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Recent scientific and technical progress in magnetic fusion experiments has resulted in the
achievement of plasma parameters (density and temperature) which made possible the production of
significant bursts of fusion power from deuterium-tritium fuels and the first studies of the physics of
burning plasmas. The key scientific issues in studying the reacting plasma core are plasma
confinement, magnetohydrodynamic (MHD) stability, and the confinement and loss of energetic
fusion products from the reacting fuel ions. Progress in the development of regimes of operation that
both have good confinement and are MHD stable has made possible a broad study of problems in
burning-plasma physics. The technical and scientific results from deuterium-tritium experiments on
the Joint European Torus (JET) and the Tokamak Fusion Test Reactor (TFTR) are reviewed, with
particular emphasis on alpha-particle physics issues. [S0034-6861(98)00602-3]
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I. INTRODUCTION

Over the past three decades, substantial progress has
been realized in magnetic fusion science. Recent devel-
opments in the understanding of plasma transport,
plasma stability, and impurity control have made pos-
sible the achievement of record plasma parameters in-
cluding temperature, pressure, and confinement time
and have created conditions under which significant fu-
sion reaction rates, and consequently fusion power, have
been demonstrated. The magnetic configuration most
successful in achieving the parameters necessary for sig-
nificant fusion reactions has been the tokamak. A toka-
mak (Artsimovich, 1972; Furth, 1975) is a toroidal mag-
netic confinement device that confines the plasma by a
helical magnetic field through a combination of an ex-
ternal toroidal magnetic field and the self-field produced
by a toroidal plasma current. In tokamak experiments
on the Joint European Torus, JET (JET Team, 1992),
JT-60U (Kikuchi et al., 1995; Ushigusa et al., 1997),
DIII-D (DIII-D Team, 1995; Lazarus et al., 1996), and
the Tokamak Fusion Test Reactor, TFTR (Hawryluk
et al., 1995; McGuire et al., 1997) many of the plasma
parameters expected in an operating fusion reactor have
been generated. The extension in operating parameters
has been accompanied by a deeper understanding of the
underlying physics responsible for the confinement and
stability of the discharge. Experiments to date have been
conducted primarily using either hydrogen or deuterium
plasmas, though tokamak reactors are planned primarily
to utilize mixed deuterium (D) and tritium (T) plasmas
due to the higher cross sections and higher yield per D-T
reaction.

Until the operation of the present generation of large
tokamaks, the plasma parameters, which determine the
reaction rate and the concentration of fusion products,
537(2)/537(51)/$25.20 © 1998 The American Physical Society



538 R. J. Hawryluk: D-T tokamak confinement experiments
were not adequate to warrant the use of tritium fuel, a
radioactive isotope of hydrogen, and the consequent in-
crease in machine activation from increased plasma re-
activity. However, present experiments on TFTR have
produced conditions in which the fusion power density
and the resulting population of energetic alpha particles
are comparable to those within a reactor. Thus the study
of D-T plasmas makes possible the study of critical phys-
ics issues associated not only with D-T fuel, but also with
alpha-particle physics. The production and confinement
of energetic alpha particles and their subsequent ther-
malization will be the central scientific issues for the
study of burning plasmas.

The fusion reactions of most practical interest for fu-
sion power production are

D1T⇒n~14.1 MeV!1a~3.5 MeV!,

D1D⇒n~2.5 MeV!13He~0.8 MeV!,

and

T~1 MeV!1p~3 MeV!,

D13He⇒p~14.7 MeV!1a~3.7 MeV!.

The transfer of energy from the energetic charged par-
ticles produced by fusion to the background plasma can,
in principle, be used to heat the plasma and eventually,
in a reactor, sustain the temperature. Energetic neutrons
leave the plasma and are absorbed or scattered by struc-
tures outside. In a reactor, the neutrons would be ab-
sorbed in a lithium blanket surrounding the plasma, and
the tritium would be regenerated by the reactions

n16Li→4He~2.1 MeV!1T~2.7 MeV!, Q54.8 MeV,

n17Li→4He1T1n , Q522.5 MeV.

The fusion power density due to D-T reactions in the
plasma is given by

P fus5nTnD^sv&17.6 MeV Vp ,

where nT and nD are the tritium and deuterium densi-
ties, ^sv& for a pure plasma is the rate coefficient, and
Vp is the plasma volume. There is a corresponding ex-
pression for the other reactions of interest.

The rate coefficients for D-T reactions are substan-
tially larger than for the other possible reactions of in-
terest (Bosch and Hale, 1992), as shown in Fig. 1. Thus a
D-T reactor with a lithium blanket is the most easily
achievable because a self-sustaining plasma can be
achieved with the lowest ion temperature (T.5 keV)
and lowest requirement for the product nitE* Ti , where
ni is the ion density, and the energy replacement time tE*
is defined by the power balance equation

Pheat2Pbreh5
dW tot

dt
1P loss[

W tot

tE*
.

W tot is the plasma stored energy, P loss is the loss of
power due to plasma transport and synchrotron radia-
tion as well as impurity radiation (excluding bremsstrah-
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lung), Pheat is the heating power, and Pbreh is the radia-
tion loss due to bremsstrahlung. In the current
experiments, radiation loss from bremsstrahlung is typi-
cally very small in the power balance and can be ig-
nored, but it will be significant when alpha heating be-
comes the dominant heating mechanism, which is why it
is explicitly shown. The brehmsstrahlung power for a
pure plasma is approximately given by

Pbreh51.7310238«ne
2Te

0.5Vp ,

where « is the Gaunt factor, and ne and Te are the elec-
tron density and temperature (Rose and Clark, 1961).
Pheat5Paux1Palpha , where Paux is the auxiliary heating
power and Palpha is the alpha heating power,

Palpha5VpnTnD^sv&3.5 MeV.

The ratio of P fus to Paux equals that of P fus to (W tot /tE*
2Palpha1Pbreh). For a uniform, isothermal plasma (Ti
5Te) without impurities (ni5ne52nT52nD), the ratio
of P fus to Paux can be expressed as a function of the
triple product niTitE* and Ti . For thermal D-T reac-
tions, ^sv&}Ti

2 for 9,Ti,19 keV, and a value of
niTitE* .631021 m23 keV (Furth et al., 1990) is required
for ignition when the power balance is sustained by fu-
sion reactions (Paux50). Thus it has become customary
to illustrate technical progress in magnetic fusion in
terms of the triple product, ni(0)Ti(0)tE* , as shown in
Fig. 2. In large present-day experiments, the value of the
triple product achieved corresponds to conditions in
which the fusion power produced for D-T plasmas
would be somewhat less than the auxiliary power used
to heat the plasma. Though the relationship of the triple
product to fusion power production applies only to D-T
experiments conducted on JET and TFTR, the highest
values of triple product achieved in D experiments on
several other devices are shown for comparison. The
general considerations given here are for a homoge-
neous, pure, thermal plasma. This analysis has been ex-
tended to include important effects associated with pro-
file shapes, impurities, nonthermal ion distributions,
synchrotron radiation, and Ti Þ Te . Though the precise
relationship between the triple product and the ratio of
P fus to Paux depends upon these effects, as well as upon

FIG. 1. Rate coefficients for fusion reactions of importance in
magnetic fusion, plotted vs ion temperature.
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the confinement and thermalization of the alpha par-
ticles, these very simple considerations highlight the im-
portant plasma parameters required for substantial fu-
sion power production.

Present-day deuterium-tritium experiments can ad-
dress many but not all of the physics issues associated
with the use of D-T fuel. Generic issues associated with
the use of tritium fuels, such as isotope effects on con-
finement and heating, have been studied. These do not
depend on the plasma reactivity. The production of sub-
stantial rates of fusion reactions makes possible the de-
tailed study of the confinement and loss of alpha par-
ticles (Strachan et al., 1989). More importantly, the
effect of alpha particles on plasma stability can be stud-
ied. Because these instabilities depend on alpha-particle
pressure (as well as on other parameters), regimes of
operation with high rates of alpha-particle production
are needed. By operating in regimes in which the ion
temperature (or energy) is greater than the electron
temperature, it has been possible to achieve fusion
power densities comparable to those in a reactor to
study this important physics topic, even though the ratio
of P fus to Paux is much less than that in a reactor. In the
present experiments, alpha heating which depends di-
rectly on the ratio of P fus to Paux can be detected; how-
ever, a comprehensive study requires operation in re-
gimes in which Pa.Paux , a condition that has not yet
been obtained. In this review, approaches used to in-
crease the plasma reactivity are described because they
helped to broaden the range of physics topics that could
be studied experimentally.

FIG. 2. The achieved product nHYD(0)Ti(0)tE* where nHYD is
the sum of all hydrogenic densities vs Ti(0) for various toka-
mak devices. In the present devices, Pbreh is small compared
with Paux and is ignored. For comparison, an estimate of the
criteria for P fus /Paux51 and ignition in which the alpha heat-
ing sustains the plasma is given (Gibson et al., 1987).
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In the world tokamak fusion program, two major fa-
cilities, JET and TFTR, have been designed to study the
physics associated with the use of D-T fuel. A limited-
scope, ‘‘Preliminary Tritium Experiment’’ was per-
formed on JET in 1991. This experiment utilized a ratio
of tritium to deuterium fuel of 13% (JET Team, 1992).
A more extensive program is planned to begin on JET
in 1997. TFTR conducted an extensive campaign of
high-power D-T experiments from 1993 to 1996 with a
wider range of tritium-to-deuterium fueling (up to
100%; Hawryluk, 1994a; Strachan et al., 1994a). Addi-
tional D-T experiments were completed on TFTR in
1997 but are not discussed in this review. The D-T ex-
periments on JET and TFTR during the past several
years have provided important new data on the confine-
ment of D-T plasmas, their heating by radio-frequency
waves and energetic neutral beams, and confinement
and loss of alpha particles.

