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N E U T R O N A N D H A R D X-RAY M E A S U R E M E N T S 
DURING PELLET DEPOSITION IN T F T R 

W.W. HEIDBRINK, S.L. MILORA,* 
G.L. SCHMIDT, W. SCHNEIDER,** A. RAMSEY 

Plasma. Physics Laboratory, Princeton University 
Princeton, New Jersey USA 

ABSTRACT. Measurements of neutrons and hard X rays are made with a pair of plastic 
scintillators during injection of deuterium pellets into deuterium TFTR plasmas. Three 
cases are investigated. During ohmic heating in plasmas with few runaway electrons, 
the neutron emission does not increase when a pellet is injected, indicating that strong 
acceleration of the pellet ions does not occur. In ohmic plasmas with low but detectable 
levels of runaway electrons, an X-ray burst is observed on a detector near the pellet injector 
as the pellet ablates, -while a detector displaced 126° toroidally from the injector does not 
measure a synchronous burst. Reduced pellet penetration correlates with the presence of 
X-ray emission, suggesting that the origin of the burst is bremsstrahlung from runaway 
electrons that strike the solid pellet. In deuterium beam-heated discharges, an increase in 
the d-d neutron emission is observed when the pellet ablates. In this case, the increase 
is due to fusion reactions between beam ions and the high density neutral and plasma 
cloud produced by ablation of the pellet; this localized density perturbation equilibrates 
in about 700 ftsec. Analysis of the data indicates that the density propagates without 
forming a sharp shock front with a rapid initial propagation velocity (£2 X 10 7 cm/sec) 
that subsequently decreases to around 3 x 10 6 cm/sec. Modelling suggests that the electron 
heat flux into the pellet cloud is much less than the classical Spitzer value. 

* Oak Ridge National Laboratory, USA 
** Max-Planck-Institut fur Plasmaphysik, FRG, EURATOM ASS. 
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1. INTRODUCTION 

Injection of solid hydrogenic pellets is an attractive means of fuelling a magnetic fusion 
reactor. The feasibility of depositing fuel deep within the plasma depends on the rate of 
pellet ablation which, in turn, influences the technological requirements for future pellet 
injectors. It is of interest, therefore, to study the interaction of the pellet mass with the 
plasma during and immediately following the ablation phase. 

Most previous experimental studies during pellet deposition in tokamaks have relied on 
optical measurements. The rate of pellet ablation is inferred from the time evolution of the 
H a light produced by the pellet neutral cloud [1,2], photographs of the light give the pellet 
cloud trajectory and size [3], and spectral measurements of the light give estimates of the 
electron, density and temperature in the pellet cloud [4]. The electron density surrounding 
the pellet also has been measured using holography [5], Fast electron cyclotron emission 
(ECE) and soft X-ray measurements have been used to study the effect of pellets on the 
electron temperature [6] and ion density [7j. The toroidal propagation of density away from 
the pellet was determined using microwave interferometry and found to be 2 x 10 6 cm/sec 
[3,8]. 

In this paper, fast time-response measurements of neutrons and hard X rays pro­
duced during deuterium pellet injection into the Tokamak Fusion Test Reactor (TFTR) 
are reported. After a description of the diagnostics (Sec. 2), the neutron measurements in 
ohmically heated plasmas are described and compared with the predictions of the Energy 
Transduction theory [9] of pellet ablation (Sec. 3). Next, the effect of runaway electrons 
on pellet penetration is studied using hard X-ray measurements (Sec. 4). Finally, mea­
surements of the neutron emission in neutral beam-heated plasmas are used to infer the 
velocity of propagation of the pellet ions away from the site of ablation (Sec. 5). The 
conclusions are then summarized (Sec. 6). 

2. EXPERIMENT 
For these experiments, a plastic .scintillator was mounted beside the pellet injector [10] 

on the midplane of TFTR, just outside the vacuum vessel, midway between the toroidal 
field coils (Fig. 1). A similar detector was situated 126° toroidally away from the pellet 
injector. Because of the inverse square dependence of the neutron flux on distance, the 
uncollimated defectors were most sensitive to neutrons produced near the detector. In 
addition, some effective collimation was provided by the toroidal field coils and other 
massive components of the tokamak. The frequency response of these detectors was limited 
by the digitizer sampling rate, which was 20 kHz. Also digitized with the scintillator signal 
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was the signal from an H 0 detector that monitored light emitted during pellet ablation that 
reflected off the inner wall. In order to discriminate between hard X rays and neutrons, a 
ZnS( 6Li) scintillator (ZnS(6Li) is ~ 30 times less sensitive to hard X rays than plaslic [11]) 
was mounted beside one of the plastic scintillators. Since the scintillators view the plasma 
from outside the 1.3-cm-thick stainless steel vacuum vessel, when X rays are detected they 
generally have energies i,l MeV. 

