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The final hardware modifications for tritium operation have been completed for the Tokamak 
Fusion Test Reactor (TFTR) [Fusion Techno!. 21, 1324 (1992)]. These activities include 
preparation of the tritium gas handling system, installation of additional neutron shielding, 
conversion of the toroidal field coil cooling system from water to a Fluorinert TM system, 
modification of the vacuum system to handle tritium, preparation, and testing of the neutral 
beam system for tritium operation and a final deuterium-deuterium (D-D) run to simulate 
expected deuterium-tritium (D-T) operation. Testing of the tritium system with low 
concentration tritium has successfully begun. Simulation of trace and high power D-T 
experiments using D-D have been performed. The physics objectives of D-T operation are 
production of::::; 10 MW of fusion power, evaluation of confinement, and heating in deuterium
tritium plasmas, evaluation of a-particle heating of electrons, and collective effects driven by 
alpha particles and testing of diagnostics for confined a particles. Experimental results and 
theoretical modeling in support of the D-T experiments are reviewed. 

I. INTRODUCTION ducted principally with hydrogen and deuterium as the 
fuel. In the world tokamak fusion program, two major 
facilities, the Tokamak Fusion Test Reactor (TFTR)2 and 
the Joint European Torus (JET),3 plan to study the burn
ing plasma physics associated with the use of deuterium
tritium fuel in support of ITER. A limited scope, "Prelim
inary Tritium Experiment (PTE)" has been performed on 
a Joint European Torus (JET) in 1991,3 with a more ex-

The design of the International Thermonuclear Exper
imental Reactor (ITER) 1 is based upon the experimental 
results from a large number of tokamak experiments con-

*Paper lIl, Bell Am. Phys. Soc. 38, 1882 (1993). 
tInvited speaker. 
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FIG. 1. Schematic of the tritium processing system. 

tensive program planned to begin in 1996. TFIR has been 
modified for tritium operation and will begin an extensive 
series of experiments in December 1993. 

The principal goals of the TFTR deuterium-tritium 
experiments are the following: 

( 1) Safe operation of the tritium handling and processing 
systems, and successful machine and diagnostic oper
ation in a high radiation environment with 14 MeV 
neutrons. 

(2) Documenting changes in confinement and heating go
ing from deuterium to tritium plasmas. 

(3) Evaluating the confinement of a particles, including 
the effect of a-induced instabilities, and obtaining ini
tial indications of a heating, and helium ash accumu
lation. 

( 4) Demonstrating the production of ::::; 10 MW of fusion 
power. 

These goals not only individually support the technical 
and physics research and development objectives of ITER, 
but their integration does as well. The achievement of ::::; 10 
MW of fusion power entails, not only successful technical 
performance, but, more importantly, the development and 
extension of reliable operating regimes, which address 
plasma stability issues associated with the increase in the 
stored plasma energy going from deuterium to tritium. In 
present plasma experiments, these effects are predicted to 
be relatively modest. However, in future ignited or near
ignited experiments, these effects are large and impact fun
damental design considerations. Thus, confirmation of our 
understanding in present tokamaks by performing experi
ments that integrate all of the goals is an important objec
tive. 

In this paper, a brief description will be given of the 
principal modifications to the TFIR device for D-T oper
ations and the status of the facility. A more extensive dis
cussion will be given of the planned experiments on TFIR, 
and how they will address key design considerations of a 
tokamak reactor utilizing deuterium-tritium fuel. 

II. MACHINE CONFIGURATION 

The hardware modifications for tritium operation on 
TFIR have been completed. These activities include prep-
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aration of the tritium gas handling system (shown in Fig. 
I ), which has been successfully tested with low concentra
tions of tritium (::::;0.5%) and is capable of handling up to 
5 g of tritium (50 kCi).4 The tritium gas is brought on site 
in an approved shipping canister and transferred to a ura
nium bed, where it is stored. The uranium bed is heated to 
transfer the gas to the neutral or torus injection systems. 
The gas is then injected into the torus or neutral beams, 
and pumped by the cryopanels in the beam boxes. During 
plasma operation, some of the gas will be retained in the 
graphite limiter tiles in the vacuum vessel. The quantity of 
tritium in the vacuum vessel is restricted by regulatory 
requirements to 20 kCi. The gas on the cryopanels is trans
ferred to the Gas Holding Tank. 

