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Abstract A motivation for the study of fast 3He and triton ions in 

Study of fusion reaction products emitted from deuterium plasmas provides 
information on the confinement and slowing down of fast charged particles. 
The information gained through these studies has a bearing on the confine- 
ment of r-particles and may contribute to predictions concerning the r-particle 
heating in deuterium-tritium plasmas. 

Proton spectra have recently been measured at  JET from the reaction 
d + ‘He -+ p + r at  energies around Ep = 14.6 MeV. 3He was introduced 
by gas puff (for ICRF minority heating) but is otherwise always present as 
a product of the reaction d + d + 3He + n. The instrument and some of 
the results obtained are described. 

Neutrons of about 14.0 MeV from the reaction t’ + d + r + n (where 
the 1.0MeV tritons t’ come from d + d -+ p + t’) can be studied given a 
spectrometer of high efficiency ( E  2 0.2cm2) and low sensitivity to 2.5 MeV 
neutrons. A proposed spectrometer design and its envisaged diagnostic 
capabilities are discussed. 

Besides studying the fast ions in the plasma through their fusion burn up 
products, atomic “burn up” is suggested as another possibility; i.e. the 
radiative recombination e + t + 11 + to of fast tritons and measurement of 
their velocity distribution as represented in the neutral to emission. 

A comparison is made of limitations and capabilities between charged 
particle, neutron and neutral to measurements for purpose of studying the 
fast ion physics and of diagnosing the plasma. 

1. Introduction 

Deuterium plasmas can be studied through the d 4  reactions 
by observing their reaction products, generally the 2.5 MeV 
neutron and 3.0 MeV proton emission. While neutron measure- 
ments are routine diagnostics on tokamaks, proton measure- 
ments have only recently been used for special purpose inves- 
tigations [ I ,  21. In addition, protons and neutrons with energies 
of 14 to 15 MeV can be obtained from 3He + d and t + d 
reactions in deuterium plasmas in two different ways. 3He can 
be injected for the purpose of ’He ICRF heating while another 
source is the d + d + 3He + n reaction. Tritium, for obvious 
reasons, is not normally used, so only reaction product 
tritons are present in a deuterium plasma. The reaction 3He 
particles and tritons are produced at energies of 0.8 and 
l.OMeV, respectively, and are slowed down to thermal 
energies over a time span of 0.1 to one second. During this 
slowing down time, a small fraction will undergo fusion 
reactions (burn up) and study of the burn up proton and 
neutron spectra can tell us something about the slowing down 
features and the confinement of these fast particles. More- 
over, it is noted that fast tritons will undergo “atomic burn 
up” through the radiative recombination reaction e + t+ -+ y 
e + t” at similar rates to those of nuclear burn up. Measure- 
ment of escaping neutral tritons is proposed as a third possi- 
bility for investigating the plasma containment of fast tritons. 
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deuterium plasmas is the comparison that can be made with 
the slowing down of fast a particles. Of course, from the ’He/t 
studies we can not expect to learn much about the dynamic 
or collective aspects of a-particle/plasma interactions when 
a-particle heating becomes significant in the power balance of 
d + t plasmas. On the other hand, there are diagnostic 
techniques at hand for studying the behaviour of 3He 
ions and tritons in deuterium plasmas whereas it has been 
found to be hard even to conceive credible measurements of 
a-particles in deuterium-tritium plasmas. 

This paper begins in Section 2 with a short description of 
fast ion burn-up in high temperature plasmas. In Section 3 we 
discuss a proton experiment performed recently at JET and 
present some of the results. The aim is to demonstrate the 
scope of such data and the information that can be obtained 
on thermal and fast 3He reactions in a deuterium plasma. The 
quantitative analysis of proton spectra requires modelling of 
d + 3He reactions and proton trajectory effects which will be 
addressed in an accompanying paper [3]. The possibility of 
performing neutron measurements will be discussed in Section 
4 together with an evaluation of the design limits for a dedi- 
cated spectrometer for 14 MeV minority neutrons; expected 
performance values in terms of efficiency, energy resolution 
and dynamic range will be given in comparison with the 
neutron fluxes for deuterium plasma operation at JET. The 
possibility of measuring the emission of neutral tritons from 
the plasma will be considered in Section 5; such measure- 
ments would give the most direct information on the slowing 
down velocity distribution of fast tritons and their con- 
finement. Finally in Section 6 a comparison is made of the 
three approaches to the study of the behaviour of fast 3He/t 
ions in laboratory type of experiments and for diagnostic 
applications under conditions of fusion plasma optimization. 

