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INTRODUCTION 

Alpha particles will play a critical role in the physics and successful operation of 
ITER. Achieving fusion ignition requires that the a-particles created by deuterium- 
tritium (D-T) reactions deposit a large fraction of their energy in the reacting plasma 
before they are lost. Toroidal field ripple can localize any alpha particle losses and 
cause first wall damage. Obtaining information on the a-particles in ITER is a high 
priority diagnostic goal. 

We have proposed a new method of measuring the fast confined cy-particle dis- 
tribution in a reacting plasma.’ The same elastic collisions that transfer the alpha 
energy to the D-T plasma ions and allow fusion ignition will also create a high energy 
tail on the deuterium and tritium ion energy  distribution^.^^^ Some of these energetic 
tail ions will undergo fusion reactions with the background plasma producing neutrons 
whose energy is increased significantly above 14 MeV due to the kinetic energy of the 
reacting ions. Measurement of this high energy tail on the D-T neutron distribution 
as a function of plasma minor radius would provide information on the alpha density 
profile with a time response equal to the ion slowing-down time (- few seconds). 

Although this technique may provide only limited information on the a-par- 
ticle energy distribution, experimental studies of fast ions on existing tokamaks have 
shown that the observed slowing-down is essentially classical. Hence the a-energy 
distribution is expected to be classical except in situations where the a-confinement 
is poor. The confinement of a’s can be affected by ripple losses and a number of 
instabilities4 Toroidal field ripple can cause both prompt orbit losses and stochastic 
ripple diffusion losses. Magnetohydrodynamic (MHD) activity, including fishbone 
instabilities, toroidal Alfvhn eigenmodes (TAE), and sawtooth oscillations, may also 
affect alpha confinement. The diagnostic proposed here, by monitoring the confined 
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alpha population, can provide valuable information on the confinement of fast alphas 
in a reacting plasma. Measurement of the confined alpha density profile will be 
especially important in ITER where it is needed to calculate the alpha heating profile. 
Studies of alpha heating will be an important objective of the ITER experiment. 

SIZE OF THE KNOCK-ON TAILS 

The first step is to calculate the size of the energetic plasma ion tail popu- 
lations due to knock-on collision with alphas. Our results are reported in Ref. 1. 
Results of similar calculations are reported in Ref. 5.  Using the classical slowing- 
down alpha distribution under ITER Conceptual Design Activity (CDA) conditions 
T, = = 17 keV, n, = 2 n ~  = 2nT = 8 .  l O I 3  ~ r n - ~ ,  we find the ion tail spectra given 
in Fig. 1. This figure shows the fractional tritium ion density per MeV versus the ion 
energy. A very similar result is obtained for the deuterium ion tail due to knock-on 
collisions with alphas.' Figure 1 shows two curves, the result with only Coulomb scat- 
tering included and the result with nuclear plus interference forces included. Nuclear 
forces are important for these small impact parameter knock-on collisions. The alpha 
knock-on tail breaks out of the Maxwellian ion tail at ion energies above approximately 
200 keV. At this energy the fractional tritium ion density nF1dnt/dE - falling 
relatively slowly to at - 2 MeV. Also shown in Fig. 1 
is the classical slowing-down distribution of 1 MeV tritons from D-D fusion reactions 
occurring in this D-T plasma. Fortunately, the alpha-induced tail is lazger than the 
D-D triton population by over a factor of five, so that measurements reflecting the 

at - 800 keV and 

ion tail can be used to provide information on the alphas. 
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Figure 1. Calculated ion energy distributions due to alpha knock-on collisions under ITER condi- 
tions. Te=q111=17 keV, ne=2nD=2n~=8.1013 Figure shows the fractional tritium ion density 
in units of (MeV)-'. The effects of the knock-on collisions with Coulomb forces only and with 
nuclear plus interference forces are shown. Ako shown is the classical 1 MeV triton distribution 
from D-D reactions. 
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Next we calculate the D-T neutron energy spectrum resulting from these ener- 
getic knock-on tail ions undergoing fusion reactions with their much more populous 
thermal counterparts. Because of their higher mass, the tritium tail ions contribute 
significantly more to the energetic neutron tail than do the deuterium tail ions.’ The 
neutron energy resulting from a triton of energy f i  colliding with a thermal D ion 
(ED << &) is given by E, = (En)  + ASn cos8 where 9 is the CM-frame angle of 
emission of the neutron with respect to the incident triton direction and 

where 

This result comes from conservation of energy and momentum. The Q for the D-T 
reaction is 17.6 MeV so that 

E, = 14.1 MeV + 0.44Er + 0.62 [ET (17.6 MeV + 0 . 4 ~ ) ] ’ 1 2  cos0 . (4) 

Since a tritium ion can receive up to 3.4 MeV in a single collision with a 3.5 MeV 
alpha, Eq. (4) indicates neutrons with energies up to 20.6 MeV will result from a- 
particle collision-induced tail ions. 