During initial operation, the gas in the Gas Holding 
Tank will be oxidized by the Torus Cleanup System and 
absorbed onto molecular sieve beds. These beds will be 
shipped off site for reprocessing or burial prior to the re
ceipt of a replacement canister of tritium gas. Next year, a 
cryodistillation system will be commissioned to repurify 
the tritium on site and decrease the number of off-site ship
ments required. 

Modifications to the tokamak include supplemental, 
diagnostic and personnel shielding, tritium stack and area 
monitoring, remote control for components in high radia
tion fields, and upgrades to the vacuum and neutral beam 
pumping system for tritium operation.5 For components 
and systems in high radiation fields, modifications have 
been made to increase reliability. The toroidal field coil 
cooling system has been converted from water to Fluori
nert™ (a fully fluorinated compound), bolts on the TF coil 
casings have been tightened using remotely operated tools 
for bolts in areas difficult to access, and graphite tiles in 
high heat flux regions on the bumper limiter have been 
replaced by carbon/carbon-fiber composite tiles. 

Changing the fuel from deuterium to tritium engenders 
a change in the rigor and formality of operation as the 
TFIR device becomes, according to U.S. Department of 
Energy (DOE) regulations, a category 3 (low hazard) 
nuclear facility.6 The site boundary dose due to normal 
operation will be limited to < 10 mrem/yr. A safety anal
ysis has been performed that demonstrates that the maxi
mum design basis accident would result in a 140 mrem 
dose at the site boundary. An Environmental Assessment 
has been conducted that resulted in a "Finding of No Sig
nificant Impact" to the environment due to the low inven
tory of tritium on site. The Laboratory and the U.S. De
partment of Energy recognize the importance of 
demonstrating safe operation with tritium and have imple
mented detailed procedures used to process tritium, rigor
ous qualification, and training programs for operators and 
engineers, extensive safety reviews by internal and outside 
experts, and a formal program for the control of opera
tions. At the present time, a final review of the operations 
and test procedures used for tritium processing is occur
ring prior to continued testing with low concentrations of 
tritium. 

Hawryluk et al. 1561 
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FIG. 2. Fusion power in deuterium supershot neutral beam heated dis
charges as a function of total heating power. The projected fusion power 
for a 50:50 mixture of deuterium and tritium is shown using a value of 
QDTIQDD=180. 

III. MACHINE STATUS 

Upon the completion of the outage to modify the ma
chine for deuterium-tritium experiments, operations re
sumed in deuterium. Besides qualifying the machine for 
tritium experiments, the focus of these deuterium experi
ments was to simulate the initial planned deuterium
tritium experiments utilizing deuterium. The objective of 
the initial high-power deuterium-tritium experiments will 
be to achieve 5 MW of fusion power. With further opera
tional experience and the resolution of the physics issues 
identified above, it is projected that ::::; 10 MW will be pro
duced. 

Previous experiments in the supershot regime with 
deuterium neutral-beam injection (NBI) have identified 
the conditions under which >5 MW of fusion power can 
be produced in D-T plasmas in TFTR. Wall coating, 
using lithium pellet injection, has significantly improved 
supershot performance and reliability.7,8 With this tech
nique, ne'TET i =5.8X102o m- 3 keY, ne(0)=1.0X102o 

m- 3
, Ti=29 keY, 'T[=205 ms and a D-D fusion neutron 

rate Soo=5.6X 101 n/s have been achieved. This corre
sponds to a fusion power, Poo, of 65 kW and 
Qoo=POO/(PNBI+POH) of 2.1 X 10-3. One-dimensional 
transport code simulations of a 50/50 D-T plasma using 
the same electron and ion temperature and density profiles 
predict that POT::::; 11 MW and a QOT of 0.38 would have 
been achieved. At modest powers, PNB1 = 15 MW, the en
ergy confinement time has increased transiently to 240 ms 
(corresponding to 'TE/'TE(L mode) ::::;3, which is typical of the 
best supershots), with the injection of two lithium pellets 
prior to NBI and one lithium pellet in the post-NBI phase 
of the previous shot. The D-D fusion performance of NBI 
supershots is shown in Fig. 2 as a function of the total 
heating power. 