2. Fast ion deuterium plasma 

The fusion reactions in a deuterium plasma which produce 
fast 3He ions and tritons are 

d + d -+ t + p 

d + d -+ ’He + n 

where for the 3He ions we use z as subscript symbol, and t’, 
3He’ and 7’ will be used when necessary to distinguish fast 
ions from thermal ions. They describe orbiting trajectories 
with a Larmor radius (LR) determined by 

(E, = 1.01 MeV, Ep = 3.02MeV) 

(E,  = 0.82MeV, E, = 2.45MeV) 

LR = 3.3p/(qB) 
where LR is in centimetres, the momentum p in MeV/c, the 
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magnetic field in kG and q is the charge number; for He and 
'H of maximum energy, the Larmor radius is 3.3 and 7.2cm, 
respectively, assuming a field of 3.4T. 

After their birth, the fast ions are slowed down to thermal 
velocities in the plasma on the time scale of 0.1 to 1 s for 
typical plasma conditions. During this time, some of the fast 
ions are lost from the plasma which becomes significant if the 
energy confinement time is short relative to the slowing down 
time or if there are sudden extraordinary particle losses. A 
small fraction of the fast 'He ions and tritons undergo the 
fusion reactions: 
t + d + 01 + n (E, = 3.6MeV, E, = 14.0MeV) 

3He + d + CI + p (E, = 3.7MeV, Ep = 14.6MeV) 
This "burn up" of the fast ions can be used to study the 
behaviour of fast ions in the plasma by measurements of the 
neutron and proton emission spectra [4-61. The protons are, 
of course affected by the magnetic field and only protons on 
escape trajectories are detectable. This limits the usefulness of 
proton measurements on larger machines which provide effec- 
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tive trapping of 15 MeV protons at high plasma currents (say 
Ip 2 3 MA for JET). Proton measurements, however, have 
the advantage over neutron measurements in that 3He can 
readily be introduced into a deuterium plasma whereas 
tritium cannot. The study of the neutron measurements, on 
the other hand, are of particular interest since the fast tritons 
and a-particles have almost the same Larmor radii. 

For a definite energy of the fast tritons or 'He ions, the 
neutron or proton energy distribution will reflect the fast ion 
angle distribution relative to the line of observation (in the 
case of neutrons) or the trajectory of observation (in the case 
of protons). Two examples of neutron spectra are shown in 
Fig. 1 for neutrons observed vertically at 90" to the toroidal 
axis. The triton has an energy of E, = 1.0MeV. The cases 
shown are (Fig. la) for a stationary orbit in the poloidal plane 
(ol = z, and vr = 0) and (Fig. 1 b) for a spiralling trajectory 
(vL = vIl = 42); the effect of thermal deuterium motion is 
demonstrated in Fig. IC. These figures show a neutron energy 
centred slightly above the zero reaction energy of 14.0 MeV 
and a width of the order of an MeV, reflecting the v1 velocity 
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Fig. 1. The neutron energy distribution o f t  + d + U + n for E, = 1.0 MeV 
viewed along a perpendicular line of sight to the toroidal plasma axis. The 
triton trajectory is assumed to be in the plane (a) perpendicular to the 
toroidal axis (vi = v and zliI = 0), (b) at 45" (vL = vll = v/2);  the effect of 
the deuterium thermal motion (Td = 5 keV) is also shown for v I  = v and 
VI, = 0 (c). 
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component of the tritons. The neutron spectrum observable 
in practice will be the sum of fast triton interactions for the 
actual range of energies and pitch angles in the plasma [5 ] .  
The shape and width of the proton and neutron spectra from 
He and t burn up in deuterium plasma will therefore reflect 

the fast particle velocity distributions. These distributions can 
be determined through computer modelling and the compari- 
son with measured spectra can be used as a test for the occur- 
rence of anisotropic particle loss mechanisms [6]. 

3. Proton measurements 
3.1. Instrument 
Measurements have been made at JET using a surface barrier 
silicon detector which was placed close to the plasma in one 
of the vertical ports on the machine (Fig. 2); earlier reports on 
the measurements have appeared in Refs. [7-lo]. The detector 
was separated from the JET vacuum by a 20 pm stainless steel 
window corresponding to a proton stopping range of about 
1 MeV, for which the energy loss and the straggling are 
350 keV and 2 10 keV at Ep = 14.6 MeV; the detector thick- 
ness was 2mm (area 1 cm2) corresponding to a proton stop- 
ping range of about 19 MeV. Water cooling was used to keep 
the detector at an operating temperature of about 15°C in a 
several hundred degree environment. The detector was 
shielded from direct proton and neutral radiation although 
the shielding was insubstantial in terms of neutrons and hard 
7’s. In order to minimize electrical noise, the preamplifier was 
placed in vacuum close to the detector and was powered with 
batteries. The whole assembly was housed in a 6 cm diameter 
tube as shown in Fig. 2 .  The detector was collimated so as to 
accept proton orbits in the poloidal plane and hence protons 

INCONE 

VALVE & -PUMPING 
SYSTEM 

with velocities mostly perpendicular (pitch angles of 90°) to 
the magnetic field lines ( T J ~  N TJ and T J ,  2: 0). 

