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Neutron measurements during injection of deuterium pellets into deu
terium plasmas on the Tokamak Fusion Test Reactor {TFTR) indicate that 
the fractional incvase in neutron emission about 0.5 msec after pellet injec
tion is proportional to the fraction of beam-plasma reactions to total fusion 
reactions in the unperturbed plasma. These observations suggest three di
agnostic applications of neutron measurements during pellet injection: (1) 
measurement of the beam-plasma reaction rate in deuterium plasmas for 
use in determining the fusion Q in an equivalent deute.-ium-tritium plasma, 
(2) measurement of the radial profile of energetic beam ions by varying 
the pellet size and velocity, and (3) measurement of the '"temperature" 
of ions accelerated during wave heating. 
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I. INTRODUCTION 

Injectors that fuel the plasma with solid hydrogenic pellets [1] are in use 
in most large tokamak experiments. On the Tokamak Fusion Test Reactor 
(TFTR) , initial experiments with deuterium pellet injection were conducted 
early in 1985 [2]. During these experiments, measurements of the d(d,n) 
neutron emission were made with two stilbene scintillators [3] mounted at 
different toroidal locations just outside the tokamak vacuum vessel. Studies 
of the physics of pellet ablation with these scintillators is reported elsewhere 
[4]. This paper discusses diagnostic applications of fast neutron measure
ments during pellet injection. Some of the ideas presented here are analo
gous to the technique for measuring <£»// described by Vasin el ah [5]. 

The paper begins with a brief summary of the T F T R observations. 
Next, application of pellet injection to the problem of extrapolating neu
tron measurements in a deuterium plasma to the fusion production in an 
equivalent deuterium-tritium (d-t) plasma is discussed. The d-t equivalent 
fusion Q \Q = (fusion power produced)/(power deposited)!, Qeft

u%v , is im
portant because QeJl

t

u,v is often used as a fi^ure-of-merit in evaluating fusion 
devices. Moreover, accurate determination of Q^ can indicate the most 
effective means of introducing tritium into the tokamak in an actual d-t 
experiment (i.e., pellet injection for thermonuclear reactions, gas puffing 
for beam-target reactions, or neutral injection for beam-beam reactions). 
Next, application of pellet injection to measurement of the radial profile of 
energetic beam ions is considered. Radial profiles of beam neutrals or ions 
have been measured previously in tokamaks using charge-exchange recom
bination spectroscopy [6], collimated 3 MeV proton measurements [7j, and 
collimated 2.5 MeV neutron measurements (8j. Relative to these techniques, 
the use of fast neutron measurements during pellet injection appears con
siderably simpler with comparable accuracy. Finally, pellet injection as an 
alternative to neutron spectroscopy is considered. It is shown that during 
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wave heating, the "temperature" of the deuterium tail can be inferred from 
flux measurements alone. 

2. EXPERIMENTAL OBSERVATIONS AND INTERPRETATION 

The time evolution of the neutron flux measured with a plastic scintilla
tor mounted adjacent to the T F T R pellet injector (displaced 18° toroidally) 
is plotted in Fig. 1. When a deuterium pellet is injected into an ohmically 
heated deuterium plasma, no spike is observed at the time of pellet abla
tion and the neutron emission decays with a time constant of about 1 ms 
to a reduced level (Fig. l a ) . When a deuterium pellet is injected into a 
deuterium plasma heated by 80 keV deuterium beams, a large spike in the 
neutron emission is observed just after the pellet finishes ablating (Fig. lb) . 
A smaller jump in neutron emission is observed by a scintillator situated 
126° toroidally from the pellet injeclor. The signals from the two detec'ors 
coalesce (indicating the pellet ions have redistributed toroidally) in 0 .1-
0.7 msec, depending on the density of (he pellet relative to the background 
plasma density. The neutron emission then decays to a reduced level with 
a time constant of about 10 msec (only aboui 1 e-folding time is shown in 
Fig. lb ) . Measurements of the redistribution of pellet density perpendicu
lar to the field lines with a five-channel Far Infrared Intrrteromeler indicate 
that the characteristic time for radial redistribution of the pellet density is 
considerably longer ('20-100 msec) [10]. 