After the pellet injector was installed in 1985, TFTR was operated for a relatively 
short time before shutting down for major renovations [12]. The observations described 
below are consistent with all of the available data but some of the phenomena described 
(Figs. 3 and 4) represent unusual TFTR operating conditions and were only observed a 
few times during this run period. 

3. OHMIC NEUTRON EMISSION 

In ohmically heated plasmas [Ip = 1.4-2.2 MA; nt= 3-8 x 1 0 " c m - 3 ; T^O) = 
1-3 keV) with relatively few runaway electrons (no detectable X-ray enhancement of the 
plastic scintillator signal), an increase in neutron emission at the time of pellet injection 
has not been observed in any of the ~ 100 cases archived on TFTR. Typically, 2.7-mm-
diameter pellets penetrated to within 25 cm of the magnetic axis (a = 81 cm) in these 
plasmas and 4.0-mm pellets appeared to pass completely through the plasma without fully 
ablating. In the inner third of the plasma (where most of the neutron emission originates), 
the density increased by as much as 270% upon pellet injection. Typical data are shown in 
Fig. 2. Within the neutron experimental accuracy, which is about ±10% at this emission 
level, the neutron yield falls monotonically in about S ms to a reduced level (as the ion 
temperature falls due to the influx of cold particles), then gradually recovers (Fig. 2a). 
The neutron exponential decay time shortly after injection (when the pellet density has 
spread over the flux surfaces) is about 1 ms, which is consistent with the time required for 
the ions that produce most of the fusion reactions (E ~ 5T;) to slow down due to Coulomb 
drag (r, ~ 3 ms). Analysis of the equation for the neutron yield indicates that, for ther­
monuclear emission (assuming the pellet ions are initially cold), the expected increase in 
neutron yield just after the pellet density has spread over the flux surface is £ 5 % [13], in 
agreement with experiment. 

Mayer [9] has predicted that ions should be accelerated by the ablation process to 
energies E of E ~ 9T e , where Te is the electron temperature prior to pellet injection. If 
such acceleration occurred, it would produce a large increase in neutron yield since the 
d(d,n) fusion cross section is a very strong function of energy. Calculations of the fusion 
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reactivity of a monoenergetic beam of ablated ions at E = 97; in a Maxwellian plasma 
of ion temperature 3* = 2 keV (T, < % before pellet injection) indicate that the neutron 
emission would increase about sixty times if such acceleration occurred. The observed 
increase implies that the actual ion acceleration for a typical ion must be less than about 
0.5 Te. Epithermal neutron measurements on Doublet III also are inconsistent with strong 
ion acceleration [14]. 

4. OHMIC X-RAY EMISSION 

In ohmically heated discharges with higher levels of runaway electrons, the signals 
from the plastic scintillators are dominated by hard X rays rather than by neutrons. Op­
erationally, the level of runaway electrons in these plasmas, though higher than in the 
discharges discussed in Sec. 3, remains much lower than in "runaway discharges" and 
there is no obvious evidence from other diagnostics (e.g., the loop voltage or ECE) of a 
large runaway electron population. When a pellet is injected into one of these discharges, a 
large spike in the X-ray emission occurs on the detector beside the pellet injector (Fig. 3a). 
The burst of hard X rays slightly precedes the peak in H Q emission; on the toroidally dis­
placed scintillator, a smaller jump in X-ray emission occurs after the pellet has begun to 
ablate {Fig. 3b). For this shot, the X-ray emission fell shortly after injection to about half 
its initial level. 

The observed signals are consistent with the interpretation that the hard X-ray spike is 
bremsstrahlung produced in collisions between runaway electrons and the solid or ablated 
pellet mass. Neither scintillator was situated to observe high-energy X rays produced when 
runaways strike the linuter (Fig. 1). Runaway electrons are about equally likely to produce 
high-energy X rays whether the pellet is frozen or ablated. The range of 1 MeV electrons 
in solid deuterium is about 23 mm [15], so the 3-4 a m solid pellets seem thin to runaways. 
This implies that the X-ray yield Is is roughly independent of the state of the pellet atoms 
since 

Ix cc / nTnT dr ~ n r / np dr = nTNp, (1) 

where nr is the density of runaways with energy . i l MeV and Np is the total number of 
pellet ions. Thus, it is possible for the X-ray signal to peak before the H« trace (Fig. 3b). 