The trajectories along which protons can reach the detector 
depend on both the toroidal magnetic field and the plasma 
current. Examples of backtrack calculations of trajectories 
are shown in Fig. 3 for high field and high current (B,  = 
3.1 T and I, = 2.7 MA) and for low field and low current 
(BT = 2.0 T and T, = 2 MA). In the former case, with high 
current, particle confinement is so effective that normally 
only protons born outside the plasma core (defined by the 
q = 1 surface) can escape from the plasma and reach the 
detector. For low currents, no such exclusion zone exists so 
the detector receives protons from the plasma core where 
generally the temperature and fusion reaction rate are the 
highest. It should be noted that the size of the exclusion zone 
is determined mostly by the plasma current but it is also 
affected by the BT field to the extent of proton Larmor radius 
effects (for instance, rL  = 18cm for B, = 3.1 T and Ep = 
14.6 MeV). 

The probability for detecting protons produced in the 
plasma depends on several factors. The solid angle subtended 
by the detector for each source volume element varies with 
position and with proton momentump; it is also constrained 
by the collimator angular acceptance at the detector. The 
detected fraction has been calculated and is shown in Fig. 4 
as a function of minor radius and pitch angle. The detection 
efficiency is an important consideration in the interpretation 
of the measured proton emission, discussed in detail in the 
accompanying paper [3]. 

The present instrument was in operation in JET during the 
period April to June 1985. It has since been dismounted and 
will be replaced with an instrument of modified design which 
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Fig. 2. Schematics of the proton detector used at JET shown in the poloidal 
plan projection. 
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will consist of two detectors of the same type, positioned one 
behind the other. The front detector will stop protons of 
E, 5 20MeV so the back detector will not respond to pro- 
tons but both will essentially see the same background of 
neutrons and high energy ?-radiation. This measurement will 
therefore allow background subtraction from the measured 
spectrum and hence result in cleaner proton spectra. The 
instrument will also have a rotatable collimator for proton 
pitch angle selection. 

3.2. Measurements 
The experiments consisted of measuring the proton count 
rate and, when possible, the proton energy spectrum. The 
count rate was reported with a single channel analyzer (10 5 
E, 5 16 MeV) coupled to a latching scaler and memory. This 
gave the count rate as function of time over a period of some 
20s in time bins of 5ms. The pulse height spectrum was 
recorded with a CAMAC analogue to digital converter 
(ADC) and a histogramming memory module which was 
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Fig. 3. Examples of proton orbits in the poloidal projection for trajectories 
of pitch angles close to 90' as accepted by the detector; the detector at the 
top of the torus is also shown. Two cases of different toroidal fields (4) and 
plasma currents (Z,) are shown: (a) I ,  = 2.7MA and B, = 3.1 T; (b) 
lp = 2.0 MA and B, = 2.0 T. A detail of the proton trajectories close to the 
detector seen vertically is shown in (c). 

incremented each 1 s for the duration of the discharge (up to 
20 s). The detector energy resolution was better than about 
40 keV including the energy straggling in the foil, while the 
system resolution was ultimately limited by electrical noise 
pickup which was measured to be at the level of A E / E  2: 1 %. 

Measurements were made during three types of discharges: 
(i) Low field and low current were studied during the current 
decay phase of deuterium discharges with a small 3He com- 
ponent (nr/nd N 0.1 or n,/n, N 0.05); (ii) Moderate current 
(2MA), low field (B ,  = 2.1 T) discharges were studied in 
deuterium in which H (about looh) was added for the pur- 
pose of TCRF heating; (iii) High field (BT = 3.1 T) and high 
current discharges were studied during He minority ICRF 
heating. 

Below we present typical examples of data on the proton 
count rates and energy spectra from the JET plasma. 

Fig. 5 shows a spectrum from a deuterium discharge with 
10% 3He at low field and current so that there are no com- 
pletely forbidden zones for the detector. This spectrum shows 
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Fig. 4. The detector acceptance region in the source radius and pitch angle 
space (a)  and variation of detector efficiency versus minor radius position of 
the source (b); the conditions are B, = 3.1 T and I ,  = 1.7MA. 

a narrow peak (corresponding to protons of 14.6 MeV 
energy) whose width can be accounted for by the instrumental 
resolution of 130 keV (taken as the electronic noise deter- 
mined by the pulser peak) and a Doppler broadening of 
AED = 250 keV (FWHM). The equivalent ion temperature is 
T, = [AE,: 18 1]* = 1.9 keV which should mostly reflect con- 
ditions in the plasma centre because this is the region of 
highest reactivity. The deduced temperature is found to be 
consistent with other ion temperature measurements lending 
support to the interpretation that the sharp proton peak 
stems mostly from thermal d + 3He reactions. The presence 
of the broad proton distribution also at 14.6 MeV is attribut- 
able to interactions between fast (reaction product) He’ ions 
and thermal deuterons; this is discussed below. 