In ohmically heated plasmas, the neutron emission is thought to be of 
thermonuclear origin. No spike in the neutron emission occurs when a pellet 
is injected into a thermonuclear plasma because the fusion reactivity of the 
warm Maxwellian distribution with the cold pellet distribution is much less 
than the reactivity of the warm ion distribution with itself. The reactivity 
trv (T\,T2) of two Maxwellian distributions of different temperatures T] 
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and Ti is given by (Appendix) 

<rv {TlfT2) ~ 4.1 x 10" " ( T i + T 2 ) - 2 / 3 e x p [ - 2 4 . 9 ( T 1 +T2)~l'% (1) 

where T is in keV. For a deuterium temperature Td = 2 keV and pellet 
temperature T p ^ 0 keV, <7v (7^,7^) = 33 av (Td,Tp). Since the pellet 
density about 0.5 msec after ablation is comparable to the initial deuterium 
density, this implies that the expected jump in neutron yield is of order 
1/33 = 3% of the neutron yield prior to pellet injection. The physical 
explanation for the relatively small reactivity of the cold pellet ions with 
the warm deuterons is that most fusion reactions in a thermal plasma occur 
between ions in the tail of the distribution {E ~ 57^) that are traveling in 
nearly opposite directions. In a sense, fusion reactions in a thermonuclear 
plasma are "beam-beam" reactions, so it is not surprising that increasing 
the number of cold deuterons by injecting a pellet does not significantly 
affect the reaction rate. 

In the beam-heated plasma of Fig. l b , the neutron emission increased 
by about two orders of magnitude when the neutral beams were injected. In 
this plasma, the fusion production is dominated by beam-target reactions, 
so adding a pellet to the plasma enhances the reaction rate by rapidly 
raising the plasma target density. 

Collisions between hot ions and the cold pellet plasma reduce the neu
tron emission on a time scale longer than the time required for the pellet 
plasma to equilibrate along a field line. Very few (< l c x) 80 keV beam 
ions strike the solid pellet. Some beam ions (~ 10%) strike the cold dense 
pellet plasma before the electrons equilibrate over the flux surface. Since 
the warm ions that produce thermonuclear reactions are slower than in
jected beam ions, a smaller fraction (~ 4%) iose energy in the dense pellet 
piasma. After the electrons have reestablished thermal equilibrium on a 
flux surface, a warm ion [E — oTa) slows down due to Coulomb drag in 
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about r s = 3 msec, while an 80 keV beam ion slows down in 9 msec. These 
times are consistent with the experimentally observed decay times of the 
neutron emission following pellet injection. For the diagnostic applications 
described below, it is desirable to infer from the actual neutron signal the 
increase in neutron emission A1n that would have occurred in the absence 
of enhanced Coulomb drag on the fusion-producing ions. The longer time 
scale for fast-ion equilibration relative to density equilibration implies that 
A /„ can be determined accurately (to within 10%) by using the slope of 
the neutron emission just after the pellet density has spread over the flux 
surface to extrapolate the neutron signal back to the time of pellet ablation. 

The diagnostic applications described below assume that the time scale 
for parallel density redistribution r[| is short compared to the times required 
for radial density redistribution T± and for deceleration of the reacting ions 
TS (T|| <§; T±,TS). These conditions are satisfied in T F T R but have been 
violated during pellet injection experiments in Alcator C [11]. 

3. DIAGNOSTIC APPLICATION'S 

In order to calculate the effect on the neutron emission of injecting a 
pellet, subdivide the deuterium distribution function into three populations: 
thermal deuterons (d) of temperature 7^, beam or tail ions (b) produced 
by neutral beam injection or some other process, and pellet ions (p) of 
temperature Tp ~ 0. Prior to pellet, injection, the pellet density np is zero 
and the neutron yield /„ is 

/„ = / dr \-n2

d cvdd +nbnd <jvbd + - n | avbh 

1 2 - - 1 
-nd <xvdd +nbnd ovM + ^ (2) 

where n.j is the density of species 1 and the fusion reactivity, 

< ™ 1 2 = / d\i dv2 fi(vi;r)f2{\-2;r)iTvV2, 
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is, in general, a function of position r . It is convenient to identify separately 
the three contributions to the fusion emission: the thermonuclear part, I^1 

C = J'dr±n$wM, (3) 

the beam-target part , /* ' , 

/* ' = / drnbnd crvbd, (4) 

and the beam-beam part, 1^, 

Ib

n

b = jdr^n2

b^vbb. (5) 

Immediately after pellet injection, the fast part of the thermal deuterium 
distribution and the beam-ion distribution change little (Sec. 2), so 

[post ~ ]n+ I dr \npnd <Tvpd. +npnb avbp + ~«p <rvpp 

~ / „ + / drnpnb <rvbp. (6) 

since avpd<gl(JVdd (Sec. 2) and avpp^. 0. Therefore, the change in neutron 
emission, A/„ = I%ost - Jni is 