This paper will review the results from the recent D-T
experiments from JET and TFTR and highlight remain-
ing issues and scientific opportunities. In preparing this
paper, I have benefited from review papers on alpha-
particle and burning-plasma physics issues which were
written prior to the use of tritium on JET and TFTR by
Kolesnichenko (1980), Goloborod’ko et al. (1987), Sig-
mar (1987), and Furth et al. (1990), as well as from sev-
eral overview papers on experimental results from both
machines [JET Team, 1992; JET Team (presented by
Gibson), 1993; Hosea et al., 1994; Strachan et al., 1994b;
Bell et al., 1995; Johnson, D. et al., 1995; McGuire et al.,
1995, 1997; Meade, 1995; Bell et al., 1997]. The experi-
ments on both machines are part of a worldwide effort
to study the physics of high-temperature plasmas, and
they rely upon theoretical and experimental results from
this entire effort. In this paper, it is not possible to give
a comprehensive review of tokamak physics research.
The presentation of results from D-T experiments on
JET and TFTR should be understood within this
broader context.

In addition to the present experiments, there is a ma-
jor international design study underway to develop a de-
vice called the International Thermonuclear Experimen-
tal Reactor (ITER), which will be able to sustain a
burning plasma for a long duration. This device, which
will use D-T fuel, is planned to be about three times
larger in linear dimension than TFTR or JET and is
projected to produce 1500 MW of fusion power. The
status of the ITER Project was discussed recently by
Aymar et al. (1997). The design of the ITER device is
based on established physics and technology. However,
the design process has identified important issues for
burning-plasma research. Many of the results in this pa-
per will be presented in terms of the issues and require-
ments for ITER.

This review includes a brief description of the JET
and TFTR devices, with particular emphasis on the char-
acteristics of importance to D-T experiments. The tri-
tium handling system and the radiological consequences
of high-energy neutrons on machine activation and site-
boundary dose is in the Appendix. A key element in the
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experiments conducted on JET and TFTR has been the
development of high-performance regimes characterized
by high fusion reactivity. In the present experiments,
these regimes have several distinguishing and common
characteristics: reduced levels of plasma transport result-
ing in enhanced confinement; maximum plasma pressure
typically limited by the onset of pressure-driven magne-
tohydrodynamic (MHD) activity; and ion temperatures
in excess of the electron temperature caused by the vig-
orous application of auxiliary heating. Due to differ-
ences between these devices, however, different tech-
niques have been employed to achieve these enhanced
regimes of operation. These techniques are described,
and the present understanding of plasma transport and
MHD stability limits in these devices is briefly summa-
rized. An overview of the fusion power production that
has been achieved in these regimes of operation follows.
Having reviewed the experimental conditions for D-T
operation, we turn to the effect of D-T fueling on
plasma confinement and heating. In particular, isotope
effects on plasma confinement are described, and the
effect of a second-harmonic ion-resonance heating by
waves in the ion-cyclotron range of frequencies is dis-
cussed.

The confinement and thermalization of alpha particles
is the key scientific issue for the study of burning plas-
mas. The confinement of alpha particles in both quies-
cent and MHD-active discharges is described. An over-
view of our present understanding of how alpha
particles can in turn destabilize plasma is offered. Al-
though in the present experiments alpha heating has
been small compared with auxiliary plasma heating, ini-
tial evidence for alpha heating is presented. Future re-
search opportunities in the study of D-T plasmas and
alpha-particle interactions conclude this review paper.

II. JET AND TFTR DEVICES

Both JET and TFTR are tokamak devices in which a
strong toroidal magnetic field, together with the self-
field produced by a large toroidal plasma current, is used
to confine and heat the plasma. As shown in Figs. 3 and
4, the nearly circular TFTR plasma is limited by a limiter
on the inner wall composed of graphite and carbon-
fiber-composite (CFC) tiles mounted on a water-cooled
Inconel backing plate. A set of poloidal limiters com-
posed of carbon-fiber-composite tiles is used to protect
rf launchers on the outboard side, which are used to heat
the plasma. The limiters can withstand heat outflow
from the plasma of ;30 MW for ;1 s. As shown in Figs.
5 and 6, the JET vacuum vessel is shaped to permit
plasma formation with an elongation of ,1.6 where the
plasma elongation is k5b/a with the plasma height
52b and the plasma width52a . The last closed mag-
netic surface has an X point. The field lines beyond the
X point ‘‘divert’’ the heat flux to a toroidally continuous
top target composed of CFC tiles used in the Prelimi-
nary Tritium Experiments. A continuous inner wall of
graphite and CFC tiles, a continuous bottom target clad
with beryllium tiles, and a pair of toroidal belt limiters
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
on the outboard side above and below the midplane, the
upper one of beryllium and the lower one of carbon,
complete the protection of the JET vessel (JET Team,
1992). A comparison of the principal engineering pa-
rameters of JET and TFTR is given in Table I. Since the
initial D-T experiments on JET, the machine has been
extensively modified with the installation of additional
poloidal field coils and particle pumping in the bottom
of the vessel. Further D-T experiments are planned to
be performed in this modified device [JET Team (pre-
sented by Stork) 1995; JET Team (presented by Jac-
quinot) 1997].

A. Auxiliary heating

During the D-T experiments, neutral-beam heating
was used on both devices, and rf heating in the ion-
cyclotron range of frequencies (ICRF) was used on
TFTR. In addition, an extensive ICRF program was
conducted in D discharges on both JET and TFTR.

The TFTR neutral-beam system is composed of four
beamlines, each with three positive-ion sources. The
sources extract and accelerate a positive-ion beam,
which is then neutralized in a gas cell before entering
the plasma. The ion sources can operate either in deu-
terium or in tritium. The maximum operating voltage is
120 kV, and the maximum injected power into a D-T
discharge has been 40 MW (Grisham et al., 1995;
Stevenson et al., 1995). In addition to heating the dis-
charge, the neutral beams are an effective means of fu-
eling the discharge. On TFTR, the fueling has been var-
ied from all deuterium to all tritium. The JET neutral-
beam heating system is composed of two neutral
beamlines with eight positive-ion sources each. For the
Preliminary Tritium Experiment, two of the ion sources
operated in tritium at a voltage of 78 kV to ensure reli-
able operation. The remaining fourteen sources oper-
ated in deuterium, twelve at an operating voltage of 135
kV and two at 75 kV. The injected power into the D-T
discharges was 14.3 MW. The tritium fueling rate rela-
tive to the total was '13%.

FIG. 3. Plasma boundary for TFTR pulse No. 80539. (The
plasma parameters for the pulse are given in Table IV.) Shown
are the inboard limiter and the poloidal (outer) limiters.
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FIG. 4. Interior of the TFTR vacuum vessel. The carbon-fiber-composite and graphite tiles on the inner wall limit the plasma and
protect the vacuum vessel wall.
The TFTR ICRF system uses four antennas struc-
tured to launch electromagnetic waves, which are domi-
nantly polarized so that the wave electric field parallel to
the equilibrium toroidal magnetic field is negligible. For
these experiments, the dominant propagating modes are
fast magnetosonic waves. Depending on the choice of
frequency, magnetic-field strength, and plasma composi-
tion, the fast waves can damp in the plasma core on a
second-harmonic cyclotron resonance of a majority ion
species, such as tritium, or on the fundamental cyclotron
resonance of a dilute light-impurity species (minority

FIG. 5. Magnetic flux surface configuration for JET pulse No.
26148. (The plasma parameters for this pulse are given in
Table III.) Shown are the separatrix, the X point, and the
carbon-fiber-composite and beryllium targets (JET Team,
1992).
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species) such as hydrogen or 3He. Experiments using
coincident fundamental minority 3He and second-
harmonic tritium majority absorption have been con-
ducted at 43 MHz, while fundamental hydrogen minor-
ity with coincident second-harmonic deuterium majority
heating experiments have been conducted at 64 MHz.
For multiple-ion-species plasmas, an additional reso-
nance called the ion-ion hybrid resonance is located be-
tween the fundamental cyclotron resonance layers of
each pair of ions. In the vicinity of this resonance, the
launched fast waves can couple to an electrostatic hot-
plasma wave called an ion Bernstein wave, which has
similar dispersion characteristics in the hybrid layer.
This ‘‘mode-conversion’’ process can be used to provide
localized heating near the D-T ion-ion hybrid layer in
TFTR with 30-MHz waves in a plasma with Bt;5.3 T or
near the D-3He ion-ion hybrid layer with 43-MHz waves
in plasma with a small amount of tritium present. A
more detailed comparison of the different ICRF heating
regimes is given in Sec. VI.B.

B. Plasma diagnostics

New and novel diagnostics have been an important
ingredient in developing an understanding of high-
temperature plasmas. A review of recent diagnostic de-
velopments is given by Gentle (1995). Information
about TFTR and JET diagnostics can be found in Hill
et al. (1990), Young and Johnson (1992), Young (1997),
Johnson et al. (1996), and Thomas (1996). In modern
tokamak experiments, detailed profile measurements of
the plasma electron and ion temperature, electron den-
sity, current density, and toroidal rotation are routinely
available. Measurements of the fluctuations in the
plasma are made by a variety of techniques, including
fast-electron cyclotron emission measurements of the
electron temperature, x-ray measurements of the chord-
averaged x-ray emissivity due to variations in electron
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FIG. 6. Interior of the JET vacuum vessel (JET Team, 1992).
temperature, electron density, and impurity concentra-
tion, and microwave reflectometer and beam-emission-
spectroscopy measurements of the density fluctuations.
Table II provides a list of current diagnostics on the
TFTR device and the parameters measured. In prepara-
tion for the D-T experiments, many TFTR diagnostics
were modified to cope with the higher radiation fluxes
from both neutrons and gammas during the pulse (Ku
et al., 1994; Hill et al., 1995). In addition, the vacuum
systems of the diagnostics were modified to be tritium
compatible. The D-T experiments also provided an op-
portunity to assess the effect of neutron damage on fiber
optics (Morgan, 1992; Adler et al., 1995; Paul et al., 1995;
Ramsey et al., 1995).