The proton emission due to 3He’ + d was studied in 

32 __- -~  
SPECTRUM TAKEN FOR I SEC , DURING CURRENT DECAY 

I p - l  5 MA 
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3H, minority heating 

-- 
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deuterium discharges with minority H ICRF heating [ 1 11 for 
which no 3He was added to the plasma. The measured proton 
count rate (in the energy interval 12-18 MeV) as function of 
time is shown in Fig. 6 and compared with the results of 
measurements of neutron yield and electron temperature. 
The proton rate shows a time lag and moderation in rate of 
change relative to the neutron rate, both with regard to the 
initial rise and the time of sawtooth crashes. These obser- 
vations are consistent with the picture of proton production 
which is stretched in time over a period corresponding to the 
slowing down time of the fast 3He’ from their initial energy 
of 0.8 MeV to thermal energies. 

The proton energy spectrum was measured for similar 
plasma conditions (Fig. 6b). This shows a peak centred at 
14.6 MeV and a width of 2.5 MeV (FWHM). The maximum 

147 proton 
prompt lasses 

’ FWHM = 19 KeV +i c (temperature from 
i 

I I !  I neutrons = I 7 KeV) 

- r- /, i , ’:, 1-L -r J -  
1? i___l i  1- LA 

- F 0 - 28 2c 

ENERGY (MeV) 
F/g 5 Exdmpie of proton spectrum recorded during 1 s of the current ramp 
down phase ( I ,  = 1 5 MA) for d deuterium pldsmd with 10% ‘He at d field 
of B ,  = 2 ST The spectrum shows d ndrrow and d broad pedk due to 

d + ’He + d + p reaction of thermal dnd fast ’He ions, respectively, apart 
from some low pulse height bdckground, the instrumental resolution was 
determined bq the width of the pulser peak appedring to the right 
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Fig. 6. Proton data typical for discharges in deuterium with H ICRF heating 
of around 1 MW (BT = 2.1 T and Ip = 2 MA), (a) proton count rate as 
function of time compared with the neutron production rate and the electron 

temperature, and (b) an example of a measured proton spectrum accumu- 
lated over 1 s. 

proton energy variation for the reaction 3He' + d + a + p 
is 12.5 Ep 17.5 MeV if the interactions take place at  the 
initial energy E, = 0.8 MeV while the limits are narrower if 
the fusion reaction (or the 'He burn up) occurs in the course 
of the slowing down to thermal energies. The observed spec- 
trum can be ascribed to protons from 'He burn-up; as no 'He 
was added to the plasma, no thermal reactions are seen in the 
spectra. 

4. Neutron measurements 

The neutrons from the d + t + LY + n reactions are a 
minority component of the neutron flux for a deuterium 
plasma. In order to measure the 14.0 MeV minority neutrons, 
the spectrometer to be used must be rather insensitive to the 
2.5 MeV neutrons. In addition, the efficiency for detecting 

14MeV neutrons must be high in order to accumulate suf- 
ficient counting statistics over a time scale of 1 s. Even at the 
high neutron levels reached in large machines liked JET and 
TFTR a dedicated instrument needs to be developed for this 
task. 

4.1. Principle of TOF Spectrometer 
The spectrometer described here uses the time-of-flight 
(TOF) technique which is a standard approach for measuring 
neutron energy spectra over a wide energy range. The principle 
of TOF spectrometers is to allow the neutrons to scatter in a 
scintillator so that the recoiling particle creates a pulse (start 
time signal) with the neutron flying off towards another 
scintillator at known distance and determinable angle; neu- 
tron scatters in the latter scintiliator give rise to the stop 
timing signals for the TOF measurement. Various scattering 
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Fig. 7. The differential cross section of n + d + n + d elastic scattering in 
the laboratory system based on the data of Ref. [14]. 

geometries can be considered but it is standard to use hydro- 
genous material in the first scintillator so the n + p scatter- 
ing limits the choice to forward neutron scattering angles. In 
a previous study [13] it was shown that backscattering geo- 
metry presents significant advantages to the conventional 
n + p TOF spectrometers; the cross section for n + d elastic 
scattering in the backward direction is smaller than that for 
forward scattering although it has a second maximum at 
6' = 180" (Fig. 9). The n + d scattering takes place in a 
deuterated plastic scintillator positioned in a collimated neu- 
tron beam and the scattered neutrons are detected in a large 
volume scintillator system (Fig. 8). While this spectrometer is 
not suitable for very low neutron energies it is nearly ideal for 
neutrons around 14 MeV. 