A 7 n ~ / drnpnb avbp . (7) 

Define a reactivity-weighted beam density hb as 

- _ {<rvbp) (os 
nb = _ np, (8) 

avbp 

where (crvbp) is the spatially averaged reactivity and avbp is the true re
activity at position r . Usually, hb ~ nb since, for classical slowing down, 
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the shape of the velocity distribution function for full-energy beam ions is 
nearly independent of position. The reactivity of beam ions with thermal 
deuterons, ovbd i si i n general, a function of position since the deuterium 
temperature depends on position but, for Td < W&, where Wf, is the beam 
injection energy, the dependence is weak. Manipulating eqs. (4), (8), and (7) 
yields the desired result relating the jump in neutron emission AIn/In to 
the fraction of beam-target reactions /£* / /„ , and to the beam-ion, pellet, 
and thermal densities, 

AA, _ / £ jevbp) fdrnpnb 

I n I n (avbp) fdr U d f l b 

The use of eq. (9) in various limits is discussed in the following subsections. 

3.1 Qd

q,u'v D e t e r m i n a t i o n 

The reaction rate I^u>v in an "equivalent" d-t experiment is related 
to the measured reaction rate In in the actual d-d experiment by 

jequiv _ fljfc/£ + abtln + a-bbln , (10) 

where the coefficients o-j depend on the ratio of the t(d,n) to d(d,n) cross 
section and on the assumed fraction of tritium r] [rj = {hypothetical t r i t ium)/ 
(actual deuterium density)] and deuterium in the hypothetical experiment. 
For example, the coefficient for the thermonuclear term a (/ t is 

ath=2tt(l-n)^L. (11) 
<rvdd 

In general, ath ^ <ibt ^ abb-> since the ratio between the d-t and d-d re
activities depends on the ion distribution function and since the weighting 
of the tritium and deuterium densities are different for each coefficient. In 



evaluating I ^ u l v , the thermal and beam tritium concentrations are treated 
as free parameters and optimized to achieve the maximum value of I ^ u t v . 
After optimization with respect to the density, the three coefficients ath, 
abt, and a^b can be accurately evaluated to within 10% but typically differ 
from one another by 50%. This implies that , for accurate evaluation of the 
equivalent Cf^1™ (Q^?"*" oc ^ ' " " ' ) J separate measurements of I^1, /* ' , and 
/£ 6 are needed. 

At moderate to high plasma densities the beam-beam reaction rate / £ 6 

is usually small compared to the beam-target reaction rate 1^; with beam 
injection at low densities, the thermonuclear rate I^1 is often negligible. 
This implies that simultaneous measurement of the total reaction rate / „ by 
conventional means and of the beam-target fraction I^jln through pellet 
injection [eq. (9)] permit accurate evaluation of I ^ u l v in eq. (10). The 
accuracy of measurement of / * ' / / „ through eq. (9) depends mainly on the 
accuracy of determination of the various densities n.p, n;,, and nd. The 
jump in neutron emission AIn/In typically can be measured to 10%. For 
deuterium neutral beam injection, the beam energy Wb is usually much 
larger than the thermal deuterium temperature Td (W'h -C Tj) and the 
ratio of reactivities appearing in eq. (9) is 

{^A = l+0(Td/Wb), 
(o-i'bp) 

which implies that this term is known to ~ ± 5 % . The deuterium density 
rid is not directly measured in tokamaks. For moderately low Zejj and 
moderate density so that n^ ^> rib, the deuterium density profile can be 
deduced fairly accurately from the electron density measured by Thomson 
scattering (or other means). At very low densities such that n^ = O(rib), 
the deuterium density cannot be determined accurately from the electron 
density; however, pellet measurements in this regime are still valuable to 
verify that the plasma is truly in the regime where beam-beam reactions 
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dominate. The pellet density profile np can be deduced directly from elec
tron density measurements made shortly (•— 1 msec) after pellet injection, 
using the fact that np = Ane for a Z = 1 pellet. Alternatively, measure
ments of the H Q emission (using the usual assumption that the ablation rate 
is proportional to the emitted light), together with the assumption that all 
the mass is deposited in the plasma, could be used to infer np. The least 
accurately known quantity in eq. (9) usually is the density of full-energy 
beam ions, ht, which is generally calculated using beam-deposition codes. 
Note, however, tha t although hb is itself highly uncertain, the sensitivity 
of the deduced beam-target rate l^jln is much less uncertain since er
rors in fib tend to be averaged out by the integration f dr rifrrc^p. Note. 
too, that the integral over hb appears in both the numerator and the de
nominator of eq. (9). In fact, if the pellet deposition profile np{r) can be 
chosen to approximate the deuterium density profile n^lr), the dependence 
on hi largely cancels out. Alternatively, one can attempt to determine the 
sensitivity to beam profile by varying the pellet deposition (Sec. 3.2). In 
conclusion, at moderate to high densities with central pellet deposition, it 
should be possible to measure /* / / /« t o about 25% accuracy, which typ
ically implies an accuracy in determining Q ^ " 1 V of about 20% (assuming 
the absolute accuracy in measuring Jn >s 15%). At very low densities, the 
achievable accuracy in determining J'n/I-n. is probably only about a factor 
of two but, in this regime, determination of I^u'v from flux measurements 
alone is also highly uncertain, so the measurement is still valuable. Fur
thermore, although Qeft

