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ABSTRACT 

The techniques and results of fusion product emission profile 
measurements are reviewed. While neutron source strength profile measurements 
have been attempted by several methods, neutron scattering is a limitation to 
the results. Profile measurements using charged fusion products have recently 
provided an alternative since collimation is much easier for the charged 
particles. . ̂  ^f |C|; 
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1.0 INTRODUCTION 

Present-day tokamak experiments often have reasonably large populations 
of ions with energies up to = 100 keV. One consequence is the detectable 
levels of several fusion reactions (Eq. 1) and the resultant diagnostic 
capability of understanding plasma ion behavior by measurement of the fusion 
products, 

d + d - (0.8 MeV)3He + (2.5MeV)n 

d + d •* (1.0 MeV)t + (3MeV)p 

d + t * (3.5 MeV)o + (14.1MeV)n 
d + 3He * (14.7MeV)p t- (3.7KeV)o 

The focus of this paper is on the measurement of the spatial profile of 
the fusion reaction rate. basion product profile measurements would be 
particularly valuable in determining the location of energetic ion tails 
created by auxiliary heat:r.g, in evaluating the ion energy balance, and in 
determining particle transport. The utility of such measurements is 
illustrated in Fig. 1, which shows the cid fusion profile calculated from the 
H° * D + ion temperature profiles for Dili /I/. In that paper, R. Groebner et 
al., made the important discovery that the ion temperature profile is narrower 
than expected neoclassically. The experimental data is based upon the Doppler 
broadening of impurity lines which ultimately means the measurement of about 
20? narrower experimental line widths than expected from neoclassical 
theory. The temperature difference at 1.7 m in Dili implies that fusion 
product emission levels (Fig. 1) would differ by a factor of 20. Thus fusion 
product profile measurements have the potential to sensitively diagnose the 
ion energy balance. 
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Neutron profile measurements have been attempted on several tokamaks, 
which have indicated the location of the peak neutron emission but have not 
specified profile details. Recently, detection of the charged reaction 
products (e.g., 14.7 MeV p. 3.7 MeV a, 3 Mev p, and 1 MeV t) have been made 
again after initial efforts 121 about 25 years ago. Charged particle profile 
measurements /3,V have the principal advantage of much simpler oollimation. 
This is presently an active area of research with several schemes being 
evaluated experimentally. 

2.0 FUSION NEUTRON EMISSION PROFILES 

A. Neutron Colligation 

Neutron collimation is conceptually simple and involves shielding against 
all neutrons except those along a colliroated line of sight. The principal 
difficulty is that neutrons are absorbed poorly in materials so that typical 
absorption lengths (Fig. 2) require large and massive neutron collimators 
(Fig. 3). A typical neutron shield made of paraffin has a 1m linear dimension 
for 2.5 MeV neutrons and a 3m linear dimension for 14.1 MeV neutrons. 
Clearly, such shielding is costly and consumes valuable space around the 
experiment. The TFTR multichannel neutron collimator (Fig. 3) weighs about 50 
tons and is composed mostly of concrete 111. Radioactive source calibrations 
indicate potentially good resolution in each channel, although results are not 
yet available from TFTR plasmas. 

The best published results come from Alcator A /8/ where a water-filled 
neutron collimator with a single neutron collimation channel was scanned 
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shot-to-3hot across a lower-hybrid-heated plasma (Fig. 4). The profile 
clearly indicates that the neutron emission arises from the plasma center but 
does not yield details of the profile. Of particular concern is the 
background level (shaded region in Fig. 4) which is within a factor-of-two of 
all of the off-axis data points. The background level arises from neutrons 
scattering from the vessel components into the collimator and scattering off 
the collimator throat. This noise level is discouraging since a neutron 
spectrometer (NE 213 liquid scintillator) was used in the Alcator 
experiment. The neutron spectrometer should provide relatively good 
discrimination against lower energy scattered neutrons. 