The backscattering geometry allows one to obtain a high 
efficiency E (defined as the number of detected neutrons per 
unit flux of incident neutrons given as neutrons/cm2); for 
instance, a design study of Ref. [7] has given the value E = 
8 x 10-3cm2 at a resolution of A E / E  = 2.6% (i.e. 360keV 
FWHM) at E, = 14.0MeV, with a practical dynamical 
range of about a factor of five hundred. For this type of 
spectrometer one can define a figure of merit E(E/AE)' which 
is of the order 10 cm'. E and AE/E can be reciprocally varied 
within this relationship by simply changing the flight path 
length L. Efficiencies E < 10-2cm2 are adequate for measur- 
ing time resolved 14MeV neutron spectra for the projected 
range of fluxes for the d + t operation of JET. 

A particular feature of this technique is its relative insen- 
sitivity to 2.5 MeV neutrons so that 14 MeV neutrons can be 
measured even in a relatively higher flux of 2.5MeV neu- 
trons, The 14 to 2.5 MeV neutron intensity ratio in JET with 
deuterium plasmas is of the order of lo-'; this intensity of 
14MeV minority neutrons is some lo4 times lower than the 
14 MeV neutron intensity from a d-t plasma under equivalent 
conditions. The spectrometer of the design described in Ref. 
[13] can in principle be used to study 14MeV minority neu- 

I 
h Flight path,L 

Fig. 8. The principle of the 14MeV neutron time-of-flight (TOF) spectro- 
meter. Dector D1 is placed in the collimated neutron flux and scattered neu- 
trons (n') are detected in the large area detector D2. TOF is obtained from 
the timing signals through TOF = f [ (T2, .  - T , )  + (T2,b - T , ) ]  where a 
and b refer to different ends of the elongated scintillators of which D2 is 
composed. The time difference T2,d - TZ,b gives position information. 

trons from a deuterium plasma if its efficiency is increased as 
discussed below. 

4.2. Optimized eficiency 
An outline of the nd TOF spectrometer is shown in Fig. 9. A 
well collimated neutron flux from the plasma is made to hit 
the detector system D1 consisting of several deuterated plas- 
tic scintillators (16 in the basic design of Ref. [13] as shown 
in Fig. lo). The neutrons scattered through n + d + n' + d' 
reaction in D1 are detected with a large area (A) neutron 
detector D2 consisting of elongated plastic scintillators (for 

01 Target and 
Recoil detector 

Collimated Neutron 
flux 

Extended 
shielding 

Pre -Collimator 

Neutron source 

Fig. 9. Outline of the nd TOF spectrometer showing the detection area of 
the deuteron recoil detector ( D l )  and the scattered neutron detector (D2) as 
well as the collimated neutron beam. The kinematical diagram of n + d + 

d' + n' reactions in D1 is also indicated. 
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Fig. IO. (a) The D1 detector system consisting of 16 assemblies of deu- 
teriated scintillators, light guides (shown for only one detector) and photo- 
multipliers; (b) detail of one detector unit. 

instance, A = 2900cm' using 12 scintillators 1.5 x 6 x lcm' 
where 1 = 38 - 66 cm; see Fig. 11). This gives a figure of 
merit of &(,??/A,??)* = 13cm2, and within this reciprocity, E 

and AEIE can be changed as desired by using the TOF path 
L defined as the distance between D1 and D2. This, however, 
is strictly valid only for neutron scattering angles in the 
extreme backward direction where the variation in AE/E is 
proportional to 1/L. For 8,. < 170" (corresponding to 
L = 200 cm for a D2 detector within an extension radius of 
30 cm) the deviation from proportionally becomes of practical 
significance. At this point the apparent increase of L with en 
using a flat D2 detector is not sufficient compensation for the 
kinematic angular variation in the neutron energy, E,,. = E,/ 

In order to remedy the degradation in resolution due to 
kinematics, but retaining the flexibility offered by operation 
with variable L, spatial information is needed from the D2 
detector [17]. The elongated scintillator with one PM tube 
attached to each end (a and b) can provide this information. 
First, the timing for the TOF measurement is obtained from 
the sum 3[(T2,, - T , )  + (TZ,b - T,)] ,  which is independent 
of event position while the time difference T2,a - T2,b can give 

9 [ , , / 7 T Z D  + COS e]'. 
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Fig. 11. One of the two detector planes of the neutron system (D2) consist- 
ing of elongated scintillators with light guides and multiplier tubes attached 
at each end. 
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information on the position along an elongated detector with 
an estimated accuracy of about 1Ocm. The detector timing 
measurement together with identification of which detector 
was hit give the neutron coordinate in the D2 detector. With 
this information, corrections can be made for the kinematical 
energy shift in the region 0 2 150" in order to keep its 
contribution to the TOF energy resolution to less than 5%.  