At low-power TFTR supershots smoothly approach an 
asymptotic stored energy during the pulse, but at high 
power they often reach a peak in stored energy after 300-
500 ms into beam injection, then suffer a deterioration of 
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FIG. 3. Comparison of five high power neutral beam heated discharges 
that employed Li pellets to condition the walls. Good reproducibility is 
achieved. 

as much as a factor of 2 (the so-called "beta collapse") 
over the subsequent several hundred milliseconds. At a 
major radius, R = 2.45 m, the plasma beta collapses are 
coincident with or follow the growth of internal MHD 
(m/n=M,~, ... ) modes, as recorded by Mirnov loops. In 
some cases the MHD can cause a flattening of the Te(R) 
profile that is observed in the vicinity of the rational q 
surfaces at which the MHD modes are observed. Analysis 
indicates that the decrease in plasma energy content is con
sistent with a model for which transport is increased only 
within the islands.9 

Reliable high-performance operation entails reproduc
ible low-recycling wall conditions, along with disruption 
avoidance and minimization of adverse MHD effects. To 
achieve POT> 5 MW in TFTR supershots requires Ip=2.0 
MA, PNBl=30 MW, composed of a 50:50 D:T mix, and 
'TE= 140 ms, which produces a Troyon-normalized beta, 
f3N=f3r (%) . a(m) • BT(T)/lp(MA) of 1.5. The modest 
value of f3 N allows for increased stored energy due to the 
injection of energetic tritons (which have a longer slowing
down time than deuterons), the presence of fusion a par
ticles and the heating of the electrons by the a particles. 
The parameter of relevance for fusion yields, 
f3*N=2J.Lo· (<P»' a(m)/ BT(T) . IpCMA), where < <P» is 
the root-mean-square plasma pressure, reaches 2.4 in pro
totypical high-performance plasmas, as a result of the 
highly peaked pressure profile. To achieve the required 
confinement reliably, Li pellet injection is used to condition 
the wans and improve reproducibility. The reproducibility 
of confinement achievable with Li-pellet conditioning is 
illustrated in Fig. 3. During a dry run of the planned 5 
MW D-T experiment, 13 of 16 simulated D-T discharges 
with Li pellets would have achieved > 5 MW of fusion 
power. 

An operating strategy for achieving higher fusion 
power has been developed using multiple Li pellets to con
dition the walls, high-power neutral beam injection of 
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about 35 MW, and high plasma current (-2.5 MA). In 
deuterium operation, 34 MW of neutral injection has been 
achieved, and the power is projected to increase in tritium 
due to improved equilibration in the neutralizer cell Dur
ing recent experiments, as a result of aggressive wall con
ditioning with Li pellets, supershots have been produced at 
Ip= 2.5 MA corresponding to q",= 3.8, which represents a 
significant extension of the operating regime. 

IV. a CONFINEMENT 

The confinement of a particles is very important in a 
reactor for two reasons. First, if a small unanticipated frac
tion (a few percent) of the a particles is lost, and the 
resulting heat flux is localized, damage to first wall com
ponents could result. Second, if a significant fraction of the 
a particles are not confined then the nTr requirements for 
ignition would increase. 

The loss of fusion products during deuterium experi
ments has been extensively studied and is reported on in a 
companion paper by Zweben. 10 An array of detectors in 
the TFfR vacuum vessel has been used to measure the 
energy and pitch angle of the escaping a's. The conclusions 
of these studies are as follows. 

( 1) Good agreement has been obtained as a function of 
plasma current with the prediction of the losses due to 
unconfined "first orbits." For the fusion products, an upper 
bound of D < 0.1 m2/s has been deduced for their radial 
transport coefficient in MHD-quiescent plasma. 

(2) The predictions of stochastic ripple diffusion are in 
good qualitative agreement with experimental observations 
near the outer midplane. 