Several factors affect the relative size of the X-ray spike. One factor is the highly 
anisotropic character of the X-ray emission. For our experiments, the scintillator was 
situated in the forward cone of the X-ray emission (Fig. 1), which enhances the signal level 
relative to uniform emission. Because the X rays are attenuated by the vacuum vessel 
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and their spectrum is not well known, it is difficult to evaluate precisely the magnitude 
of this enhancement. Estimates indicate that the signal could be enhanced by a factor 
of four to twenty. A second factor reduces the magnitude of the X-ray burst compared 
to the background level. In the plasma, runaways axe more likely to produce X rays in 
collisions with high Z impurities than in collisions with deuterons: since bremsstrahlung is 
proportional to Z 2 , the burst from a Z = 1 pellet should be roughly AIX/IX oc Np/ZrffNe, 
where Ne is the total number of plasma electrons (the runaway density profile is expected 
to be fairly flat). Our rough expectation is, therefore, that the spike in X-ray emission 
AIX observed on the scintillator adjacent to the pellet injector should be 

AJ , ^ W _J_ N, Peaking J _ 1 
h tun*** Z.ff Ne Isotropic V M 3 . 5 n 2 n ' ' y ' 

where e is the geometrical efficiency of the detector for a point source and for a toroidally 
uniform source, respectively, and the parameters are for the discharge shown in Fig. 3. 
Experimentally, C\lxjlx = 8 (Fig. 3) so the observation is consistent with our estimate. 

The reduction in X-ray level after injection probably is not due to deceleration of the 
runaways by the pellet since a typical runaway only intersects the pellet cloud once during 
the ablation process and loses little energy in the interaction. A more likely explanation 
is that, in this discharge, some runaways escaped the plasma during injection while others 
remained confined. In other discharges with larger Np/Ne, the X-ray level was 30% larger 
after the X-ray burst than before injection, indicating that the product of ion and runaway 
densities was increased by pellet injection. In a few discharges that disrupted following 
pellet injection, the hard X-ray level fell (without a measurable burst) to below the de­
tectable level when the pellet was injected. It would appear that the absence of an X-ray 
burst in these unstable discharges indicates that most of the runaways were lost from the 
plasma before they could strike the pellet. 

In the absence of runaway electrons, large pellets (4-mm diameter) appeared to pass 
through the TFTR plasma without completely ablating; for injection with these pellets, 
the ablation time correlates weakly with the X-ray signal level (correlation coefficient 
R2 = 0.13). For smaller pellets (2.7-mm diameter), we have few data with detectable hard 
X-ray levels. (Operationally, the presence of X rays was considered deleterious to deep 
pellet penetration and was avoided.) Nevertheless, for the two shots where small pellets 
were injected into plasmas with X rays, the presence of hard X rays correlates with reduced 
pellet penetration. For these discharges, the ablation time was 0.28 msec (compared to 
0.34 ± 0.02 msec on discharges in the same sequence that did not havs detectable X rays) 
and 0.26 msec (compared to 0.31 dr 0.03 msec). The observation of reduced penetration in 
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plasmas with modest levels of hard X-ray emission, together with the measurement of an 
X-ray burst at the time of pellet injection, provides strong support for the hypothesis [8] 
that runaway electrons enhance the rate of pellet ablation. 

5. D° ^ D + NEUTRON EMISSION 

5.1 Exper imenta l Resul t s 

During D° —*-D+ neutral beam injection, the neutron emission usually is dominated 
by beam-target reactions. When a pellet is injected into a plasma during beam injection, a 
spike in the neutron emission occurs (Fig. 4a) as the density of target ions rapidly increases. 
Following pellet injection, the neutron yield falls with an initial time constant of about 
10 ms (Fig. 4a) as the beam ions slow down in the colder, more collisions!, plasma. In 
contrast to the hard X-ray emission produced by runaway electrons (Fig. 3b), the neutron 
emission produced by beam ions does not peak until after pellet ablation (Fig. 4b). This 
difference is because, while runaways can penetrate the shielding cloud and solid pellet, 
beam ions do not have a significant fusion reaction probability until after the pellet density 
is more diffuse. After pellet ablation, the neutron flux near the pellet injector begins to 
fall, while the flux away from the injector rises, indicating that the density added by 
the pellet is redistributing toroidally (Fig. 4b). For the case shown in Fig. 4, which is 
for pellet injection into a relatively low density plasma (ne= 1.1 x 10 1 3 c m - 3 ) , the two 
signals coalesce after 0.7 msec and then decay together. When a similar pellet was injected 
into a higher density plasma ( n e = 3.1 x 10 1 3 c m - 3 ) , the jump in neutron yield Aln was 
smaller [AIn/In = 40%) and the two signals coalesced approximately 0.2 msec after pellet 
ablation. 