Besides the above mentioned constraint on the angular 
range, there are practical limits on the size of the detector to 
be used. The upper limit for the D1 detector volume is about 
500 cm3 as dictated by the multiple interaction probability 
(total thickness) and resolution degradation (area) but also 
partially because of cost. The D2 scintillator must be limited 
in length to about l m  (to keep the light attenuation to a 
manageable level), with a total thickness of no more than 
about 3cm. In this way we can increase the spectrometer 

I I 1 I 

Flight path, L (cm) 

0 2 0 0  L00 

Fig. 12. The spectrometer efficiency ( E )  as function of flight path length L ,  
and the energy resolution (AE/E)  assuming a timing resolution of I ns and 
no kinematical effects. 
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figure of merit by about a factor of three. With this type of 
spectrometer one can achieve an efficiency of E = 0.2 cm2 and 
a resolution of AE/E = 0.05 using a flight path length of 
L = SOcm. Larger L values can be chosen to improve the 
resolution (AE/E K L)  with corresponding loss of efficiency 
( E  K 1/L2) as indicated in Fig. 14. The efficiency can be 
increased up to a maximum of about 2cm2 if the flight path 
is decreased to L 2: 0.3 m but the instrumental resolution is 
then increased by kinematics effects to about 30%; this is 
therefore the efficiency in the counting mode limit. 

Even at high efficiency for 14 MeV neutrons the majority 
flux of 2.4 MeV neutrons should cause no interference prob- 
lems. The 2.4MeV pulses in D1 are 10 times smaller than 
those of 14.0 MeV neutrons while in the D2 detector they are 
50 times smaller. This means that with the additional separ- 
ation by means of TOF, all 14MeV neutrons can be clearly 
identified and counted at rates in excess of 10kHz. The 
presence of the 2.4 MeV neutrons can therefore be considered 
as noise causing a jitter in the timing signals at the level of 
1/10 of the rise time, or less than 0.5 ns; this is an insignificant 
contribution to the instrumental energy resolution. 

4.3. Possible measurements 
The instrument described above would allow measure- 
ments of the 14MeV neutrons from deuterium plasmas. 
If we assume the conditions for the JET machine provid- 
ing a deuterium discharge with a 2.4MeV neutron pro- 
duction rate in the range 10I6n/s and II4ojI24 of about IO-', 
the spectrometer count rate would be at the level of 1 kHz 
with 5% energy resolution or 10 kHz in the counting mode 
operation with energy resolution only sufficient for event 
identification. 

5. Measurements of neutral tritium emission 

Instead of measuring the reaction products of the 3He + d 
and t + d reactions one might consider measuring the fast 
3He or tritons directly. This is, of course, rather difficult in 
practice and it is basically also not the lost ions one is primarily 
interested in but those contained in the plasma. However, a 
small fraction of these ions undergo electron capture in the 
plasma; while the probability for double electron capture (as 
required for 3He) is practically nil there is some probability 
for forming neutral tritons by radiative recombination, i.e. 
e- + t +  -+ to + y in the energy range of interest from 
1 MeV and down. At E, = 1 MeV the triton velocity is 
q = 8 x 1O'cms-' which is small compared to the electron 
velocity of v, = 6 x 109cms-' (at T, = 10keV) so the 
recombination rate R,, is determined by the electron tempera- 
ture. It is known to be 4 x 10-'7cm3s-' at T, = 7 keV [16] so 
that at an electron density of 3 x 10'3cm-3, an assumed 
2.5 MeV neutron production rate of lOI5 n/s (a representative 
source rate of tritons for JET) and with a triton slowing down 
and containment time of 1 s, the production rate of fast neu- 
tral tritons would be in the 10" to/s range. These are mostly 
produced within the hot core of the plasma which for JET is 
of the order of cubic meters, so the central neutral triton 
production rate density is I O 6  s- '  ~ m - ~ .  These neutral tritons 
would leave the plasma with energies and trajectories as at the 
moment of neutralization, apart from those ionized through 
electron or ion collisions along the escape path. Both these 
processes will attenuate the fast to flux while ion collisions can 

also change the initial momentum; the latter effect, however, 
should be rather small. 