(3) MHD instabilities, in particular, low min modes, 
are observed to be responsible for an increased loss of fu
sion products. A theoretical model based on magnetic per
turbations affecting a drift orbits is in qualitative agree
ment with the observations. 

(4) ICRF waves can interact with fusion products and 
result in increased particle loss. The mechanism is not fully 
understood, but may be related to velocity space diffusion 
across the passing-trapped boundary for particles due to 
resonances with fusion product ions. 

(5) Loss of fusion particles that is delayed in time and 
is not associated with first-orbit loss has been observed. 
Qualitatively, it appears as a collisional and/or TF-ripple
induced loss process; however, it is larger than predicted 
and not fully understood. 

The results from fusion product experiments in present 
deuterium experiments show that the particles can interact 
with magnetohydrodynamics (MHD) instabilities and 
plasma waves. The theoretical calculations indicate that 
when the values of f3a and na are sufficiently high, a par
ticles themselves can induce instabilities, which can, in 
turn, eject the a particles from the plasma. The present 
theoretical understanding of the role of a-collective effects 
in TFfR is that a particles will not stabilize sawteeth and 
are not expected to cause a-driven fishbones, but will drive 
toroidal Alfven eigenmodes (TAE) unstable in some con
ditions, are not expected to reduce the f3 limits due to 
kinetic ballooning modes (KBM) and may drive the beta 
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FIG. 4. The predicted frequency of the toroidal Alfven eigenmodes is 
compared with the measured frequency for a wide variety of plasma 
conditions. The low-field neutral beam experiments were reported by 
Wong et al.1O and the ICRF experiments by Wilson et al. 12 The recent 
high-field experiments are shown for comparison. 

Alfven eigenmodes (BAE) unstable at high f3. One of the 
instabilities with the lowest predicted threshold is the tor
oidal Alfven eigenmode. Experiments in deuterium plas
mas have been conducted on TFfRIl and DIII_DI2 using 
neutral beams, and on TFfR with ICRF\3 to simulate 
these instabilities. The threshold for instability is in good 
agreement (within a factor of 2) with the predicted 
threshold. 14 The frequency of the mode scales with the 
Alfven frequency and the mode can be destabilized either 
by passing particles from neutral beam injection or by 
trapped particles due to ICRF heating, as shown in Fig. 4. 
Very recent experiments have shown that instabilities in 
the Alfven range of frequencies were observed in some 
high-field (5 T) neutral beam heated discharges, in which 
V / VA> 0.2. Here V f is the fast ion velocity and V A is the 
Alfven velocity. Detailed analysis for these new experimen
tal results are in progress. Measurements of the mode 
structure using Beam Emission Spectroscopy in low-field 
(1-1.5 T) neutral beam simulations indicate the presence 
of a large global mode. Very sensitive refiectometry mea
surements have been used to determine the mode number 
in ICRF simulations. Up to about 50% of the fast beam 
ions in low toroidal field neutral beam heated experiments 
are observed to be lost due to these instabilities in TFfR. 
In ICRF experiments, significant loss (- 10%) of the en
ergetic minority ion tail has been measured in high-power 
L-mode experiments. The fractional loss increases with the 
mode amplitude of the instability (as shown in Fig. 5). 

Projected a parameters [f3 a ( 0 ) , R V f3 a' Val V AI on 
TFfR are close to those on ITER because the electron 
temperatures is similar and the non thermal ion distribution 
increases the plasma reactivity. The theoretical models pre
dict the operating regimes in which the instability should 
occur. 14,15 Furthermore, they provide predictions regard
ing how the threshold should vary with ion temperature, 
shear length, and density profile shape. Experiments are 
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planned during the D-T phase of TFTR to test these pre
dictions. Recent theoretical work has developed the tech
niques to predict the mode amplitudel6 and the effect of 
these instabilities on the a-particle loss rate. 17 Comparison 
of theory and experiment will improve the estimates of 
heat flux to first wall components in the ITER due to a 
particles. 