B. Recoil Proton Directional Detection 

A nuclear emulsion technique has been used on PLT /9/ and ASDEX /10/. 
The basic idea (Fig. 5) is to record the direction of full energy (2.5 MeV) 
recoil protons. Since these recoil protons will be traveling in the same 
direction as the incident neutron, chords of neutron emissivity can be 
determined. The principal limitation to this method is the weak cosine-
squared dependence of the recoil proton energy (Fig. 5). Even with good 
energy resolution of the recoil protons, the neutron could have a significant 
range of incident directions and the resultant spatial resolution is poor. 
Typical emulsions have = 10$ energy resolution, indicating that the incident 
neutron direction is determined to about 20°. Thus for an emulsion mounted at 
the vacuum vessel, the spatial resolution is only - 25? of the plasma diameter 
(Fig. 5). The emulsion data are time integrated and tedious to analyae. It 
is possible to make the detector time-resolved /11/ by using thin scintillator 
sheets (Fig. 6) and recording only the largest energy pulses which should 
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arise from neutrons travelling in the same direction as the thin sheet. Such 
systems have not been attempted since the resolution is fundamentally limited 
by the hydrogen neutron scattering kinematics (Fig. 5). A further degradation 
of the spatial resolution occurs at high ion temperatures or with non-
thermonuclear neutron emission where the energy spread of the neutron emission 
is significant. Profile results (Fig. 7) from PLT /97 using the emulsion 
technique indicate that the neutron emission arises from the plasma center but 
details of the profile are not resolved, as was the case for direct neutron 
collimation (Fig, 4). 

C. ^He Cloud Chamber 

A similar technique was proposed f T T-10 /12/ which could yield higher 
spatial resolution. Measurement of the track lengths and direction of the 
proton and triton from the ^He(n,p)t nuclear reaction in a ^He cloud chamber 
would accurately determine the energy and direction of the incident 2.15 MeV 
neutron (Fig. 8). If the neutron energy is known, then measurement of the 
angle between the proton and triton accurately determines the angle between 
the proton and incident neutron and thus gives the neutron direction. The 
projected accuracy of determining the neutron chords could be as good as 5% of 
the plasma diameter for a cloud chamber mounted at the vacuum vessel, but such 
an experiment has yet to be tried. One difficulty is that the amount of % e 
is large ($500 k U.S.) and is susceptible to loss by accidental venting. A 
second difficulty is in the data analysis where only about 0.01J of the 
recorded tracks would be useful since most of the tracks are due to thermal 
neutrons. 
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3.0 PROFILE DATA DEDUCED FROM CHARGED FUSIOM PRODUCTS 

An essential requirement for a profile measurement is that the energetic 
charged fusion product tj be detected must be poorly confined and drift 
directly out of the device. For machines the size of PLT, the 3.0 MeV proton, 
1.0 MeV triton, and 3.5 MeV alpha particle are useful for profile measurements 
since these particles readily escape, and their gyrodiameters are much smaller 
than the plasma radius. For TFTR, the 14,7 MeV proton orbit is suitable for 
profile measurements; but the lower energy particles tend to be too well 
confined. Unconfined banana-trapped particles are the most useful for profile 
measurements since they have low paralJel velocities and thus are relatively 
insensitive to the poloidal magretic field /3/. Typical grad-B drift 
velocities are in the range cf 10' cm/sec so that the transit time from the 
plasma center to the vessel wall is in the range of 10 usee, or of the order 
of 10"' of a collision time. This class of particles leaves the plasma 
promptly without interacting with the plasma. 

The principal advantage of attempting profile measurements using charged 
fusion products was shown in Fig. 2, which indicates that the range of the 
charged particle in matter is much smaller than the absorption length of 
fusion neutrons. Practically, this means that collimators can be constructed 
with millimeter absorber thicknesses compared to the meter shielding 
dimensions required for neutrons (Fig. 3). 

The chief disadvantage of using the charged fusion products for profile 
measurements is the complex nature of the orbits and the impact of the 
gyrodiameter on the spatial resolution. If the emissivity profile is flat, 
then the position uncertainty is about equal to the gyrodiameter. In many 
actual cases (Fig. 1), the profiles are so steep that the counts for each 
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detector reflect emission from only the small portion of the accepted orbits 
nearest to the plasma center. 

A. Multiple Detectors 

Initial attempts at profile measurements on PLT /3,13,1t/ involved the 
use of multiple detectors. The array of collimated, silicon surface barrier 
detectors viewed a set of curved vertical chords to detect any 3 MeV proton 
born along these paths with the correct initial velocity (Fig. 9). 
Measurements were made during ohmic heating /3/, D° * l?+ neutral beam heating 
(Fig. 10), and during lower hybrid heating /1V. The experimental 
uncertainties are sufficiently small to make ihe data in Fig. 10 comparable in 
accuracy to other measurements but the data did not resolve the differences 
becween the theoretical calculations of the neutral beam deposition /15/ and 
the charge-exchange recombination measurements /16/. The horizontal error 
bars are due primarily to the large radial extent of the 3 MeV proton 
gyroradii (Fig. 9). 