5.2 Phenomenological Analysis 

The time scale for density propagation along field lines in TFTR is much shorter than 
the 20-50 msec time scale observed for relaxation of the radial density profile [16]. The 
characteristic velocity for parallel density transport is the ion sound speed c, = y/Tt/M, 
where Tc is the electron temperature and M is the deuterium mass. For large density 
perturbations, the velocity of propagation can exceed the sound speed but never by more 
than approximately 1.6c, [17]. To analyze the neutron data (Fig. 4b), we adopt a phe­
nomenological model in which the density propagates along field lines at the sound speed, 
and treat the electron temperature at the propagating front and the profile of the density 
behind the front as free parameters. The electron temperature is permitted to vary with 
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time but the shape of the density profile is held fixe'i. In reality, the shape of the profile 
probably also varies but our model suffices to uncover the basic physics. The deposition 
of particles on a field line is assumed to be proportional to the H„ trace and particles 
are conserved once deposited in a flux tube. For simplicity, the electron temperature is 
assumed to be the same function of time along every field line but our conclusions do 
not depend sensitively on this assumption. Because the diameter of the pellet cloud d is 
small compared to the circumference of a flux surface 2m- and since most field lines are on 
irrational surfaces, a typical field line is very long [L ~ (2irr/d)(2-rrR + q2nr) = 0 (1 km)]. 
The neutron signals are simulated by averaging the density on lines near each detector: 
each field line is weighted by its solid angle at the detector and by the estimated beam-ion 
density on that line. 

The results of the simulation indicate that the density propagation is initially rapid 
(~ 3 x 10 7 cm/sec), which corresponds to an initial electron temperature of order 1 keV. 
The features in the data (Fig, 4b) that imply rapid initial propagation are (1) the flux at 
the toroidally displaced detector rises before the pellet has finished ablating, (2) the flux 
at the adjacent detector drops immediately after ablation, and (3) the maximum jump in 
flux is about twice the jump observed after density equilibration. As shown in Fig. 5a, if 
all of the density stayed in the vicinity of the pellet injector, a six-fold increase in signal 
would be observed. 

After an initial phase of rapid propagation (~ 0.2 msec), the data (Fig. 4b) then begin 
to change more slowly, taking 0.7 msec to coalesce. As shown in Fig. 5b, this relatively 
slow coalescence implies that the temperature near the pellet cloud must fall to 10-50 eV 
(a propagation velocity of approximately 3 x 10 6 cm/sec). This is the local temperature 
of the propagating density prior to equilibration on the flux tubes. ECE measurements 
show that after density and temperature equilibration the temperature on the field lines 
was ~ 1 keV. 

The general character of the profile of the propagating density can be evaluated by 
noting another feature of the data {Fig. 4b): the absence of oscillations. Simulations with 
a square density profile (Fig. 5c) indicate that, if such a sharp shock front formed, large 
(~ 30%) oscillations in the neutron emission would be observed each time the density 
fronts passed by a detector. Realistic variations in g-profile and propagation velocity c, as 
a function of minor radius reduce the amplitude of the simulated oscillations but cannot 
eliminate them altogether. In order to reproduce the data, it is necessary to assume that 
the amplitude of the density perturbation decreases away from the site of pellet ablation. 
Good agreement with the data is obtained with a simulation that employs a triangle-shaped 



density function, 

T(-V) **"•<« ,3, 
0 otherwise, 

and a *ime varying propagation velocity c,(t) that initially corresponds to Te = 3 keV but 
gradually slowr; to a velocity corresponding to Tc = 20 eV (Fig. 5d). 

Conceivably, some of the ion density propagates as neutral atoms rather than as 
ions along the field lines. Estimates, however, indicate that neutral propagation probably 
accounts for -S.10 - 3 of the ion density near the toroidally displaced detector (S2). 