For the D-T experiments, several new diagnostics
were developed to measure the total neutron source
strength, the neutron emission profiles, which are a mea-
sure of the alpha-particle birth location, and the escap-
ing and confined alpha particles. Since these new mea-
surements are central to the D-T experiments, they are
described below.

1. Neutron measurements

The neutron emission rates were measured in JET
with silicon surface-barrier diodes and using 235U and
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
238U fission chambers (which are not capable of dis-
criminating between 2.5-MeV and 14-MeV neutrons).
These detectors were calibrated by comparison with the
total time-integrated neutron yield measured by the ac-
tivation of two elemental samples positioned near the
vessel. Silicon was used, but since the 28Si (n ,p) reac-
tion is not well characterized, it was cross-calibrated
against the standard dosimetry reaction of 63Cu
(n ,2n)62Cu and 56Fe (n ,P)56Mn. The accuracy of the
total neutron yield is estimated at 67%. The neutron
energy spectrum was measured with a liquid-scintillator
spectrometer. Neutron emission profile data were ob-
tained from 19 similar spectrometers arranged in two
cameras with orthogonal views (JET Team, 1992; Mar-
cus et al., 1993).

TFTR also has an extensive set of fusion neutron
detectors—five fission detectors, two surface-barrier de-
tectors, four activation-foil stations (Barnes et al., 1995),
and a ten-channel neutron collimator with 25 detectors
(including 4He recoil detectors) to provide time resolu-
tion, as well as energy discrimination of the D-T and
D-D neutron fluxes. The systems were calibrated in situ
by positioning an intense neutron source at many loca-
tions within the vacuum vessel (Barnes et al., 1990; Hen-
del et al., 1990; Strachan et al., 1990). The yield mea-
TABLE I. Comparison of JET and TFTR engineering parameters.

JET TFTR

Plasma major radius R 2.96 m 2.6 m
Plasma minor radius (horizontal) a 1.25 m 0.9 m
Plasma elongation ratio k 1.68 1.0
Toroidal magnetic field (plasma center) Bt 3.45 T 5.9 T
Plasma current Ip 7.0 MA 3.0 MA
Neutral beam power Pb 18 MW 40 MW
ICRF power PICRF 22 MW 11 MW
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TABLE II. Diagnostic measurements on TFTR.

Profile Data Impurity Concentration

Te(r) Visible bremsstrahlung array

TV Thomson scattering VUV survey spectrometer

ECE heterodyne radiometer Multichannel visible spectrometer
ECE Fourier transform spectrometer X-ray pulse-height analyzer
ECE grating polychromator Radiated power
ne(r) Tangential bolometers

TV Thomson scattering Bolometer arrays

Multichannel far infrared interferometer Wide-angle bolometers
Ti(r) Fluctuations/Wave Activities

Charge-exchange recombination spectroscopy Microwave scattering

X-ray crystal spectrometer X-ray imaging system
q(r) Ion-cyclotron emission/rf probes

Motional stark effect polarimeter ECE grating polychromator

Mirnov coils
Fusion Neutrons Neutron fluctuation detector

Epithermal neutrons Magnetic Measurement

Neutron activation detectors Plasma current
14 MeV neutron detectors Plasma geometry
Collimated neutron spectrometer Diamagnetic flux
Multichannel neutron collimator Loop voltage
Fast neutron scintillation counters Plasma Edge/Wall
Gamma spectrometer Plasma TV
Alpha-particles IR camera

Lost alpha/triton array Filtered diodes (H-alpha)

Pellet-charge-exchange Filtered diodes (C-II)
Alpha charge-exchange recomb. spectroscopy Fabry-Perot spectrometer

Sample exposure probe
sured by the fission, surface-barrier, and 4He recoil
detectors is linear, with the yield measured by activation
foils over six orders of magnitude. The system of mul-
tiple measurements has allowed a 67% determination
of the fusion energy production (Jassby et al., 1995; D.
Johnson et al., 1995; Strachan et al., 1995). The neutron
profile and hence the alpha birth location is measured
with the neutron collimator.

2. Escaping-alpha-particle measurements

Fusion product losses from TFTR plasmas are mea-
sured by a poloidal array of detectors just behind the
limiter shadow. The detectors are situated at poloidal
angles 90°, 60°, 45°, and 20° below the outer midplane.
The ion ¹B drift direction is toward the 90° detector.
The 20° detector is mounted on a movable probe. The
detectors are illustrated in Fig. 7. A set of apertures dis-
perses the particles by pitch angle (the escaping parti-
cle’s angle with respect to the toroidal field) and gyrora-
dius onto a planar scintillator. Light from the scintillator
is carried by coherent fiber-optic bundles to remote de-
tectors, which record the two-dimensional position on
., Vol. 70, No. 2, April 1998
the detector surface and the total scintillation light ver-
sus time (Darrow et al., 1995).

An alternative approach to measuring escaping fusion
products has been developed by Herrmann et al. (1995,
1997) and Chong (1995). Alpha particles escaping from
the plasma are implanted in nickel foils located in a se-
ries of collimated ports on a vertically-movable probe
drive, located at 90° below the midplane. Each port ac-
cepts particles with a limited range of pitch angles. The
Ni foils with the implanted alpha particles are removed
from the vessel and analyzed for He content. The alpha
energy distribution is deduced by measuring the depth
distribution of He in the Ni foils. This diagnostic has
better energy resolution than do scintillator detectors
but does not have intrinsic time resolution.

3. Confined-alpha-particle measurements

Measurements of confined alpha particles are espe-
cially difficult because of their relatively low concentra-
tion, na /ne;1023, and large range in energies, from the
birth energy of 3.5 MeV to thermal. Two techniques,
pellet charge exchange (PCX) and alpha charge-
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exchange recombination spectroscopy (a-CHERS),
have been used on TFTR to study the confinement and
thermalization of alpha particles.

In the pellet charge-exchange diagnostic, small lithium
or boron pellets (;7 mm3) are injected radially into
TFTR. Upon entering the plasma, the pellets ablate, sur-
rounding themselves with a dense localized cloud of ion-
ized lithium as they travel through the plasma. This
cloud is sufficiently dense that a small fraction of the
alpha particles incident on the cloud are neutralized by
sequential single-electron capture,

He211Li1→He11Li21,

He11Li1→He01Li21,

and also double capture,

He211Li1→He01Li21.

By measuring the energy distribution of the resultant
helium neutrals escaping from the plasma using a mass-
and energy-resolved neutral-particle analyzer, one can
determine the energy distribution of the confined alphas
by modeling the fraction of alpha particles that are neu-
tralized in the cloud as a function of alpha energy

FIG. 7. Schematic diagram of the TFTR lost-alpha detector.
Four lost-alpha detectors are located behind the limiter
shadow. The escaping alphas enter a pair of apertures that
disperse them in pitch angle and gyroradius (Darrow et al.,
1996a).
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(Fisher et al., 1995; Medley et al., 1996b). This diagnostic
technique is illustrated in Fig. 8. The technique has suc-
cessfully measured confined alpha particles from 0.5 to
3.5 MeV with good signal-to-background ratio. When
the radial position of the pellet was measured as a func-
tion of time, using a linear photodiode array situated on
the top of the vacuum vessel and the time-dependent
flux to the neutral-particle analyzer, good radial resolu-
tion of ;5 cm was obtained (Fisher et al., 1995; Medley
et al., 1995, 1996a; Petrov et al., 1995, 1997). The princi-
pal limitations of the PCX approach are that it provides
a measurement at only one time in the discharge due to
the large increase in density resulting from the Li pellet,
which impacts on the evolution of the discharge, and
that its use is typically restricted to the period after high-
power heating in order to achieve adequate pellet pen-
etration. Because of the viewing angle of the detector,
only near-perpendicular energetic ions with
v i /v520.048 are detected. This could, in principle, be
changed.

a-CHERS, a charge-exchange recombination spec-
troscopy diagnostic, is designed to observe confined al-
phas with energies in the range from thermal to
;700 keV. A schematic illustration of the diagnostic is
shown in Fig. 9 (McKee et al., 1995a). Alpha particles
are observed by measuring the Doppler shifted n54 to 3
transition of He11 near 468.6 nm, which is excited by
electron exchange reactions between the injected
neutral-beam atoms and alpha particles. Analysis of the
spectrum yields the spatial density profile and the low-
energy distribution. This is a very challenging measure-
ment due to the relatively low signal level compared
with the background light from bremsstrahlung and im-
purity lines emitted by low charge states of carbon. A
very high light-throughput system was developed em-
ploying a moderate resolution spectrometer and low-
noise, high-quantum-efficiency, high-dynamic-range de-
tectors to improve the photon-counting statistics.

FIG. 8. Illustration of the pellet charge-exchange diagnostic
for measuring confined alpha particles (Medley et al., 1996b).
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The background light is carefully subtracted from the
measured spectrum to give the contribution attributed
to alpha particles. During the high-power phase,
neutron-induced fluorescence in the optical fiber also
contributes to the observed signals. As a result, the data
are typically taken after the high-power phase when the
population of alpha particles is still high, but the neutron
flux has decreased substantially. The advantages of this
technique are that it can provide time-dependent mea-
surements at several radial locations, and furthermore,
the intensity measurements are absolutely calibrated,
which allows direct comparison with simulation codes.