One difficulty with multiple detectors is the need for a large number of 
ports which need to be individually aligned to high accuracy. Relative 
positioning uncertainties (especially in pitch angle) were large and this led 
to the use of single detector housings where relative alignment can be done 
more accurately. An array of the multiple detectors has been used on TFTH for 
measurement of the 14.7 MeV protons /17/ where the ratio of gyrodiameter to 
machine size is the same as for the 3 MeV protons on PLT. 
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B. Pitch Angle Resolution 

A complete profile measurement /18/ was obtained on PLT using a single 
detector (Fig. 11) placed at the edge of the plasma. The recording element in 
this experiment is a CR-39 plastic nuclear track detector /19V which detected 
escaping 3.7 MeV alphas created by d(^He,p)a fusion reactions during ICRF 
heating of a minority 3 He population. Etching of the CR-39 showed the 
location of the time-integrated alpha bombardment. Vertical displacement of 
the track location corresponds to a resolution of the gyroradius of the 
escaping particles implying an energy resolution of the escaping alphas of 
about 3 MeV/mm for the detector in Fig. 11. Horizontal displacement of the 
track locations on the plastic corresponds to pitch angle resolution of the 
escaping particles. 

Pitch angle resolution of these particles corresponds to spatial 
resolution from the plasma (Fig. 12b). Essentially the different pitch angles 
are caused by different parallel velocities of each particle and the different 
parallel velocities are displaced in a major radius by the tokamak's poloidal 
magnetic field. The spatial resolution in the vicinity of the peak emission 
(near the RF resonance layer) was limited to approximately the gyrodiameter of 
the escaping alpha particles (Fig. 12). 

A similar system /20/ is being evaluated on TFTR for measurement of the 
3.5 MeV alpha from the D(t,n)<x fusion reaction. In order to obtain time 
resolution in the 10 msec range, the CR-39 plastic has been replaced by a Zn3 
scintillator screen (Fig, 13) whose image is relayed to a camera or a set of 
photomultipliers. This scheme has been successfully tested on TFTR using 
escaping 1 MeV tritons from the d(d,p)t fusion reaction. 

An interesting feature of the pitch angle pattern expected for 3-5 MeV 
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alphas in TFTR is that the detector should receive no signal from the plasma 
center where the alphas are expected to be confined/4/. In this case (Fig. 
13), the signal pattern should have a discontinuity at the pitch angle 
corresponding to the boundary between confined and unconfined alphas. The 
magnitude of the discoiitinuity depends on the alpha source profile and the 
pitch angle depends on the current profile. Furthermore, anomalous alpha 
losses should appear as a signal pattern enhanced at various pitch angles. 
For the case of anomalous alpha transport without much pitch angle scattering, 
a large enhanced signal should appear at the pitch angle of the discontinuity 
as the alphas are radially transported to the location of neoclassical orbit 
loss. 

C. Gradient Measurements 

Often in tokamaks (Figs. 1 and 12) the fusion emissivity is a steep 
function of position varying as much as an order of magnitude in a few 
centimeters. In this situation, the charged reaction products are useful for 
determining the local gradient in the fusion reactivity and thus the local ion 
temperature gradient and the local ion thermal conductivity /21,22/. The 
local gradient in the 3 MeV proton d(d,p)t emission has been determined 
recently on PLT using a silicon surface barrier detector behind a collimator 
which allows three slightly different pitch angles to enter (Fig. 14). Each 
pitch angle resolves orbits which are displaced only slightly. The particles 
which pass through each angle are identified by pulse height analysis (Fig. 
15). The 3 MeV protons are separated in pulse height by reducing their energy 
with different thickness foils in front of each angled collimator hole (Fig. 
14). The relative counts in the three peaks (Fig. 15) give a measure of the 
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gradient in the dd reactivity. By using three single channel analyzers, the 
time evolution of the gradient can be determined. A similar design was also 
attempted on TFR /23/ to determine the source profile but was not adec.jately 
colligated to view only a steep gradient portion of the profile, 

D. Coincidence Measurements 

Potentially, an enormous improvement in spatial resolution could bo 
obtained by detecting the two products of a single fusion reaction in 
coincidence. Such a technique is illustrated conceptually in Fig, 16 using 
the d(^He,p)a fusion reaction in TEXT. The 14.7 MeV proton detector would be 
collimated to see reactions only along a particular sight-line and an array of 
alpha-particle detectors (Fig. 16) would count in coincidence and would 
determine the spatial location of the fusion reaction as the intersection of 
the two orbits. One problem in such an experiment would be random coincidence 
events due to the possibly large alpha and proton non coincident count 
rates. Calculations indicate that useful coincidence measurements are 
possible for devices the size of TFR or TEXT but would be difficult on TFTR 
due to the random coincidence events /24/. 