Figure 2 shows the D-T neutron energy spectra calculated using Eq. (4) and the 
tritium ion distribution of Fig. 1 reacting with the bulk deuterium i0ns.l The ion 
distributions were assumed to be isotropic in 8. The vertical axis is the fractional 
neutron distribution N & . ~ N D T / ~ E ,  in units of (MeV)-l, while the horizontal axis 
is neutron energy. The neutron tail is smaller than the ion tail due to the drop in the 
D-T fusion cross-section with tritium ion energy above ET N 180 keV. 

Other possible sources of high energy neutrons in a fusion plasma include thermal 
broadening of the D-T neutron emission and reactions involving fast ions from neutral 
beam or ICRF heating. Alpha knock-on effects begin to dominate the thermal 
broadening of the D-T neutron spectrum above neutron energies of - 15.5 MeV. 
Beam-beam reactions will not produce neutrons above 16.0 MeV at beam energies of 
up to 140 keV so will not be a problem on TFTR or JET. Beam-target neutrons will 
also not be a problem at these beam energies according to our calculations. If ITER 
uses neutral beams for heating or current drive at energies N 0.5 to 1 MeV, the knock- 
on neutron technique would remain useful during the latter stages of the heating phase 
of ITER and during the ignited burn phase, after the beams have been turned off. 
ICRF heating can easily produce energetic tails on minority ion distributions but 
will not produce a significant energetic tail on the majority deuterium or tritium ion 
distributions unless the plasma density is low (- a few lo1’ cm-’). The question of 
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Figure 2. Calculated D-T neutron energy spectrum for the tritium ion distribution of Fig. 1 reading 
with thermal deuterium ions. Also shown are the neutron activation crosssections for the 'Be(n,d) 
and 160(n,2n) reactions. 

whether ICRF heating will enhance the tail created by the alpha knock-on collisions 
needs to be examined. We expect the alpha-knock-on effects to dominate the neutron 
tail production above 16 MeV under most plasma conditions on TFTR, JET, and 
ITER. 

NEUTRON THRESHOLD ACTIVATION DETECTORS 

One of the most straightforward and attractive methods of measuring the D-T 
neutron tail is activation detectors. This method utilizes nuclear reactions which 
require that the incident neutron energy be above a threshold energy to produce the 
reaction. A very attractive candidate reaction is: 

n + ; 6 0 - 4 5 0 + 2 n  , 
with a threshold energy of 16.7 MeV. Figure 2 also shows the l60(n, 2n) cross-section' 
as a function of neutron energy. The 1 5 0  end product subsequently decays to 15N via 
positron emission with a half-life of 2.1 min. 
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By exposing an activation target containing oxygen to the D-T neutron flux from 
a reacting plasma, only those neutrons with energies above 16.7 MeV can excite the 
l60(n,2n) reaction. By only exposing the activation target for a few seconds, we 
can monitor the alpha-induced tail with a time response limited only by the energetic 
deuterium and tritium ion slowing-down times (2 1 sec in these plasmas). The 
target is then transported to a radiation-quiet area where the 1 5 0  decay gammas are 
measured. The positron emitted by 1 5 0  will annihilate with an electron inside the 
activation target producing two coincident 511 keV gamma-rays emitted in opposite 
directions. Hence the activation target would be placed inside a split well detector 
which would require both gamma-rays to be detected in coincidence. Measuring the 
511 keV coincident gamma-rays that were observed to decay in a 2.1 min half-life 
would ensure that we were monitoring the desired 160(n, 2 n) activations, and allow 
discrimination against other background sources of gamma-rays. Background gammas 
from 1 6 0 ( n , p )  reactions excited by the much larger flux of 14 MeV neutrons would 
be a problem if not for the 7.4 sec half-life of the resulting 16N. The 160(n,2n) 
reactions resulting from the neutron tail will dominate the decay gamma spectrum 
4 min after the exposure to the tokamak neutron flux. It will also be necessary to 
load the transport capsule used to transfer the oxygen activation target in a helium or 
other non-air atmosphere. Otherwise the 14 MeV neutrons will produce I4N(n,2n) 
reactions with the air trapped inside the capsule. The resulting p+ decays of 13N, 
which has a 10 minute half-life, would dominate over the 160(n, 271) signal reactions 
from the knock-on neutron tail. Preliminary tests of this approach are underway on 
TFTR. 