Instead of attempting to estimate the attenuation factor 
from the recombination/ionization balance, comparison is 
made with the situation for thermal neutral deuterons which 
are routinely measured in the neutral particle analyzer diag- 
nostic [18]. For the conditions mentioned above, the do 
production rate can be estimated to be 10'0docm3s-'. (The 
ionization/recombination equilibrium occurs in this case at 
the ndo level of to lop4  times ne ,  i.e., the density range lo7 
to 109docm-3). While the difference in production rate is a 
factor of lo4 between thermal do and fast to the outward flux 
ratio of escaping do and to should be smaller for two reasons. 
First, the attenuation due to electron impact ionization 
decreases with increasing particle velocity; for instance, the 
difference between thermal deuterons and 1 MeV tritons is a 
factor of 10. Second, the thermal neutral measurements 
usually extend to the high energy tail of the Maxwellian 
distribution; this means a reduction of exp (- Ed/4kT) or a 
factor of lo3 assuming k T  = T = 7 keV for deuterons 
measured at Edo 2: 40 keV. It therefore would seem that the 
flux of fast neutral tritons under the conditions mentioned 
could be comparable to that of thermal deuterons at  an 
energy of 7 times the ion temperature. 

Spectra of neutrals from the bulk plasma are routinely 
measured at tokamaks with neutral particle analyzers (NPA) 
in energy bins of 1 to 10 keV over the 1 to 100 keV energy 
range with sufficient sensitivity to permit mass separation to 
distinguish hydrogen and deuterium. The thermal neutrals 
(or rather the high energy tail of the Maxwellian distribution) 
are usually found to give adequate flux for diagnostic measure- 
ments. For instance, NPA measurements at JET have been 
made under the conditions of the above example for 
deuterons out to about 40 keV with a tolerable neutron back- 
ground; this instrument is presently being upgraded to with- 
stand higher neutron fluxes and to detect higher neutral 
energies [ 17, 181. In the proposed application of NPA measure- 
ments one would be interested in tritons from 1 MeV and 
down. This would be the dominant source of high energy neu- 
trals in the plasma while in some intermediate energy range 
these to' particles and the thermal do particles of the bulk 
plasma would be of comparable intensity. However, with a 
dedicated instrument one should be able to obtain sufficient 
separation between mass 2 and 3 particles so as to measure 
the triton energy spectrum over the region of 0.1 to 1 MeV 
and obtain simultaneous measurement of neutral deuterons 
and tritons over some energy bands. 

A measurement of the emitted neutral triton spectrum 
should give a very direct representation of the triton slowing 
down spectrum since the recombination rate is not sensitive 
to the triton energy. However, correction for the attenuation 
of the neutral emission as a function of energy will be the 
largest uncertainty especially towards lower energy. Since the 
triton momentum is frozen at a point in space and time by the 
recombination, one could actually scan the triton emission in 
the horizontal plane and thereby directly obtain the pitch 
angle distribution. One could also hope to obtain rather good 
time resolution compared to the slowing down times of about 
1 s or even at shorter time scales which might be of interest for 
monitoring sudden loss of particle confinement. Simul- 
taneous measurement of deuteron and triton spectra and 
their ratio could provide useful additional information. 
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6. Comparison of fast ion measurements 

The measuring capabilities and limitations of the three 
techniques discussed are rather different and in certain 
respects they can be seen to be complementary. They can all 
provide information on fast ion behaviour in plasmas but the 
scope of the data are different and so are the analyses needed. 
Below we compare the three techniques and make some com- 
ments on their utilization under different plasma conditions. 

6.1. Proton measurements 
Silicon proton detectors are commercially available and 
provide good detection efficiency and energy resolution. They 
can, with special care for electrical interference, be placed 
close to the torus. The proton flux can easily be collimated so 
as to define the angular acceptance which can be changed for 
measurement of proton pitch angle distributions. However, 
Si(Li) detectors are sensitive to neutron radiation and massive 
shielding cannot be used. The neutrons cause background in 
the spectra which is not disturbing at low count rates (see 
Section 3.1) but will be a burden on the proton count rate 
capability at higher neutron rates and eventually the detector 
will suffer radiation damage. Because of the high detection 
efficiency and the neutron flux limitations, this is a technique 
for low fusion rate deuterium discharges. 

The proton spectrum measured from 3He’ + d + a + p 
reactions is not only a function of the burn up but also of the 
proton confinement in the plasma. This is therefore an inclu- 
sive measurement of two effects which can be separated by 
model analysis of the data (cf. Ref. [3]). Moreover, the deter- 
mination of the detection efficiency for different source volume 
elements in the plasma is a non-trivial exercise. It is, 
therefore, rather difficult to obtain an accurate absolute value 
on the 3He’ + d fusion reactivity rate from measured proton 
rates. Proton spectrometry, however, is unique among the 
techniques in that 3He can easily be introduced into a deu- 
terium plasma making it an interesting probe of the 3He ions 
in the 100 keV plus range created by ICRF heating. 