5.3 Nonlocal Hea t Flux Calculation 

The general features of the density propagation data are consistent with calculations 
of plasma transport along field lines reported by Kaufmann et al. [18]. These authors 
found that, due to finite heat conduction along the field line, no sharp shock front should 
form. Their calculations also predicted some reduction in propagation velocity due to 
cooling of the plasma by the pellet. To test quantitatively the predictions of this model 
we have calculated the average density beside the neutron detectors with the PELLET 
computer code [18]. Data representative of a typical field line were selected for this one-
dimensional calculation. Since detailed knowledge of the pellet and shielding cloud radii 
are unavailable, the pellet radius and field line length are essentially free parameters in the 
calculation, but the density propagation was found to be insensitive to changes in these 
parameters. When the classical Spitzer-Harm expression for the electron heat flux was used 
to describe electron thermal conduction, the code predicted that the density equilibrates 
much more quickly than is observed experimentally (Fig. 6a). When the conduction was 
treated as a nonlocal mechanism fl9] (ensuring that the electron heat flux is always smaller 
than the free-streaming level), the simulation was consistent with the experiment within 
modelling uncertainties (Fig. 6b). With the nonlocal expression for the heat flux, the 
electron temperature near the pellet 0.1 msec after ablation was ~ 20 eV; with the Spitzer-
Harm expression, the temperature was ~ 600 eV. With either expression for heat flux, 
the velocity of the leading edge of the density perturbation remained ~ 4 x 10 7cm/sec 
throughout the propagation phase. The calculations utilizing the nonlocal expression for 
heat flux also successfully predicted the faster density propagation observed when a pellet 
was injected into a higher density plasma. We conclude that some mechanism that strongly 
cools field lines (such as reduced parallel thermal conductivity) is required to explain the 
relatively slow propagation velocities obsei-ved in the experiment. 

Anj <x< 
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6. CONCLUSION 

Scintillator measurements of neutrons and hard X leys produced during deuterium 
pellet injection into J.'FT'ft indicate (1) that the strong ion acceleration predicted by Mayer 
[9] is not observed experimentally, (2) that modest levels of runaway electrons reduce pellet 
penetration, and (.'.) tha* the model of cooling Jong the field line described by KaufraanTi 
et al. [18] is in agreement vith measurements of the propagation of the ion density away 
from the pellet. 
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Figure Capt ions 

Fig. 1 Plan view ofTFTR showing the relative position of the diagnostics. 
Fig. 2 (a) Neutron emission from an ohmically heated deuterium plasma, A deu­

terium pellet was injected at 2.10 sec. Ip = 2.2 MA; Bt - 4.8 T; ncl = 6.0 x 10 1 9 m~2. 
The pellet penetrated approximately 60 cm into the 81-cm minor radius plasma. (b) 
Signal from the scintillator adjacent to the pellet injector (SI) and from the Ha detector 
around the time of pellet injection. 

Fig. 3 (a) Signal from the plastic scintillator adjacent to the pellet injector in an 
ohmically heated plasma with hard X rays. A pellet was injected at 1.87 sec. The trace 
labeled "neutrons" is from the ZnSfLi) scintillator. Ip = 2.2 MA; Bt = 4.8 T; nel = 
3.5 x 10 1 9 m~2. (b) Signal from the scintillator adjacent to the pellet injector (SI), 
from the toroidaUy displaced scintillator (S2), and from the Ha detector around the time 
of pellet injection. No spike was observed on the ZnS^Li) scintillator. 

Fig. 4 (a) Neutron emission from a deuterium beam-heated plasma. The beams 
were on from 2.50-3.00 sec and a pellet was injected at 2.80 sec. Ip — 0.8 MA; Bt - 4.0 T; 
nj - 1.7 x 10 1 9 m~2; Pb = 2.5 MW. The pellet penetrated approximately 44 cm. (b) 
Signal from the scintillator adjacent to the pellet injector (Si), from the toroidally displaced 
scintillator (S2), and from the Ha detector around the time of pellet injection. The absolute 
magnitude of the neutron yield is only valid for toroidally uniform emission. 

Fig. 5 Neutron signals simulated using the model described in the text, (a) Over­
shoot of Si and slow rise of S2 for low propagation velocity (constant propagation velocity, 
triangle density function). (b) Rapid coalescence of simulated signals for high propaga­
tion velocity (constant propagation velocity, triangle density function), (c) Oscillating 
signals for sharp shock front (time varying propagation velocity, square density function), 
(d) Good fit to the data of Fig. 4b (time varying propagation velocity, triangle density 
function). f 

Fig. 6 Average density on the field line at toroidal'angles of 0° and 120°, as calcu­
lated by the code PELLET \18] under the assumption^ of (a) classical electron thermal 
conduction and of (b) nonlocal (19], flux-limited, thermal conduction. Tt = 2.75 keV; 
Tf = 4.0 keV; ne = 1.2 x 10 1 3 COT - 3 : rpel = 0.35 mm; vpel = 1.4 x 10 5 cm/sec; Held line 
length = 2.4 km. 
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