Using the calculated neutron spectrum and the activation cross-section in Fig. 2, 
we have calculated the expected signal levels for various tokamaks. The existing 
activation target transfer systems on TFTR and JET restrict the target volume to 
approximately 20 cm. This size target exposed for 1 sec during D-T operation of 
TFTR or JET at 4 * 10" n/sec would produce about 9,000 total "O(n ,  2 n) activa- 
tions. Hence the detected coincident gamma-ray signal rate would be approximately 
50/sec for a high-efficiency well detector. ITER at a neutron output of 
4 * lo2' n/sec would produce 2 - lo4 total activations after a 1 sec exposure yielding a 
detected gamma signal rate of 1.3 - 105/sec for a 1000 cm3 target. 

Using other target elements with different neutron energy thresholds could pro- 
vide a cross-check on the results and also possibly provide some information on the a- 
particle energy distribution. A classical slowing-down alpha distribution was assumed 
in the results of Figs. 1 and 2. For example, the reaction with beryllium 

:Be+n+!Li+d , 
has a threshold energy of 16.3 MeV and a cross-section' about ten times larger than 
the 160(n,2n) cross-section as shown in Fig. 2. The resultant 'Li decays via p' 
decay with a half-life of 0.84 sec. The short half-life means that the target transfer 
must be done as quickly as possibie. The existing JET transfer system requires about 
8 sec but it may be possible to reduce this.7 A Cerenkov detector is attractive because 
it only produces a signal if the decaying p- has a velocity greater than the velocity 
of light .in the Cerenkov medium. Even high purity Be contains impurities such as 
boron, carbon, and oxygen which can be activated by the much larger flux of 14 MeV 
neutrons and also result in p-  decays. Fortunately, we have calculated that the purest 
forms of Be should be useable if the Cerenkov detector is designed to detect only P-'s 
with energies above 10.4 MeV. The Cerenkov p-  energy threshold is controlled by the 
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index of refraction in the chamber, which is determined by the gas pressure. Under 
ITER conditions, the calculated ’Be(n, d)  activation using Fig. 2 results in 5 .  105/sec 
decay p-’s for a 20 cm3 Be target exposed for 1 sec. Since the half-life is only 0.8 sec 
the activation rate quickly saturates at this level and then tracks the knock-on tail 
population with - 1 sec time resolution. Under JET and TFTR conditions, the 
corresponding signal size is 6 - 104/sec. The signal drops to - 70/sec after the 8 sec 
transfer time required by the existing JET transfer system. 

By installing a number of threshold activation detectors in a collimated neutron 
detector array, it may be possible to monitor the neutron tail size as a function of 
minor radius in the plasma. The neutron tail is linearly proportional to the local 
alpha density in the region viewed by the detector. Using the profiles of electron 
temperature and density measured by other diagnostics, we can then calculate the 
local alpha density producing the knock-on tail. Since the neutron emission profile 
is highly peaked, the neutron tail measured by each detector in the array will reflect 
the alpha density at the point of highest neutron emission in its view, i.e., the point 
where the detector sightline is tangent to the plasma flux surface. 

NEUTRON SPECTROSCOPY TECHNIQUES 

We have examined a number of other methods to observe the energetic D-T 
neutron tail due to alpha knock-on collisions. A magnetic proton recoil (MPR) spec- 
trometer similar to that discussed by J. K&e et aL8 has promise for measurement of 
the D-T neutron tail. Ideally it would be designed to maximize the small neutron tail 
signal by increasing the detection efficiency at the expense of reducing the energy 
resolution. Hence it might differ somewhat from an MPR system optimized for 
ITER ion temperature and D/T fuel density ratio measurements. This technique 
requires that the detector background due to neutrons and gamma rays from ITER 
be minimized using a combination of shielding and detectors with very low neutron 
and gamma ray sensitivity. 

Another technique we are studying is neutron time-of-flight spectroscopy. Time- 
of-flight spectroscopy has been successfully used on JET to measure ion temperature. 
Figure 3 shows a high count rate time-of-fight spectrometer proposed for ITER by 
T. Elevant et d.9. The collimated incident DT neutron flux interacts with a thin 
(0.3 mm) polyethylene scattering foil oriented along the neutron path. Neutrons 
scattered at 45 deg from probes in the foil are detected in the lower set of fast 
scintillator detectors Dz which are approximately 5 m from the foil. The start signal 
is obtained by detecting the foil protons which are scattered upward at 45 deg into a 
linear array of fast scintillation detectors. Both the scattered neutrons and protons 
carry half the incident neutron energy, because of the 45 deg scattering angle. The 
projected overall neutron signal rate is &T - 106/sec at an incident neutron flux of 
109/cm2-sec. Using the results in Fig. 2, we can expect 