u,v is useful as a figure-of-merit, the real value of 
these measurements is to determine the actual mix of fusion reactions in 
order to guide the physical interpretation of the experiment and to select 
the most judicious means of adding tritium to the device in an actual d-t 
experiment. 
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3.2 Beam-ion profile 

At moderate density and moderate ion temperature, the neutron emis
sion during high voltage neutral beam injection is dominated by beam-
target reactions ( / £ ' j l n — 1)- For the sake of discussion, consider the 
typical case sketched in Fig. 2: the deuterium density profile is relatively 
broad, the beam-ion profile is centrally peaked, and the pellet ablates before 
traveling to the center of the plasma, reaching a minimum radius r = rabiat 
(Fig. 2). For this case, / drn^i0 ^ ANehb(rabiat), where ANe is the num 
ber of pellet electrons deposited in the volume near r = rabiat- Thus, eq. (9) 
can be rewritten 

. AIn (<rvbp) f drnjib 
nb{rabiat) — —j n j ~ r T — ; 

n (crvbp) e 

nb(rabiai) oc - A j y . (12) 

The radius of pellet ablation rabiat can be varied by varying the pellet 
velocity and size (1], To measure the beam-ion profile, one could establish 
a reproducible condition and vary the pellet ablation radius shot-to-shot. 
Measurements of the jump in neutron emission A / n / 7 „ and of the electron 
density ANe would then yield a beam-ion density profile through eq. (12). 
The shape of the profile probably could be determined to 20%; the absolute 
accuracy would be much poorer since it depends on absolute measurements 
of the neutron emission and electron density, and on the calculated beam-
pellet reactivity, {<TVbp}-

During ICRF heating of a deuterium plasma with a small amount of 
5 He , the 3 H e ions are accelerated to large energies and produce d('lHe,p) 
beam-target reactions [12]. To diagnose the energetic 3 H e profile at the 
midplane, one could measure the jump in )5 MeV proton emission [which 
is analogous to AIn/In in eq. (9)] during deuterium pellet injection. The 
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profile obtained by varying the pellet size or velocity could then be used to 
infer the power deposition profile of the ICR.F. 

3.3 Tail Temperature 

During Lower Hybrid Heating (LHH) of deuterium plasmas, an ion tail 
can form that enhances the neutron yield by up to two orders of magnitude. 
Under these conditions (and under similar conditions with other forms of 
wave heating), relatively few particles are accelerated by the wave so that 
beam-target reactions dominate beam-beam reactions (/£ 6 <SC /£ ' ) . The 
balance of wave acceleration against Coulomb drag tends to produce a tail 
distribution that is characterized by a "temperature" Ttaii. There is some 
experimental evidence for a Boltzmann tail distribution during LHH [13] 
but. even if the tail distribution is not precisely Maxwellian, Ttllti can still 
be used as a convenient measure of typical tail energies. We assume that, the 
pelJet penetrate:; to the magnetic axis and that the tail ion density peaks 
near the plasma center, which is true during LHH [7,14]. Then ( drndhb — 
rta(0)Nb, where Nb is the number of energetic tail ions, and j ' drn.j/ib — 
np(0)Nb — An e(0)iV(,. With the further assumption that the thermonuclear 
emission originates from the center of the plasma, which is normally the 
case, we can rewrite eqs. (2), (3), and (9) as 

- ~ ^ l + {2nb/nd)(aibd/^vdd) (13) 

and 
^in/l-n ^ {2ni>/nd)(avbp / <rvdd) , , 
Ane/nd ~ j + [2nb/nd)(Mbd / wdA)' 

Equations (13) and (14) constitute two equations for the two unknowns 
nb/nd (the normalized beam density) and Ttaii (which appears through 
the reactivities <rvbv and vvdd) in terms of the measured quantities / n /A ' / 1 
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(the normalized neutron emission), AInnd/InAne (the normalized jump 
in neutron emission), and the bulk temperature Tj- Various numerical 
solutions of these equations are plotted in Fig. 3. The various reactivities 
in eqs. (IS) and (14) were evaluated using eq. (1), Figure 3 indicates that , if 
the jump in neutron emission upon pellet injection is large, the tail density 
is low and the effective temperature is high. On the other hand, if the jump 
is small, the taii distribution is relatively cold and dense. 