In support of the a-particle experiments, a comprehen
sive set of diagnostics has been implemented. The a-birth 
profile will be measured using a ten channel neutron colli
mator, and the a-loss rate by detectors mounted on the 
wall and a movable probe. Four new techniques will be 
used to determine the a-distribution function and radial 
profile. Charge-exchange recombination spectroscopy us
ing a high throughput optical system will be used to mea
sure the energy distribution to - 1 Me V at ten radial 
points. IS Injected Li pellets will be used to increase the 
charge-exchange rate and enable charge-exchange mea-
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surements from 0.2 keY to 4.0 MeV. 19 Both of these tech
niques have been tested in deuterium experiments using 
ICRF to produce a 3He tail. In addition, spectroscopic 
measurements of the Doppler spectrum of He + light emit
ted from the pellet cloud will be used to measure the dis
tribution function. Another approach entailing collective 
scattering of a 60 GHz wave will be used to characterize 
the a distribution function. 2o Increased scattering associ
ated with the lower hybrid resonance will be employed to 
reduce the power requirements for the gyrotron. The onset 
of the instabilities and their mode structure will be mea
sured using a four-channel reflectometer, beam emission 
spectroscopy, ECE grating polychromator, Mirnov coils, 
and microwave scattering. The a-particle diagnostics will 
provide measurements of the instability itself, its effect on 
the a distribution function, and, together with the standard 
profile diagnostics, its effect on the background plasma. 

v. a HEATING 

It is planned to evaluate a heating of the electrons by 
operating in a reliable quiescent regime with a minimum of 
plasma performance degradation with time. This can be 
accomplished by decreasing the power and the value of {3 N' 

In TFTR, a heating is a relatively small fraction of the 
heating power21 (Pa~2 MW when PNBI~30 MW); how
ever, the heating is projected to be well localized in the 
plasma core, as shown in Fig. 6(a). The predicted increase 
in electron temperature is shown in Fig. 6(b), assuming 
that the thermal conductivity of the bulk plasma does not 
change with isotope mix, and does not change with the 
heat deposition profile. Experiments are planned to vary 
the isotope mix to evaluate the effects on plasma confine
ment. Low-power ICRF experiments at 1.6 MW combined 
with high-power neutral beam heating have simulated a 
heating, reSUlting in a measurable increase in the electron 
temperature of -1 keY, indicating that electron heating 
with modest power is measurable. 
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FIG. 6. (al The electron heating from a-particles in a SO/50 deuterium-tritium plasma is projected to be significant in the plasma core. (b) The 
variation in electron temperature for a projected deuterium-tritium, as well as tritium plasma, is shown. In these conditions, the heat conductivity is 
assumed not to vary with the species mix or heat deposition profile. 
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VI. a-ASH ACCUMULATION 

The production, transport, and removal of helium ash 
is an issue that has a large impact in determining the size 
and cost of ITER. The experiments of TFfR will provide 
the first opportunity to measure helium ash buildup, assess 
helium transport coefficients, and examine the effects of 
edge helium pumping on central ash densities in D-T plas
mas. In addition, the importance of the central helium 
source in determining the helium profile shape and ampli
tude will be examined. Ash concentrations are expected to 
reach 1 %-2% of the electron density in high-performance 
supershots. Using the a CHERS and CHERS diagnostics, 
central ash concentrations greater than 0.1 % should be 
measurable. Helium ash density profiles, measured as a 
function of time, will be compared to predictions, based on 
the helium diffusivity DHe and convective pinch V He in
ferred from helium gas puffs22 and central helium source 
measurements made by a CHERS and the neutron colli
mator. The influence of edge pumping will be explored by 
comparing ash buildup with a low-recycling limiter in a 
Supershot plasma to that in a high-current, high-recycling 
L-mode plasma. 

