trapped in orbits so that they
oscillate toroldally (magnetic mirror trapping). The trapped particles do not
affect the spectra obtained with the roof laboratory spectramster. To cbtain a
satisfactory fit to the spectra cbtained with the torus hall spectrameter
(figure 10), with the ion temperature fixed to the values cbtained fram the
x~-ray crystal spectrameter [21], it was necessary to assumed a 25% fraction of
counter—-streaming icns. The deduced values of F were then found to be generally
consistent between both spectrometers and the PENCIL predictions (see Table 2).
Thus the detailed shapes of the spectra are believed to be well understood. On
the whole, the good agreement between measured and PENCIL values for F is rather

surprising because PENCIL generally overpredicts the total neutron yvields by a
factor of 2 or more.



6. DISCUSSICN

Figure 10 illustrates the fair agreement between the FPS calculations and the
exper:i.méntal measurements. In future, specific FPS calculations will be
performed for selected shots and improved agresment can be exXpected. It may be
pbssible to deduce the thermonuclear fraction using a spectrameter in the roof
laboratory and using that information to deduce the trapped fraction using the
torus hall spectrameter.

If all the relevant parameters (n., T,. impurity content etc) were accurately
known it would be thought possible to calculate the ratio F without reference to
neutron spef:tra. Many problemé exist, however, In particular, as discussed
earlier, same of the important plasma parameters are not known at all wéll._with
the ratioc nd/ne in particular being unreliable for discharges with high impurity
content. In this context, measurements of F by spectrametry should be of _
greater value in limiting the permitted values for Ti and n d/ne' especially when
the analysis of the spectra is complemented by the use of the absolute neutron
vield as a further constraint. An example of the power of this technicque is
afforded by the first analysis of slice 14 of series A which yielded F = .25 and
an ion temperature of 1.3 keV {x2 = 2.0); when however, the ion temperature was
fixed to 4 keV, as given by the crystal spectrameter, F was found to be .30 (x2
= 2.4). Both values for F are consistent to within the errors and agree with
the PENCIL calculation of' .30 ¢ .12, However, for a given deuteron density the
first case (1.3 keV) predicts a total neutron yield 20 times lower than the
second (4.0 keV). The carbination of measurements thus constrain the n d/ne
ratio to within narrow limits.

7. CONCIUSICNS

The measurement of neutron spectra during the injection of deuterium beams has
provided an opportunity to measure the relative yields of the beam-plasma and
plasma-plasma reacticns and the success of this preliminary analysis justifies _
optimism in the techniques of neutron spectrametry and provides an incentive to
refine them further. The spectrum measurements show convincingly the effect
whereby the addition of powerful neutral beam heating (which instantly raises
the neutron emission by more than one order of magnitude) alsc has the (more



gradual) effect of heating the plasma such that the thermal emission grows to a
level camparable with the beam—induced emission. It has been demonstrated that
the fractional plasma-plasma yield F and the trapped ion fraction can be
cbtained fram the shape of the neutron spectra with useful accuracy even thouch
the ion temperature is known only approximately. With improved statistical
accuracy in the measured spectra, there is reason to expect that ion
temperature, F and the trapped ion fraction can be derived gimiltanecusly.
Provided the ion temperature is known, by mate\}er means, the deuterium plasma
density can be derived with the additicnal ceonstraint provide by the measured
total neutron yield. Neutron spectrometry thus offers the possibility of
enhancing our understanding of neutron beam heated discharges in tokamaks.
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Series

Shot
Nurbers

Plasma Current
(MA)

Magnetic Field
{Tesla)

NBI Power
(M)

RF Power
(VW)

10758
10761
10762
10763
10764
10766

2.0

2.2

7.3

10789
10793
10794

3.0

2.2

9.3

10808
10818
10818
10823

3.0

2.2

7.1

10809
10810
10816
10817

3.4

2.2

9.1

10851
10854

2.0

2.2

7.2

10843
10944
10945
10954

5.0

3.4

7.4

10946
10947
10948
10948

5.0

3.4

5.0

10974
10876
10977
10979

5.0

3.4

7.9

Table 1:

The shots sumed in making up series A to H, the plasma

current, the torcidal magnetic field and the additional heating

powers.

effect in camparison with the neutral beam heating_.

At these lewvels (<2MW), the RF heating has very little




Time X-Ray F PENCIL
Series | Slices | ITon Temp | TH | RL | calculation
(keV)

A 13 4 A 1.2 .25.1
A 14 4 .2 25 L3+.2
B 12~16 5 .3 4 A2
C 11-12 4 .4 .3 3.1
C 13 4 A4 1.4 A1
C 14 4 .8 .4 .5+.1
D J11-12 6 .45 .4 4.2
D 13 6 .3 .25 .31
D 14 6 .3 .3 L3+.01
E 11-12 7 .0 .25 21
E 13-14 6 .7 .3 L3+.1
F 8 6 4 .3 LA 1
F 9 6 2 |.7 Ax,2
F 10-11 5 5 A L3k.1
G 9-11 5 3 .6 .3z.1
H e-10 | 6 .5 | L3x.1

Table 2: The plasma-plasma to total neutron yield ratio (F) deduced fram
the fit for the roof laboratory (RL) and torus hall (TH) detectors _
{including effect of 50% trapped particles). Also shown are the approximate
ion temperatures from the X-—ray diagnostic and the PENCIL results. The
PENCTL predictions for F have an associated uncertainty of at least +40%,
resulting mainly from the +10% uncertainty attributed to T;. The accuracy
of the experimental values is % .1.
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Fig.1 FPS calculations of the beam-plasma spectrum.

a) Roof laboratory line-of-sight.
b) Torus hall line-of-sight.

2800 2000

2400

2800

Neutron Energy (keV)

¢) Beam-plasma spectrum plus 25% plasma-plasma (T;=6keV, roof laboratory).
d) Beam-plasma plus 25% plasma-plasma (T; =6keV, torus hall).

500
M
\W )

= .

| o

]

L

[§)

@ (d)

§ (a)

(&)

(c)
(b)
oL 1
0 Channel number 500

Fig.2 Response function of *He ionisation chamber to mono-énergetic neutrons.

a) full energy peak,

b) wall effect,

¢} proton recoil events,
d) *He recoil events,
e) the thermal peak,

f) low pulse height events due to y-rays.
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Fig.3 Theline-of-sight of the spectrometer positioned in the roof laboratory.
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Fig. 10 Unfolded neutron spectra from each detector,
a) Series A, slice 14, torus hall.
b) Series A, slice 14, roof laboratory.
c¢) Series B, torus hall. '
d} Series B, roof laboratory.
e) Series G, torus hall.
f) Series G, roof laboratory.
Solid histogram : Unfolded spectrum
Dotted histogram: Binned beam-plasma spectrum pius thermonuclear
component.
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