4.0 SUMMARY 

While fusion reaction profile measurements are feasible with neutron 
diagnostic techniques, published -lata have been useful mainly to locate the 
peak emissivity. Recently, charged fusion product measurements have provided 
additional profile data. Advanced techniques are under development which 
could substantially improve the accuracy of these measurements. 
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FIGURE CAPTIONS 

Fig. 1 Predicted dd fusion emissivity profiles (error bars) for Dili /I/. 
The solid lines in the neoclassical ion energy balance prediction 
for Dili. The circles are the neoclassical prediction at the 
spatial location of the Dill ion temperature measurements /I/. 

Fig. 2 Proton and alpha ranges /5/ and exponential neutron absorption 

lengths /6/ for these energetic particles in iron. 

Fig. 3 Schematic diagram of the TFTR multichannel neutron collimator /!/. 

Fig. 4 Radial profile of the Alcator A 2.5 KeV neutron emission obtained 
using a water-filled neutron collimator /8/. 

Fig. 5 Proton energy as a function of the angle between the incident 2.5 
MeV neutron and the measured direction of the recoil proton. The 
spatial resolution is for an emulsion mounted at the vacuum vessel 
and is expressed as a fraction of the plasma diameter. 

Fig. 6 Required detector thickness, d, for a specified resolving angle {and 
thus spatial resolution) assuming the detector is a thin sheet of 
plastic scintillator with energy resolution of about 5% /11/. 

Fig. 7 Radial profile of the d (d,n) ^He fusion neutron emission obtained 
on PLT /9/ using the nuclear emulsion technique. 
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8 Angle between the proton and triton resulting from a 2.45 MeV 
i eutroti-induced ^He(n,p)t reaction in a ^He cloud chamber. The 
measured direction of the proton track and the angle between the 

proton and neutron inferred from the diagram determines the 
direction of the incident neutron /127. 

9 Poloidal projection of 3 MeV proton orbits in PLT. Each detector 
could count 3 MeV protons born along this trajectory that had the 
correct initial pitch angle and gyrophase to allow it to reach the 
detector /3,13/. 

10 3 MeV proton emissivity profile during D° -•• D + neutral beam heating 
in PLT /14/. The shaded region is the theoretical calculation /15/ 
and the solid line shows charge exchange recombination measurements 
/16/. The dotted lines indicate measurment of the emission gradient 
obtained by in-out motion of the plasma column. 

11 Schematic of the PLT escaping alpha detector showing the relative 
placement of the pinhole, slit, and CR-39 plastic /18/. 

12 a. Spatial profile of the cPHe fusion emissivity as determined by 
pitch angle resolution of the escaping 3.7 MeV alphas /18/. 

b. Pitch angle of the detected alphas as a function of the major 
radius of their guiding-center midplane crossing. This curve 
relates the signal level at a pitch angle to the plasma position in 
Fig. 12a. 
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13 Schematic diagram of the TFTR escaping alpha detector which features 
time resolution achieved by imaging of a ZnS scintillator screen. 
For classical alpha particles, projected pitch-angle resolved 
signals will yield profile information only from the outer plasma 
regions and will have a discontinuity at the boundary to the 
confined alpha orbits. 

14 Schematic diagram of the PLT 3 MeV proton gradient detector. The 

detector resolves three pitch angles and therefore three slightly 

displaced orbits. 

15 Source-weighted minor radius of detection for the PLT 3 Mev proton 

gradient detector (Fig. 14) with a sample pulse height spectrum 

indicating the ability of the foils to displace the proton energies 

sufficiently to identify each pitch angle. 

16 Schematic diagram of a possible coincidence measurement on TEXT to 
spatially resolve the d(^He, p)n fusion reaction profile. The 14.7 
MeV proton detector would look for a coincident event in one of the 
3.7 MeV alpha detectors. The alpha detector which had a coincident 
event would locate (by the intersection of the incident orbits) the 
position of the fusion reaction which created both particles. 
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