III. REGIMES OF OPERATION

Both JET and TFTR operate in a variety of regimes,
which span a wide range of plasma parameters and are
characterized by differences in plasma transport and sta-
bility. The underlying physics responsible for the trans-
port variability will be briefly described, although a com-
prehensive discussion of this extensive literature is
beyond the scope of this paper. Fortunately, there are
several papers that provide a good background to these
issues, which remain under active study in the worldwide
program. In this paper, only the regimes of operation
that have been studied on JET and TFTR with D-T
plasmas will be presented to provide a background to
the results in the following sections.

A. L mode

The most easily obtained operating regime is called L
mode because it is characterized by comparatively low
confinement and can be reliably achieved. In this re-
gime, there is a substantial influx of hydrogen and car-
bon at the limiters and/or divertors. The resulting den-
sity profiles are broad and edge-ion temperature is low.
The electron and ion temperatures are typically compa-
rable, especially at high density. An empirical relation-
ship (Yushmanov et al., 1990) has been derived from the
worldwide database, which describes the confinement
time for L-mode plasmas,

tE
ITER-89P50.048IP

0.85R1.2a0.3ne
0.1Bt

0.2~AHYDk/P !0.5.

FIG. 9. Alpha charge-exchange recombination spectroscopy
(a-CHERS) sightlines and beam viewing geometry (McKee
et al., 1995a, 1997).
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Here AHYD is the mass of the hydrogenic species, P is
the total heating power in MW, IP is the plasma current
in MA, R and a are the major and minor radii in meters,
n is the line-averaged plasma density in units of
1020 m23, and Bt is the toroidal field in T. The confine-
ment increases with mass of the hydrogenic species
AHYD and with plasma current and degrades with in-
creasing auxiliary heating power. This regime of opera-
tion has been studied on TFTR briefly in D-T, but ex-
tensively in D .

The empirical observation of transport in TFTR L-
mode discharges (Hawryluk et al., 1991 and references
therein) has revealed the following features:

(a) Radial transport is governed by turbulent pro-
cesses such that the electron and ion heat, particle,
and momentum transport are much larger than
predicted by collisional transport theories.

(b) The degradation of thermal confinement with
power, tE

th;P20.7, is even stronger than that given
by the global scaling relationship (Scott et al.,
1997).

(c) Local transport coefficients [electron heat diffusiv-
ity (xe), ion heat diffusivity (x i), and toroidal mo-
mentum diffusivity (xf)] increase strongly with
power or temperature (Scott et al., 1990b).

(d) x i'xf as expected from microturbulence theories.
(e) Degradation is not caused by anomalous loss of

fast ions. For a comprehensive review see Heid-
brink and Sadler (1994).

(f) Perturbative measurements of the electron particle
transport indicate an adverse temperature scaling.

(g) Toroidal velocity profile measurements following
off-axis neutral-beam injection can be modeled
without introducing an inward momentum pinch.

Progress has been made in the understanding of trans-
port processes in the core of L-mode discharges.
Kotschenreuther et al. (1995), utilizing gyrofluid and
gyrokinetic nonlinear simulations of the plasma turbu-
lence, reproduced the observed variation of the con-
finement time and ion and electron temperature profiles
with plasma current and neutral-beam power. The gyro-
kinetic equation is derived by averaging the
Vlasov-Boltzmann kinetic equation to eliminate the fast
time scales associated with the gyrating cyclotron mo-
tion of the particles, while retaining the essential nonlin-
ear physics associated with slower processes involved in
the MHD phenomenon and fine-scale instabilities and
turbulence related to drift waves. Gyro-Landau-fluid
equations are derived by integrating the gyrokinetic
equation over all particle velocities, obtaining fluid con-
servation laws for particle density, momentum, pressure,
etc.; they differ from regular fluid or MHD equations by
including particle gyration effects and adding models of
wave-particle resonances important in the low-
collisionality and long-mean-free-path regimes of hot
plasmas. (Regular fluid equations are derived in high-
collisionality regimes.) The principal transport mecha-
nism in these simulations is low-frequency electrostatic
turbulence driven by ion temperature gradients. Over



546 R. J. Hawryluk: D-T tokamak confinement experiments
most of the plasma, the ion temperature profile is near
marginal stability to the mode responsible for the turbu-
lence. Although quite successful for L-mode plasmas,
the model used by Kotschenreuther et al. (1995) has
some important limitations, especially when applied to
enhanced confinement regimes. First, the model is not
applicable to the edge region (roughly r/a.0.85), and
experimental measurements are required to set the
boundary conditions. Particle transport (and hence the
heat transport by convection) is known to be important
in regimes of operation in which the turbulence driven
by the ion temperature gradient is suppressed and re-
mains to be incorporated into the model. The effect of
shear in the poloidal and toroidal flow velocities is
treated in an approximate fashion. This is an especially
important mechanism in turbulence suppression, and the
formation of transport barriers is discussed further be-
low. Despite these caveats, this model provides a satis-
factory description of the performance of L-mode dis-
charges within its domain of applicability and does not
require any adjustable parameters.

Another approach has been pursued by Bateman
et al. (1995, 1997), Kinsey and Bateman (1996), and Kin-
sey et al. (1996) using a multimode model in which ana-
lytic expressions describe the dependence of plasma en-
ergy and particle transport in TFTR, JET, and DIII-D
discharges. In this approach, the numerical factor setting
the transport level for each model is obtained by fitting
the experimental data and evaluating the overall fit to
the data (Kinsey et al., 1995). The edge conditions are
not taken from experimental data; however, the influx of
neutrals from the edge is adjusted to obtain agreement
with the measured density. The transport is predicted to
be governed by electrostatic drift-wave turbulence and
ballooning modes. The agreement between theory and
experiment is satisfactory for a broad range of condi-
tions. Further tests of the model employing both a wider
range of data and responses to plasma perturbations, are
required to evaluate the range of validity of the multi-
mode model.

B. Enhanced confinement regimes

The experimental programs on JET and TFTR have
focused on operating conditions that produce substantial
fusion power and hence can be used to study alpha and
other D-T-related issues in reactor-relevant conditions.
Due to the low confinement in the L-mode discharges,
creating reactor-relevant conditions would require heat-
ing powers beyond those available. Thus nearly all ex-
periments have been conducted in enhanced confine-
ment regimes: H-mode, supershot, high-l i , and, most
recently, enhanced reverse-shear discharges.

1. H mode

Since the discovery on the ASDEX diverted tokamak
of an enhanced confinement regime known as the H
mode (for its high confinement time) by Wagner et al.
(1982), a great deal of research has been conducted on
the physics of this regime (ASDEX Team, 1989). In it a
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transport barrier (i.e., a thermally insulating layer) is es-
tablished at the edge of the plasma, resulting in reduced
particle outflux, broader density profiles, and improved
global energy confinement time. A further difference
between L- and H-mode discharges is that the core
transport is reduced in H modes. Furthermore, the glo-
bal empirical scaling relationships for the energy con-
finement time for H-mode discharges has an unfavor-
able scaling with power, implying an unfavorable
temperature scaling and a favorable scaling with plasma
current. H-mode operation has been extended to limiter
discharges, albeit under more restrictive conditions.

Particles that are transported out of the plasma im-
pinge upon plasma facing components, typically the lim-
iter or divertor. Some of the particles are trapped on the
surfaces or are neutralized and pumped; however, typi-
cally many of the particles either reenter the plasma af-
ter striking the plasma facing components or create an
efflux of particles from the surface due to heating or
physical or chemical sputtering. This ‘‘recycling’’ of par-
ticles from the edge is an important parameter in the
degree of confinement improvement, with lower recy-
cling yielding improved confinement. Various wall-
coating and vessel-conditioning processes, as well as
techniques to reduce the neutral influx from the diver-
tors, are used to decrease the edge recycling in the main
plasma chamber. On JET, beryllium evaporation was
extensively used to coat the walls to decrease recycling
and the influx of impurities. Depending upon the density
and the heating technique, it is possible to operate in the
H mode with Ti.Te ; the term hot-ion H mode is com-
monly used for this operating regime.

The transport barrier in the edge can suddenly col-
lapse momentarily as a result of MHD instabilities
called edge-localized modes (ELMs). The transport bar-
rier then can be reestablished (or not, depending upon
the plasma parameters). This ELM phenomenon is an
important consideration for reactor designs because the
heat loss to the divertor plates or limiter is suddenly and
significantly increased during the relaxation. Under
some conditions it is possible to operate without these
relaxation events, and the discharges are called ELM-
free. ELM-free discharges have even better energy con-
finement, though they are transient. The high-
performance JET D-T experiments were conducted in
ELM-free hot-ion H-mode discharges. The plasma pa-
rameters for discharges from the JET Preliminary Tri-
tium experiment, which achieved the highest fusion
power and triple product, are shown in Table III, and
the density and temperature profiles are shown in Fig.
10. H-mode transitions have also been observed in lim-
iter high-l i discharges on TFTR and are discussed in
Secs. III.B.3 and V.A.

Table III introduces several important parameters
that will be used in this paper. The plasma purity is an
important consideration for several reasons. Impurities
dilute the plasma and reduce the plasma reactivity. Also,
radiation from impurity ions in the plasma core can be
an energy-loss mechanism, reducing the confinement of
the plasma. In the present experiments, this problem has
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TABLE III. Summary of JET experimental parameters comparing a high-performance D and D-T
discharge from the Preliminary Tritium Experiment (JET Team, 1992).