VII. ICRF HEATING 

ICRF heating is one of the primary techniques under 
consideration for ITER. Ion cyclotron resonance heating 
(ICRF) utilizing either hydrogen or 3He minorities has 
been successfully demonstrated at high power on PLT,23 
JET,24 and TFfR.25 In addition, low-power experiments 
on DIII-D have shown evidence for fast wave current 
drive.26 ICRF wave physics in deuterium-tritium plasmas 
in complicated by the presence of additional resonances 
and by a damping, which, due to the large kl Pi' can 
complete with electron absorption in the fast wave current 
drive regime. A promising scenario for D-T plasmas is 
heating at the second harmonic of the tritium cyclotron 
frequency, which is degenerate with the 3He fundamental. 
By selectively heating a majority ion species rather than a 
minority ion species, potential difficulties with RF driven 
fast ion excitation of instabilities such as T AE modes 
should be avoided. Though the core damping is predicted 
to be acceptable, off-axis absorption at the deuterium fun
damental can compete with the second harmonic tritium 
core damping in tokamaks with a moderate aspect ratio. 
Modeling indicates that deuterium fundamental heating 
occurs off the midplane in regions where the shear Alfven 
mode conversion layer (nIT =S resonance) approaches the 
deuterium fundamental layer. In TFfR supershot plasmas 
with the 2ar layer, coincident with the Shafranov-shifted 
axis at 2.82 m (assuming a 0.2 m shift), the 2a D layer is 
out of the plasma on the low-field side, but the a D layer is 
in the plasma on the high-field at 5.66 T, or R::::: 2.1 m. For 
the present range of TFfR magnetic fields and ICRF fre
quencies, the nIT =S resonance can be positioned in the 
core region only by adding a relatively high concentration 
of 3He minority to the D-T plasma. Under these condi
tions, significant mode conversion of the launched fast 
waves to slow Alfven waves is predicted to occur, resulting 
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in significant direct electron heating. 27 Experiments 
planned on TFfR will be able to document the effective
ness of second harmonic tritium heating and to explore the 
regimes in which damping associated with the 
nIT = S-mode conversion layer is expected to be important. 

VIII. FUTURE DIRECTIONS 

Several new and novel concepts have been suggested, 
which, though speculative, could improve the tokamak 
concept. Several of these concepts require deuterium
tritium fuel to evaluate their feasibility. 

Recently, Majeski et al. 27 have suggested that the 
mode-converted slow wave excited at the nil = S-mode 
conversion layer in a D-T plasma could be used to drive 
localized electron currents. This is an attractive alternative 
to fast-wave damping because the effective single-pass ab
sorption on electrons can approach 80% in TFfR, well in 
excess of fast-wave single-pass absorption. Furthermore, 
the driven current is localized to the mode conversion 
layer, which may be placed on or off axis in order to mod
ify the current profile. 

Experiments on TFfR, as well as on DIII-D and 
JET, have shown that it is possible to achieve high values 
of {3p(€{3p-1.5) with improved energy confinement 
(rE/rE(L mode) _ 3) by modifying the plasma current pro
file. Recent experiments, discussed in a companion paper 
by Sabbagh et al.,28 have shown that in some TFfR dis
charges, the core plasma has a direct path to the second 
stable region. The question then arises whether this altered 
magnetic configuration affects the threshold for 
a-collective effects. Zonca and Chen29 and Cowley and 
Furth have suggested that the second stability region will 
also make the a-driven modes stable by reducing the frac
tion of trapped a particles and inducing drift reversal for 
sufficiently high {3. 

Fisch and Rax30 have proposed coupling the energy in 
the fast a particles to RF waves, which, in turn, could 
either drive currents or heat the ion channel. It is possible 
that such coupling of the a particles to thermal fuel ions 
could increase the fusion power density by up to 50% and 
reduce the nTr product required for ignition by 10%-
30%. If, furthermore, an appropriate nonthermal distribu
tion of fuel ions can be produced by selective coupling, 
additional gains in fusion power density and reductions in 
nTr could be achieved. Both the high-{3p regime and the 
interaction of energetic a particles with plasma waves 
could be of great physics interest in a D-T plasma. 

Experiments to study mode conversion in D-T plas
mas, and high {3 p effects in D-T plasma have been pro
posed for TFfR. The collective scattering diagnostic may 
be able to evaluate the effect of the a particles on the 
background lower hybrid waves. 

IX. SUMMARY 

The modifications to the TFfR facility have been com
pleted. The final checkout and testing is in progress prior 
to performing the D-T experiments safely. The deuterium
tritium experiments on TFfR will not only enable con-

Hawryluk et a/. 1565 



firming some of the key design assumptions in ITER, but 
also explore new and novel physics operating regimes that 
could improve the tokamak concept. 
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