- 10-*/MeV (106/sec) - 102/MeV-sec , dNtd 
dE 

counts in the neutron tail at E, N 16.5 MeV. 
The expected time-of-flight spectrum is schematically shown in Fig. 4. The ion 

temperature broadened DT neutron peak appears above the flat random coincidence 
spectrum. On the high energy (short flight time) side of the spectrum, the knock-on 
tail neutrons appear above the flat random coincidence background when 
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Figure 3. High count rate timeof-flight neutron spectrometer for ITER proposed by T. EleMnt, 
Rev. Sci. Instrum. 669381 (1995). 

where fitail is the knock-on signal rate, At is the data collection time, fi1 and f i 2  
are the random (background) counting rates in the start and stop detectors, and T is 
the time window - 1 nsec. Hence it is very important to minimize the background 
counting rates, k1 and k2. The intrinsic backgrounds due to neutron scattering 
&om the scattering foil will require integrating the data for - 30 sec to observe the 
knock-on tails. 

The time-of-fight spectrometer described in Fkf. 9 is designed for ion temperature 
measurements. It should be possible to sacrifice some energy resolution and reduce 
the required data collection time for knock-on tail measurements. For example, if the 
neutron detectors are moved closer to the scattering foil, both the signal rate and 
the intrinsic background rate &2 should increase. This should result in a reduction 
in the data collection time necessary for measuring the knock-on tail. Trade-offs are 
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Figure 4. Expected time-of-flight neutron spectrum showing knodc-on tail and “flat” background 
due to random coincidences. 

also possible in the neutron scattering angle, proton detector distance and angular 
collimation, and foil thickness and composition. 

Other neutron spectroscopy techniques under consideration as a result of this 
workshop include scintillating fiber neutron spectrometers” and bubble chamber 
threshold detectors.ll 

OBSERVING ION TAILS DIRECTLY 

In addition to measuring the D-T neutron tail due to alpha knock-on collisions, 
it may be possible to directly measure the knock-on plasma ion tails. Experiments 
on JET have shown that energetic hydrogen neutrals are created when ICRF heating 
generates H-ion tails and these MeV tail ions subsequently charge exchange with 
single electron impurity ions Be3+ and C5+ in the center of JET.12 We have observed 
energetic H neutrals during similar experiments on TF’TR, and have also observed 
tritium neutrals from 1 MeV tritons produced in D-D reactions in TFTR. JET 
experiments have also resulted in observations of high energy tritium neutrals from 
1 MeV tritons interacting with single electron impurity ions during D-D experiments. 
Since the predicted D and T energetic ion tails due to alpha knock-on collisions 
are somewhat larger than these 1 MeV triton populations, we can expect to observe 
measurable high energy neutral signals due to alpha knock-on collisions during D-T 
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operation of JET. This assumes we add neutron shielding to the JET neutral particle 
analyzer to keep the D-T neutron background near present D-D levels. This should 
be possible since we have achieved a reduction of more than a factor of 100 in D-T 
neutron background by adding neutron shielding to a nearly identical Ioffe analyzer 
on TFTR. 

Hence it may also be possible to observe the D- and T-ion tails due to alpha colli- 
sions as they also can pick up a single electron from impurity ions. Calculations show 
this technique should produce neutral signals on JET comparable to those produced 
for alpha observations while not requiring a helium diagnostic beam. Reionization of 
the newly created tritium neutrals as they exit the plasma will require correction of 
the measured spectra. For example, approximately 50% of the 1 MeV tritons created 
at T / U  - 0.5 will escape to the edge of ITER. Tests of the direct ion tail measurements 
using a high energy neutral particle analyzer are planned on JET in collaboration with 
JET scientists. 

CONCLUSIONS 

Measurement of knock-on tails should provide valuable information on alpha 
particles in ITER. Direct measurements of the energetic ion tails would provide 
information on both the alpha population and energy spectrum, and could be done 
using the same high energy neutral particle analyzers proposed for alpha charge 
exchange measurements using neutral beams or pellets. 

Measurements of the energetic neutron tail on the DT neutron emission from 
ITER offers a very attractive approach to alpha particle diagnostics. It is non- 
perturbing to the plasma, relatively low cost, and requires no vacuum penetrations. 
A collimated array of neutron threshold activation detectors can be used to provide 
information on the alpha density profile. Time-of-fight and/or magnetic proton recoil 
neutron spectroscopy should provide information on the alpha energy spectrum as well 
as the alpha population in ITER. 

It would be highly desirable to test these approaches during D-T operation of 
TFTR or JET. Preliminary tests of the oxygen neutron threshold activation system 
are planned for TFTR, while tests of the direct ion tail measurements using charge 
exchange neutrals are proposed on JET. 
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