Parameters Units 26087 26148

Plasma current (Ip) MA 3.1 3.1
Toroidal field (Bt) T 2.8 2.8
NB power (Pb) MW 14.9 14.3
Central electron density @(ne(0)# 1019 m23 5.1 3.6
Central (D1T) density @(np(0)1nT(0)# 1019 m23 4.1 2.4
Zeff 1.8 2.4
Te(0) keV 10.5 9.9
Ti(0) keV 18.6 18.8
Plasma diamagnetic energy (Wdia) MJ 11.6 9.1
dWdia /dt MW 6.0 4.7
tE5Wdia /(P tot2dWdia /dt) s 1.2 0.9
@nD(0)1nT(0)#Ti(0)tE 1020 m23 keV s 9.0 3.8
@nD(0)1nT(0)#Ti(0)tE* 1020 m23 keV s 5.4 2.5
Ratio of average T to (D1T) density 0 0.11
Maximum fusion power MW 0.05 1.7
bN 2.2 1.7
been alleviated by the choice of materials and wall coat-
ings and by the design of divertor and limiter. Impurity
radiation in the edge of the plasma can be beneficial by
reducing the heat flux to the divertor or limiter. The
parameter Zeff5(niZi

2/ne is used to characterize the
plasma purity, though for detailed analysis the composi-
tion of the ion species must be included.

The ratio of the plasma pressure to the toroidal field
pressure, b t5p/(Bt

2/2m0), where ^p& is the volume-
averaged plasma kinetic pressure, is cutomarily used to
characterize the performance of a magnetic confinement
system. The parameter of relevance for fusion yields,
which is approximately weighted to take into account
the plasma reactivity, is b t* 5^^p&&/(Bt

2/2m0), where
^^p&& is the root-mean-square pressure, ^^p&&
5@*p2dV/*dV#0.5. In a tokamak with typical current
profiles, the MHD stability limit was described by
Troyon et al. (1984) in terms of bN
5b t(%)a(m)Bt(T)/Ip(MA) and the corresponding fu-
sion reactivity weighted parameter is bN* 5bN^^p&&/p .

The plasma stored energy in the experiments summa-
rized in Table III was measured using a diamagnetic
loop.

FIG. 10. Radial profiles of the ion and electron temperature
and electron density for JET pulse No. 26148 (JET Team,
1992).
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The mechanisms responsible for the formation of a
transport barrier in the edge region have been reviewed
by Burrell (1994), Itoh (1994), Carlstrom (1996), and
Ward (1996). The basic model underlying many theories
concerning the H mode is that a large radial electric field
or electric-field gradient is formed in the edge region,
which reduces the amplitude of the turbulent fluctua-
tions or the correlation between the pressure and poten-
tial fluctuations. The parameter of importance in many
theoretical studies is the shearing rate, which is the rate
at which an ordered structure in the turbulence is pulled
apart by E3B rotation shear. Though a comprehensive
model of the H mode has not been established, there is
growing agreement on the importance of shear in the
radial electric field.

In the core region, the temperature profiles of H-
mode plasmas in JET have been successfully simulated
by Bateman et al. (1997) with the same multimode
model that describes L-mode plasmas. In these simula-
tions, the measured edge parameters are used as bound-
ary conditions because this model does not simulate the
development of the edge transport barrier. The infer-
ence from these simulations is that the underlying trans-
port mechanisms within the core are the same in H- and
L-mode discharges. In these simulations, the higher edge
temperatures resulting from the transport barrier reduce
the core transport because the turbulence is near a con-
dition of marginal stability and attempts to maintain the
ion temperature gradient. The reduction in transport in
the edge permits the attainment of high confinement
times, plasma stored energy, and, consequently, fusion
power. This analysis, along with the large experimental
literature, indicates the importance of edge conditions in
plasma confinement.

Transient changes to the transport barrier in the edge
by the occurrence of edge-localized modes provide in-
teresting tests of transport models. Cordey et al. (1995)
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and Bak et al. (1996) analyzed the rapid increase of elec-
tron temperature throughout the plasma cross section
following the occurrence of an L→H transition and con-
cluded that on JET the transition cannot be explained
by a sudden reduction in transport in just the edge re-
gion. Much better agreement is obtained by a model in
which there is a sudden reduction in transport every-
where outside the q51 region after the L→H transition.
[The safety factor q is defined as the ratio of the number
of toroidal transits of the field line to the number of
poloidal transits of the field line. For circular low-b plas-
mas, q5rBt /RBp(r)]. Whether the changes in plasma
transport results can be adequately described by the
models of Bateman et al. (1997) or Kotchenreuther et al.
(1995) is not known. Bak et al. (1996) have also shown
that there are three phases in JET H-mode discharges
with ELMs. During the ELM (<1 ms), the MHD event
modifies the electron temperature, not only near the
plasma edge, but also far inside the plasma volume. Af-
terwards, the transport remains large and exceeds the
L-mode value for 10–30 ms, and then the transport is
reduced to the low H-mode level. Thus, in understand-
ing and interpreting H-mode discharges, it is necessary
to know the frequency and amplitude of the ELMs as a
result of the complex interplay between MHD instabili-
ties at the edge and core transport. A comprehensive
model that covers transport-barrier formation, change in
underlying transport, and relaxation of the barriers due
to MHD instabilities does not exist. However, major el-
ements of a model are now emerging.

The maximum stored energy in high-performance
JET discharges is limited by the occurrence of ‘‘X
events.’’ The X events involve increased MHD activity,
loss of confinement, and influx of impurities which set
operational limits on the maximum stored energy. The
phenomena responsible for degradation in performance
are both complex and varied. The JET Team (presented
by Thomas) (1997) identified the importance of, and in-
teraction among, giant ELMs, sawteeth, and outer
modes. Sawtooth oscillations are a common MHD insta-
bility in tokamak discharges and are characterized by a
periodic collapse of the pressure of the plasma core and
a redistribution of the particles and energy. The so-
called outer modes have been identified as saturated
low-m/n external kinks. The kink mode is an ideal
MHD instability. It is so named because it leads to a
kinking of the magnetic surface and the plasma bound-
ary. The driving force comes from the radial gradient in
the plasma current (Bateman, 1978; Freidberg, 1982;
Wesson, 1987). The giant ELMs occur when the plasma
is calculated to be unstable against kinks and ballooning
modes simultaneously. The ballooning modes are an-
other MHD instability caused by large plasma pressure
gradients. They are located in the region of destabilizing
magnetic-field-line curvature, which in a tokamak is
typically in the low-field side. The occurrence of MHD
instabilities for a duration short compared with tE, and
the subsequent degradation of the energy confinement
time and fusion performance, is believed to be associ-
ated with the modification of edge conditions, due to the
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onset of MHD instabilities and possible interaction with
the plasma facing components. After the initial onset of
MHD instabilities, the plasma does not, in general, re-
gain the high-performance condition it had prior to deg-
radation, even if the activity subsides and remains qui-
escent for a period longer than the energy confinement
time. Recently, Wesson and Balet (1996) inferred an
abrupt change in the underlying core transport after the
occurrence of these instabilities and prior to a significant
change in the plasma parameters. Further work is in
progress to understand this seemingly irreversible and
rapid degradation in confinement in the highest-
performance discharges.

2. Supershot

Strachan et al. (1987) demonstrated that by exten-
sively conditioning the limiters to decrease the influx of
deuterium and carbon, one can obtain enhanced con-
finement limiter discharges. These enhanced confine-
ment discharges are characterized by peaked density
profiles, hot-ion regimes characterized by
Ti(0)/Te(0);2 –4, high edge-ion temperature, and
strong-beam particle fueling. These discharges are com-
monly referred to as supershots and have been exten-
sively studied on TFTR. Recently more effective condi-
tioning techniques involving lithium coating of the
limiter have been used to further suppress the influx of
deuterium and carbon and extend the range of opera-
tion (Mansfield et al., 1995, 1996). Table IV provides a
summary of parameters from high-performance
deuterium-tritium supershot discharges on TFTR. The
density and temperature profiles are shown in Fig. 11 for
the discharge with the largest triple product and are con-
trasted with an L-mode discharge.

In TFTR high-performance supershot discharges, the
sawtooth instability is typically stabilized even when the
central safety factor q(0) is less than one. Levinton et al.
(1994) showed that, when the pressure and density pro-
files are sufficiently peaked compared with the shear in
the q profile, stabilization occurs as predicted by a two-
fluid MHD model (Zakharov and Rogers, 1992; Za-
kharov, Rogers, and Migliuolo, 1993; Rogers and Za-
kharov, 1995).

Core transport in supershot discharges is substantially
reduced compared with L-mode discharges. The global
parametric confinement scalings which characterize L-
mode discharges do not describe the trends in supershot
discharges (Bell et al., 1988). In supershots, the confine-
ment time remains approximately constant with both
neutral-beam heating power and the plasma current,
whereas in L- and H-mode discharges the confinement is
observed to decrease with power and increase with cur-
rent. Regressions on the supershot database, as well
as dedicated experiments, reveal a strong adverse
dependence of confinement upon the influx rates of car-
bon and deuterium measured spectroscopically (Stra-
chan, 1994). One consequence of an increased influx of
carbon and deuterium is a broadened density profile and
reduced depth of penetration by the neutral beam. Park
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TABLE IV. Summary of TFTR experimental parameters achieved in high-performance supershot discharges (Hawryluk et al.,
1995; McGuire et al., 1996).

Parameters Units 68522 76778 80539 83546

Plasma current (Ip) MA 2.0 2.5 2.7 2.3
Toroidal field (Bt) T 5.0 5.1 5.6 5.5
NB power (Pb) MW 30.8 33.7 39.6 17.4
Tritium NB power MW 0 20.0 25.5 17.4
Central electron density @ne(0)# 1019 m23 9.6 8.5 10.2 8.5
Central hydrogenic density

nHYD(0)5@nH(0)1nD(0)1nT(0)#
1019 m23 6.8 6.3 6.7 6.6

Zeff 2.6 2.2 2.4 2.0
Te(0) keV 11.7 11.5 13 12.0
Ti(0) keV 29.0 44 36 43
Plasma energy (W tot) MJ 5.4 6.5 6.9 4.9
dW tot /dt MW 2.1 7.5 0 3.0
tE5W tot /(Ptot2dW/dt) s 0.19 0.24 0.18 0.34
nHYD(0)Ti(0)tE 1020 m23 keV 3.9 7.1 4.3 9.6
nHYD(0)Ti(0)tE* 1020 m23 keV 3.6 5.5 4.2 8.0
Ratio of average T to (D1T) density 0 0.5 0.47 0.58
Maximum fusion power MW 0.065 9.3 10.7 2.8
bN 2.1 2.0 1.8 1.5
bN* 3.5 3.1 3.0 3.0
(1997) has shown that the energy confinement time is
also correlated with central-beam fueling.