6.2.  Neutron measurements 
There is no standard neutron spectrometer available but we 
have shown that an instrument could be developed for 
14 MeV minority neutron measurements. The spectrometer 
would work with a collimated neutron flux and can prefer- 
ably be placed in a well shielded position at a distance from 
the plasma. Even after efficiency optimization the count rate 
will be low so that time resolved data on the time scale of 
l00ms can only be hoped for y with the highest neutron 
production rates in deuterium for the present big machines. 
In this respect, neutron and proton measurements would 
complement each other. In contrast to the proton measure- 
ments, the neutron spectra o f t ’  + d -.+ a + n would only 
depend on the burn up factor and the effective source volume 
as defined by the line of sight and plasma depth. Neutron 
data can therefore be used to determine the t’ + d reactivity 
rate density with rather good accuracy. The intensity ratio of 
14 MeV to 2.5 MeV neutron production can be determined 
(using 2.5 MeV data from standard diagnostics) and is largely 
independent of plasma conditions other than through their 
effect on the burn up [5].  Data on the intensity ratio (without 
the spectral information) are most informative if high count 
rates can be achieved, i.e. good statistical time resolution 
which, however, is difficult to accomplish. Finally, it should 

be pointed out that the proposed TOF spectrometer would 
also readily measure the much higher 14 MeV neutron rates that 
are obtained if tritium is admixed with deuterium; but that is, 
of course, tritium phase operation when a-particles should be 
studied directly for their dynamic effects on the plasma. 

6.3. Neutral triton measurements 
The neutral triton emission for a deuterium plasma is the 
most direct source of information on the velocity distribution 
of fast triton ions in the plasma. Since the source volume is 
defined by the line of sight, the triton pitch angle can be 
obtained by scanning the instruments in the toroidal mid 
plane. The estimated emission rates appear to be sufficient to 
allow measurements on plasmas with high triton production 
rates, which means high neutron production rates. Therefore, 
in order to be able to detect the emission of neutral tritons, 
the to detector efficiency and neutron background sensitivity 
need to be improved to a level where the signal to background 
is better than say 10 to 1. The measurability of the spectrum 
will then depend both on the triton production rate in the 
plasma and on the to count rates that can be achieved for the 
desired time resolution. Some preliminary experimental infor- 
mation on these questions might be obtained from the exist- 
ing NPA instruments on JET now under modification [17] 
and further design studies should be made to establish if time 
resolved measurements of the velocity distribution of fast tri- 
tons in the plasma can be realised. 

6.4. Experimental conditions 
The interpretation of burn up spectra from fast ion inter- 
actions in deuterium plasmas depends on the bulk plasma 
conditions. It is clear that the plasma of Ohmic discharges, 
with thermal particle velocity distributions, are most easily 
characterized and present the most stable plasma conditions. 
These plasmas are therefore most amenable to data reduction 
and analysis. They also offer the best opportunity for predict- 
ing the confinement and slowing down of fast tritons and 3He 
ions in terms of specific physics assumptions. In this case it 
can be hoped that by comparing burn up data and plasma 
model predictions one will learn something about the basic 
behaviour of fast ions in the plasma. This approach to fast 
ion study would be closest to what one can call the laboratory 
approach where one tries to control the influencing factors as 
much as possible. Unfortunately, these well characterized 
Ohmic discharges are usually not the ones which provide the 
strongest burn-up signal so a trade off must be made between 
experimental and interpretational needs. 

The other application far burn-up measurements would be 
to provide diagnostic information on discharges when 
attempts are made to optimize the parameters of fusion 
plasmas. In these one usually employs powerful additional 
heating (neutral beams and R F  waves) which leads to com- 
plex states of plasma with non-thermal particle velocity dis- 
tributions and plasma rotation accompanied by a high level 
of internal disruptions and instabilities. These conditions are 
difficult to model theoretically and the objective of the diag- 
nostic measurements becomes largely to monitor the occur- 
rence of adverse phenomena such as loss of confinement of 
fast ions. In these discharges one would expect to reach the 
highest fusion reactivity levels leading to enhanced fast ion 
densities in the plasma which would benefit the neutron and 
to measurements. 
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7. Conclusions 

We have discussed different approaches for studying the 
slowing down and confinement of fast 3He ion and tritons in 
deuterium plasmas. Measurement of proton spectra for 
3He + d + cx + n have already been made and some recent 
results from JET were presented to exemplify some exper- 
imental and interpretational aspects. A spectrometer design 
was proposed for 14 MeV minority neutron measurements of 
the t + d -+ cx + n reaction. Besides these fusion burn up 
reactions, “the atomic burn up” reactions was proposed as a 
third possibility for fast ion studies. Measurements of proton, 
neutron and neutral tritium spectra were compared from the 
experimental as well as the interpretational viewpoints with 
the identification of two main areas of applications: Fast ion 
studies in deuterium plasmas should be performed (a) in 
laboratory type measurements using Ohmic plasma discharges 
to gain insight into the physics of the confinement and slow- 
ing down of such particles and (b) in discharges set up for 
fusion parameter optimization to provide fast ion diagnostic 
information. 
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