The results in Fig. 3 are not very sensitive to the accuracy of the 
determination of the bulk temperature Td- For representative values of 
A / „ / 7 n (= 0.3) and In/l!^ {= 3), doubling the bulk temperature only 
changes the deduced tail temperature by 20%. 

Previously, the tail energy during LHH has been measured using charge 
exchange and 3 MeV proton spectroscopy [13]. Compared with these tech
niques, pellet injection appears t c be a simple way to detect the Dresence 
of a high energy tail and to estimate it.<= energy. 

4. CONCLUSION 

In a machine equipped with a pellet injector and an accurate electron 
density profile diagnostic, scintillator measurements of the jump in neu
tron emission constitutes a simple technique to estimate the temperature 
of a deuterium tail, measure the profile of fusion-producing beam ions, and 
accurately determine Q ^ " 1 " • 
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APPENDIX. REACTIVITY OF A BI-MAXWELLIAN PLASMA 

The derivation of the reactivity av for two Maxwellians follows closely 
the derivation of the reactivity for distributions of equal temperature [15]. 
Reexpressing the velocities of particles 1 and 2 in terms of the center of 
mass (CoM) and relative velocities and carrying out the integrations over 
angle and CoM velocity yields 

1 
at— — y/irm 

3 /2 2m2 ^ *<* '"> 
7 \miT2 + m2T] 

/ •OO 

/ UdUa(U) 
Jo 

exp 
-m2U 

mxT2 + m2Ti 
(A.l) 

where m ! i 2 and T\^ a r e the mass and temperature of particles 1 and 2 
and U — m,\v2/2 is the relative energy. Equation (A.l) is exact. At low 
energies, many cross sections can be approximated by the Camow form, 

C-
c7(U)^1J-exp[-Cl/Vu) (A.2 

For low temperatures, the argument of the integrand in Eq. (A.l) peaks 
strongly for some value U — U0 and the integral may be approximated 
using asymptotic analysis [16]. The result is 

av s/Zm 

x exp 

I ( m 2 ) C2C1/3 

i \m1T2 + m2T1) 2 x 

\ I \mjJ2 +m2li J 

I / ! (A.3) 

Using Miley's fits to the cross section [17], the expression for the d(d ,n) 3 He 
reactivity is 

™ ~ 4 . 1 x 1 0 - 1 4 ( r , + r 2 ) ~ 2 / 3 exp [-24.9 (71! +T2)~l/3 
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file:///mjJ2


where <rv is in cm 3 / s ec and T is in keV. Equation (A.4) agrees to within 
10% with numerical evaluation of eq. (A.l) in the range T = 0.1-25 keV. 

For T\ = T2, eqs. (A.3) and (A.4) have the same functional form as 
the well-known equation for the reactivity of a Maxwellian plasma [18], but 
the coefficients give better agreement with numerical calculations [17] of 
the reactivity. 
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Figure C a p t i o n s 

Fig. 1 Neutron emission measured by a plastic scintillator during 
deuterium pellet injection into an ohmically heated TFTR plasma (a) and 
into a plasma heated by deuterium neutral beams (b). The H Q signal is 
used to monitor pellet ablation [9]. The pellet penetrated about 60 cm in 
the ohmically heated plasma and 44 cm in the beam-heated plasma (the 
plasma minor radius was a — 81 cm). 

Fig. 2 Sketch of the beam density (fib), pellet density (np), and ther
mal deuterium density (rid) profiles. The pellet penetration depth (rabiat) 
is varied shot-to-shot to measure the beam profile. 

Fig. 3 Normalized jump in neutron emission, ( A / „ / / „ ) / ( A n e / n d ) , 
versus the ratio of total neutron emission to thermonuclear emission, / „ / / £ ' ' , 
for various ratios of tail temperature to bulk temperature, T\,jT&. The 
curves assume T& — 2 keV but similar curves are found for other tempera
tures. 
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