Local transport studies of supershots indicate that
most of the improvement in confinement is associated
with the reduction of ion heat conduction (Scott et al.,
1990a, 1990b; Zarnstorff et al., 1989a, 1989b) and ion
particle transport (Synakowski et al., 1993). Though in
L-mode discharges the ion heat conduction is typically
much larger than ion heat convection, in the core of

FIG. 11. Radial profiles of the electron density and electron
and ion temperature for TFTR pulse No. 83546, a high-
performance supershot, contrasted with a comparable L-mode
discharge with similar plasma current and heating power.
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supershots the upper bound for the ratio of Qi to G iTi ,
where Qi is the total ion heat transport and G i is the ion
particle flux, is only ; 3/2 with balanced injection, indi-
cating that conduction is relatively small. In the electron
channel, the ratio of Qe to GeTe is 2. Perturbation ex-
periments by Kissick et al. (1993) also have demon-
strated that convective heat transport is dominant in the
core of supershots. As noted by Zarnstorff et al. (1988a,
1989a), this implies that electron heat transport is not
consistent with a strong stochastic particle loss and lends
support for the contention that the transport is caused
by electrostatic-driven turbulence. The transport studies
also indicate a very different scaling of x i and xf with
Ti . Meade et al. (1991) and Scott et al. (1990b) have ob-
served that x i and xf decrease with Ti in supershot dis-
charges.

An analysis by Kotschenreuther et al. (1995), using
the gyrofluid and gyrokinetic models, indicates that re-
duction in transport is associated with the suppression of
ion-temperature-gradient-driven modes due to large val-
ues of Ti to Te which, at least in part, are made possible
by the high edge-ion temperature and peaked density
profiles. However, as noted above, this model did not
have a comprehensive treatment of the particle dynam-
ics and, in particular, of convective heat transport in the
core or the effect of radial electric-field shear stabiliza-
tion. Thus these results, while suggestive and supportive,
are not conclusive. One would qualitatively expect as a
general consequence of ion-temperature-gradient mod-
els that if the edge temperature were reduced, the ion
transport would rapidly increase and that such an edge
perturbation would propagate into the plasma. Experi-
ments have been reported by Zarnstorff et al. (1990,
1991) and Scott et al. (1990b) in which either a helium
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gas puff or a deuterium pellet was injected into the
plasma. The resulting change in ion temperature and en-
ergy confinement did not show evidence for a rapidly
propagating wave of enhanced transport, indicating ei-
ther that the ion profiles were not marginally stable or
that the mode was too weak to enforce marginal stabil-
ity. Theoretical analysis of these experiments by Horton
et al. (1992) indicates that enforcement of marginal sta-
bility should not be expected.

As in the case of H-mode transport-barrier formation,
another mechanism that can be important is electric-
field shear stabilization of the turbulence. Bush et al.
(1996) have observed a correlation between Li condi-
tioning and the development of steep ion temperature
and toroidal velocity gradients. Ernst et al. (1995, 1996)
have recently calculated that the reduction in transport
in supershot discharges may be due, in part, to the large
pressure gradients, which in turn generate gradients in
the radial electric field. The experimental observation
that optimal global confinement is obtained with slightly
co-dominated injection is another suggestion that the ra-
dial electric field affects confinement. Though the
present theory of electrostatic turbulence provides an
overall description of the mechanisms for improved con-
finement in supershots, key elements in the model re-
quire further validation.

At modest auxiliary heating power (20 MW), the du-
ration of supershot discharges in TFTR can exceed ten
energy confinement times, and a quasi-steady-state con-
dition can be achieved by operating away from the b
limits. In the highest-performance discharges in which
the operating boundaries are being challenged, b limits
and/or increased influx of carbon and hydrogen from the
limiters limit the duration of the high-performance
phase.

Two different mechanisms appear to be responsible
for the b limit in supershot discharges on TFTR: neo-
classical tearing modes and intermediate-n ballooning
instabilities coupled to a lower-n kink mode. The onset
of tearing modes (Chang et al., 1994, 1995a) is found to
degrade the confinement, the plasma stored energy, and
the neutron emission in the discharges, but does not
typically result in an abrupt termination of the dis-
charge, a ‘‘disruption.’’ The tearing instability is driven
by the radial gradient in the equilibrium current density.
The tearing and reconnection of magnetic field lines
which occur during the instability are a consequence of
finite resistivity. These modes appear spontaneously and
have low frequencies (,50 kHz) and low poloidal and
toroidal wave numbers, m/n53/2, 4/3, and 5/4. The 2/1
mode is rarely observed but is particularly detrimental
to confinement. The nonlinear evolution of these modes
agrees well with the predictions of neoclassical pressure-
gradient-driven tearing-mode theory. The predicted
evolution of the island width is found to be in reason-
able agreement with measurements, as shown in Fig. 12.
In the comparison with experiment, the simulation is ini-
tialized to the experimentally measured island width,
and the constant factor in the neoclassical driving terms
is chosen to match the saturated island width. Though
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the present theory predicts several important trends in
the data, it does not predict a threshold island width and
therefore when and which modes should grow.

The degradation in stored energy dW can be quanti-
tatively attributed to the width of saturated magnetic
islands, as shown in Fig. 13. In the theoretical simulation
of the degradation of the stored energy, the island width
is calculated from magnetic-field fluctuation measure-
ments. The theory of Chang et al. (1994) assumes that
magnetic islands introduce a large transport region in
their vicinity. Therefore it is expected and observed that
dW/W}w/a , as can be seen in Fig. 13(b). Thus it is

FIG. 12. Comparison of the measured magnetic island evolu-
tion with the nonlinear, neoclassical, pressure-driven tearing
mode theory for (a) the m/n53/2 mode case and (b) the 4/3
mode case (Chang et al., 1994).

FIG. 13. Stored energy deterioration due to neoclassical tear-
ing modes: (a) Comparison of stored-energy deterioration
(dW/W) theory and experiment due to neoclassical tearing
modes; (b) energy deterioration proportional to the island
width as predicted by the theory and simulation, in agreement
with simple analytic estimates, as well as a time-dependent
transport simulation (Chang et al., 1994).
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possible to reproduce successfully the confinement deg-
radation and plasma profile evolution due to neoclassi-
cal tearing modes (Chang et al., 1994).

In discharges on TFTR with high toroidal field and
plasma current, the neoclassical tearing modes do not
appear to be a significant limitation. In these discharges,
the maximum stored plasma energy is limited by the
onset of a rapidly growing intermediate-n ballooning in-
stability (n510–20) coupled to a low-n ideal kink mode
(Nagayama et al., 1993; Fredrickson et al., 1995a, 1996).
The distortions to the plasma caused by the large low-n
ideal mode appear to push the plasma over the
ballooning-mode stability boundary. The ballooning-
mode precursor to the disruption was studied using two
grating polychromators separated toroidally by 126° to
measure the electron temperature, as shown in Fig. 14.
From these data, it is possible to deduce that the bal-
looning mode is both toroidally and poloidally localized
on the outboard midplane. Park et al. (1995), using a
three-dimensional nonlinear MHD code, successfully
modeled the observed electron temperature fluctua-
tions, as shown in Fig. 15. These simulations indicate
that the high-n mode becomes even more localized, pro-
ducing a strong pressure bulge that destroys the flux sur-
faces and resulting in a thermal quench. This instability
limits the maximum fusion power achieved in supershots
on TFTR and can result in a plasma disruption.

Operational experience has developed well-defined
guidelines for regimes in which the probability of disrup-
tion is small. Mueller et al. (1996b) have characterized
the operation regime of supershots in terms of the pa-
rameter bN and the density peaking parameter
ne(0)/^ne&. The likelihood of disruption increases with
increased values of both bN and ne(0)/^ne&. In TFTR, as
a result of aggressive wall conditioning, which enables
the limiter to pump (absorb) escaping particles, and
strong central-beam fueling, values of ne(0)/^ne& up to
4.6 have been attained. Since the variation in the tem-
perature profile is much less, ne(0)/^ne& is a useful indi-
cator of the peaking of the pressure profile. (Another
important parameter in the MHD stability is the current
profile shape, as will be discussed below.) By restricting
the operating range of bN and ne(0)/^ne&, it is possible
to operate with an acceptably low probability of disrup-
tion (;1022) for discharges with fusion power at about
half of the highest achievable.

In high-power, neutral-beam-heated discharges, the
stored energy and neutron flux are observed to decrease
with an increase in the influx of hydrogenic and carbon
impurities. At the highest power (.30 MW), rapid in-
fluxes of carbon sometimes occur. This phenomenon,
which has been observed on both JET and TFTR, is
called a ‘‘carbon bloom.’’ The influx is attributed to
overheating in localized regions of the divertor or lim-
iter (Ulrickson et al., 1990). A more common occurrence
at lower power is the gradual increase in both deuterium
and carbon recycling during neutral-beam injection. Li
wall conditioning by means of pellet injection is found to
reduce carbon and deuterium recycling significantly and
improve confinement (Terry et al., 1991; Strachan et al.,
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
1992, 1994c; Mansfield et al., 1995, 1996). By means of
extensive Li pellet conditioning, the energy confinement
time has been increased to 340 ms; the highest fusion
triple product of nHYD(0)Ti(0)tE* 58.031020 m23 s
keV, where nHYD is the sum of hydrogenic ion densities,
has been achieved for the condition shown (shot 83546)
in Table IV. However, for heating pulse durations sig-
nificantly greater than tE and at high power (.30 MW),
the favorable confinement is observed to decrease dur-
ing the high-power phase. Techniques need to be further
developed to extend the duration of the high-power en-
hanced confinement regime.

FIG. 14. Growth of a ballooning mode prior to a plasma de-
scription. (a) Electron-cyclotron emission measurements of the
evolution of the electron temperature prior to a disruption. An
n51 kink mode is observed to precede the destabilization of a
ballooning mode (Fredrickson et al., 1995a, 1996); (b) Con-
tours of the electron temperature evolution at one toroidal
location. The ballooning mode is observed on the outer mid-
plane; (c) Contours of the electron temperature evolution tor-
oidally separated by 126° from the previous set of measure-
ments.
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3. High l i

Since MHD stability at present limits the maximum
fusion power attainable in TFTR supershots, current
profile modification has been explored to increase the
operational parameter range. Two different operating
regimes, high l i and reversed shear, have been studied.
In high-l i discharges, the current profile is peaked, in-
creasing the plasma internal inductance l i , which for
low-b circular plasmas is given by

l i5
*0

a~Bp
2 /2m0!2pr dr

@Bp
2~a !/2m0#pa2

whereas in reverse-shear discharges, the current profile
is broader and the value of l i is decreased.

In the present high-performance plasmas, the dis-
charge duration is less than the current relaxation time.
Thus, by varying the time evolution of the plasma cur-
rent, it is possible to change the current profile within
the plasma and experimentally evaluate the effect of the
current profile on confinement and stability. On TFTR,
two approaches have been used to obtain high-l i dis-
charges: (1) rapidly decreasing the plasma current or (2)
using a novel growth technique to alter the current pro-

FIG. 15. Modeling of the ballooning mode. (a) Three-
dimensional nonlinear simulation of equipressure contours of
the MHD instability. (b) Simulations of the electron-cyclotron
emission measurements of the electron temperature reproduce
the observation of the ballooning mode shown in Fig. 14 being
destabilized by a low-n kink mode, with the largest displace-
ment on the outboard side of the plasmas (Park et al., 1995).
Since the plasma rotates toroidally, the calculations vs toroidal
angle are related to the measurements vs time.
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file at constant plasma current. When the plasma current
is ramped down, the peakedness of the current profile,
and thus the plasma internal inductance, is transiently
increased. Using this technique, the energy confinement
and plasma stability are increased relative to a discharge
with a relaxed (broad) current profile at the same total
plasma current. This regime of operation on TFTR is
called the high-l i (or high-bp) regime and has been
studied in D (Navratil et al., 1991; Sabbagh et al., 1991;
Zarnstorff et al., 1991), and D-T (Sabbagh et al., 1995a,
1995b; 1997) discharges. In recent rampdown experi-
ments, H-mode transitions were frequently observed,
permitting the effects of tritium on H-mode physics to
be studied.

More recently, another method has been developed to
produce high-l i plasmas at high current (Sabbagh et al.,
1997; Fredrickson et al., 1997). The method involves
starting the discharge at very low edge q , qa;2.5, by
reducing the minor radius, increasing the current to its
final level at constant qa , and then expanding the minor
radius rapidly to a near-full-aperture discharge. This is
conceptually similar to the technique of expanding the
plasma elongation developed on DIII-D, in which the
plasma shape is suddenly changed to alter the current
profile distribution (Lao et al., 1993). Since the current
profile expands relatively slowly after the plasma mo-
tion, the internal inductance is transiently higher. Mo-
tional Stark-effect measurements of the current profile
show that the high-l i plasmas have an increased core
current density and an increased radius of the q51 sur-
face compared with supershot plasmas, as shown in Fig.
16. This technique has the advantage that it is not nec-
essary to achieve currents substantially greater than the
final current to attain higher values of the internal induc-
tance.

A summary of parameters for the high-l i discharge
that achieved the highest fusion power is given in Table
V. In terms of the normalized parameters bN and H
[tE /tE

ITER89-P , these discharges have a much broader
range of operating space, as shown in Fig. 17, than su-
pershots. At present, the maximum fusion power pro-
duced in the high-l i regime is 8.7 MW with a stored
energy of 6 MJ, which is comparable to that achieved in
supershots with similar neutral-beam powers (Sabbagh
et al., 1997) but at higher current and field. The maxi-

FIG. 16. Motional Stark effect measurements of the j(r) and
q(r) profiles in a high-l i discharge, contrasted with a super-
shot discharge (Sabbagh et al., 1997).
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TABLE V. Summary of TFTR experimental parameters achieved in high-l i and enhanced reverse-
shear discharges by means of current profile modification (McGuire et al., 1996).

Parameters Units
High l i
95603

ERS
88170

Plasma current (Ip) MA 2.0 1.6
Toroidal field (Bt) T 4.8 4.6
NB power (Pb) MW 35.5 28.1
Central electron density @ne(0)# 1019 m23 6.9 9.0
Central hydrogenic density

@nH(0)1nD(0)1nT(0)#
1019 m23 6.0 7.0

Zeff 1.6 2.1
Te(0) keV 8.0 8.0
Ti(0) keV 45 25
Plasma energy (W tot) MJ 5.7 3.9
dW tot /dt MW 11.0 3.0
tE5W tot /(Ptot2dWtot /dt) s 0.23 0.15
nHYD(0)Ti(0)tE 1020 m23 keV 6.2 2.6
nHYD(0)Ti(0)tE* 1020 m23 keV 4.3 2.4
Ratio of average T to (D-T) density 0.42 0
Maximum fusion MW 8.7
bN 2.4 1.95
bN* 3.9 3.7
mum performance in high-l i discharges was not limited
by MHD stability, but by the confinement time and the
occurrence of carbon blooms at high heating power.
Further development of limiter wall coatings and power
handling techniques is required to evaluate the potential
of this regime.

4. Reverse shear

Theoretical MHD stability studies (Ozeki et al., 1993;
Kessel et al., 1994; Turnbull et al., 1995) predicted that
by creating a plasma core with reversed magnetic shear,
i.e., dq/dr,0 over some region of the profile, it would
be possible to increase MHD stability. In addition, ex-
perimental work on a number of devices indicated a re-
duction of core transport that was possibly associated

FIG. 17. Operating range of high-l i discharges in terms of the
enhancement in energy confinement time, H5tE /tE

TER89-P ,
and bN is compared with the operating range of supershot dis-
charges (Sabbagh et al., 1995b, 1996).
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with the formation of regions of reversed shear (Lazarus
et al., 1991; 1992; Hugon et al., 1992; Goldston et al.,
1994; Hoang et al., 1994; Kamada et al., 1994). These ini-
tial experimental observations were further encouraged
by the theoretical work of Kessel et al. (1994), who pre-
dicted that plasma transport could be reduced in dis-
charges with reversed magnetic shear. The recent devel-
opment of operational techniques to create this
magnetic configuration reliably, coupled with new diag-
nostics for measuring the pitch of the magnetic field on
TFTR (Batha et al., 1995b; Levinton et al., 1995),
DIII-D (Strait et al., 1995), and JT-60U (Fujita et al.,
1997), have resulted in rapid progress and exciting new
results. Recent and significant work on the effect of
modifying the core current profile has been reported by
the DIII-D group (Lazarus et al., 1996, 1997), JT-60U
group (Ushigusa et al., 1997), JET Team (1997) pre-
sented by Gormezano, TFTR (Levinton et al., 1997;
Synakowski et al., 1997a), and Tore Supra group
(Equipe Tore Supra, 1997).

To create a reverse magnetic shear configuration, the
plasma is typically started at full size and the current is
ramped up rapidly. Since the current diffusion time is
slower than the rise time of the total plasma current, the
current-density profile j(r) is hollow during, and for
some time after, the ramp. Low-power auxiliary heating
is frequently applied during the current ramp, which
raises the electron temperature, decreasing the plasma
resistivity and slowing the inward diffusion of current.
This prelude heating is followed by the main heating
phase of beam injection, as shown for a TFTR discharge
in Fig. 18. With variations of beam timing and total cur-
rent, a range of q profiles has been produced, with q(0)
in the range from 2 to 5 and qmin from 1.8 to 3, according
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to motional Stark-effect measurements. This is shown in
Fig. 19 (Batha et al., 1995b).

The confinement characteristics of reverse-shear shots
on TFTR in the main heating phase resemble those of
supershots with the same machine parameters. In par-
ticular, the global confinement time is enhanced relative
to L-mode scaling, and convection is important in the
core power balance. However, above a power threshold
(which depends on machine conditioning and the q pro-
file), the core transport changes abruptly at 0.2–0.3 s
into the main heating phase within the region of re-
versed shear. In TFTR discharges, the effect is most
clearly seen in the evolution of the central density,
which can rise by more than a factor of 2 in 0.3 s as
shown in Fig. 20. Since the density outside the reversed-
shear region changes little, the density profile following
the transition becomes very peaked, reaching values of
ne(0)/^ne&;5. This state of improved confinement in
the core of reverse-shear plasmas is known as enhanced
reverse shear in TFTR. Similar improvements in con-
finement have been observed in reverse-shear plasmas
in DIII-D, JET, JT-60U, and Tore-Supra.

At the transition, the inferred electron particle diffu-
sivity in the region of the steepest gradient drops by a

FIG. 18. Hollow current profiles are achieved by rapidly ramp-
ing the plasma current and heating the plasma in the ‘‘pre-
lude’’ phase prior to the ‘‘high-power’’ heating phase. Subse-
quently, the power is decreased in the ‘‘postlude’’ phase to
study the evolution of the plasma transport (Levinton et al.,
1997).

FIG. 19. Motional Stark-effect measurements of the safety fac-
tor q , which illustrate the effect of applying heating power
during the ‘‘prelude’’ phase. The magnetic equilibrium recon-
struction analysis is shown for comparison. The normalized
minor radius of the minimum of the safety factor is denoted
rmin , and the corresponding value of the safety factor is de-
noted qmin (Levinton et al., 1996).
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factor of 10–50 to near neoclassical levels, while the ion
thermal diffusivity falls to levels well below predictions
from conventional neoclassical theory (Levinton et al.,
1995), as shown in Fig. 21. Similar improvements in the
ion momentum diffusivity have also been observed. The
region of steepest pressure gradients and where the
transport coefficients drop is where a transport barrier is
assumed to form. Relatively small changes are observed
in the electron heat conductivity. Similar behavior of the
transport coefficients in reverse-shear plasmas is seen on
DIII-D as well, but both JT-60U (Fujita et al., 1997) and
Tore Supra (Hoang et al., 1994) have reported signifi-
cant decreases in xe , and DIII-D in rf-heated plasmas
(Forest et al., 1996). Possible explanations for the appar-
ent sub-neoclassical ion thermal diffusivity are the vio-
lation of the assumptions of standard neoclassical
theory, the presence of anomalous electron-ion cou-
pling, or a thermal pinch. Recent calculations by Lin
et al. (1997) indicate that a more comprehensive analysis
of neoclassical transport, which considers orbit dimen-
sions comparable with pressure scale lengths, is in better

FIG. 20. Comparison of the evolution of two reverse-shear
discharges near the threshold power for a transition: (a) cen-
tral electron density; (b) central electron temperature; (c) cen-
tral ion temperature; (d) total neutral-beam power waveform.
In the enhanced reverse-shear discharge, the development of
an internal transport barrier and reduced core transport result
in a large increase in the central density and core pressure. In
this enhanced reverse-shear plasma, the loss of good core con-
finement in the 14-MW ‘‘postlude’’ period of injection is cor-
related with a reduction in the E3B shearing rate gs , induced
by opposing contributions from corotation and plasma pres-
sure. After the back transition, the plasma confinement prop-
erties return to those in the reverse-shear discharge without
the transport barrier (Synakowski et al., 1997a).
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agreement with the data in the enhanced confinement
regime. Inasmuch as neoclassical transport is usually
thought to be the minimum transport possible, these re-
sults represent a dramatic improvement in confinement
and performance.

Theories developed to explain the formation of trans-
port barriers in H-mode discharges (Biglari, Diamond,
and Terry, 1990; Shaing, et al., 1990; Hahm, 1994; Hahm
and Burrell, 1995; Burrell, 1997, and references therein)
are being investigated in an effort to understand the for-
mation of the transport barrier in enhanced reverse-
shear discharges (Hahm et al., 1997; Diamond et al.,
1997). In TFTR, the inferred shear in the radial electric
field increases in the region of the transport barrier after
the transitions. This growth in the shear is driven by the
increasing pressure gradient in TFTR discharges, though
in experiments with unidirectional beam injection such
as DIII-D toroidal velocity gradients appear to be im-
portant. A model for enhanced core confinement is be-
ing investigated (Diamond et al., 1997). The model’s
central features are positive feedback between increased
pressure gradients, the accompanying growth in electric-
field shear, and subsequent turbulence decorrelation and
confinement improvement. In addition, gradients in the
shift of the center of the magnetic flux surfaces with
minor radius (Shafranov shift) of reverse-shear plasmas

FIG. 21. Enhanced reverse-shear discharges: (a) the inferred
ion thermal diffusivity and (b) particle diffusivity are observed
to decrease dramatically (Levinton et al., 1995). For compari-
son, the standard calculation of neoclassical ion heat conduc-
tivity is shown, as well as the recent calculations by Lin et al.
(1997).
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lead to favorable drift precession of trapped electrons
and subsequent reduction of turbulence-induced flows
(Beer et al., 1997). Recently, Drake et al. (1996) sug-
gested that local negative shear may be important in the
formation of a transport barrier, though the particular
instability (drift-resistive ballooning modes) is believed
to be stable in the core. The enhanced reverse-shear
transition has been correlated with the suppression of
turbulence by the E3B shear flow, that is, when the
shearing rate gs[u(RBp /B)d/dr(Er /RBp)u exceeds
the plasma turbulence decorrelation rate, which is esti-
mated to be about the linear growth rate of the turbu-
lence. After the enhanced reverse-shear transition, the
fluctuation level in the core is dramatically suppressed
according to reflectometer measurements (Mazzucato
et al., 1997). Experiments on TFTR indicate that E3B
shear is necessary to achieve an internal barrier, and
that the gradient in the Shafranov shift is not sufficient
to maintain the barrier (Levinton et al., 1997; Syna-
kowski et al., 1997a, 1997b). Though the agreement be-
tween theory and experiment is promising, further work
is required to understand why the present models do not
adequately describe the dependence of the power
threshold on the toroidal field and neutral-beam-
induced rotation. It is also unclear whether the higher
power threshold for enhanced reverse-shear discharges
in T versus D can be readily reconciled with simple
E3B mechanisms (Scott et al., 1997). Another topic re-
quiring further investigation is the apparent decoupling
of the electron and ion heat diffusivity, suggesting that
perhaps more than one mechanism is important in core
transport.

MHD stability in enhanced reverse-shear discharges is
an active area of investigation due to the potential for
increased performance. In the region of reversed shear,
MHD activity is absent in enhanced reverse-shear dis-
charges as measured by the four-channel reflectometer,
suggesting that, as predicted by theory, reversed-shear
plasmas may indeed have greater local MHD stability.
The local pressure gradient in flux coordinates in en-
hanced reversed-shear discharges on TFTR is larger, by
a factor of 3–5, than in typical supershots with mono-
tonic q profiles, which very often have low-n MHD
modes in the core. However, as the transport barrier
moves into the weak- or positive-shear region, and as
the radius of the minimum value of q(rmin) moves to the
core region, a rapidly growing MHD instability is ob-
served. The maximum pressure appears to be limited in
this region by the ideal infernal mode. Comparison of
the structure of the observed and calculated modes (see
Fig. 22) is in good agreement, and the threshold is in
reasonable agreement (Hender et al., 1996; Manickam
et al., 1997). In at least one case, the infernal mode was
coupled to a moderate-n , toroidally localized ballooning
mode, similar to what occurs in supershot disruption
(Park et al., 1997). MHD behavior in both prelude and
postlude phases is even more complex, with the occur-
rence of double tearing modes, which can also disrupt
the plasma (Chang et al., 1996a).

In most of the present experiments, the current and
pressure profiles are not actively controlled but evolve
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toward a resistive equilibrium. The evolution of the cur-
rent profile is due not only to the formation technique,
which creates an initially hollow current profile, but also
to the generation of bootstrap currents, which are driven
by the strong pressure and density gradients caused by
improved confinement. Kikuchi and Azumi (1995) re-
cently reviewed the work on bootstrap currents. Boot-
strap currents were first theoretically predicted by Ga-
leev (1970) and Bickerton et al. (1971) and
experimentally inferred to exist on a tokamak (TFTR)
by Zarnstorff et al. (1988b), and subsequently on JET
(Challis et al., 1989) and JT-60 (Kikuchi et al., 1990). A
bootstrap current reduces the auxiliary current-drive re-
quirement and facilitates the development of a steady-
state reactor concept. In the present experiments, the
radial variation of the bootstrap current generated by
the pressure profile is different from the current profile
required for MHD stability. New techniques (Craddock
and Diamond, 1991; Biglari et al., 1992; Craddock et al.,
1994), such as the application of ion Bernstein waves to
control the internal transport-barrier location and hence
the pressure profile, have been demonstrated on the
PBX-M tokamak (Ono, 1993) and are under develop-
ment to control the evolution of the bootstrap current.
In lower-bp discharges, the bootstrap current is smaller
and hence less important. Under these conditions, Ide
et al. (1996) have demonstrated it is possible to sustain
the reversed-shear configuration noninductively by using
lower hybrid waves. Extension of this technique to
higher-b reversed-shear discharges, in which the evolu-
tion of the bootstrap current is substantial, is required to
combine improved MHD stability and enhanced con-
finement. Limited control of the evolution of the current
profile on TFTR with the available hardware, combined
with the development of large pressure gradients due to
transport-barrier formation and evolution, has pre-
vented realization of the potential improvement in

FIG. 22. Simulation of the ideal MHD instability prior to a
dissipation in reversed sheer discharges. (a) Electron-
cyclotron-emission measurements of the displacement of the
magnetic surfaces are in good agreement with the predictions
of ideal MHD theory for reverse-shear TFTR discharges
(Manickam et al., 1997). (b) The corresponding q profile.
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fusion power production of reverse-shear operation in
TFTR.

IV. FUSION POWER PRODUCTION

Fusion power in TFTR D-T and D discharges in-
creases nonlinearly with the plasma stored energy
(P fusaW tot

1.7), as shown in Fig. 23. This illustrates the mo-
tivation for developing enhanced confinement regimes
with increased MHD stability to increase the plasma
stored energy.

The discharges with the highest fusion power pro-
duced are shown in Figs. 24 and 25 for JET and TFTR.
In both devices, the decrease in fusion power during the
high-power heating phase is triggered by MHD instabili-
ties followed by carbon blooms. In the JET D-T experi-
ments, a sawtooth collapse coupled to an edge-localized
mode led to a carbon bloom. In the TFTR high-power
discharge shown in Fig. 25, a minor disruption termi-
nated the high-performance phase. The total fusion
yield from a single plasma pulse reached 6.5 MJ on
TFTR. The fusion power densities achieved at the cen-
ter of high-performance TFTR supershots, up to
2.8 MW m23, are comparable to, or greater than, those
expected in ITER. The fusion power density in the JET
discharges was 0.08 MW m23. The value of P fus /Paux
reached 0.12 in JET and 0.27 in TFTR. The fusion
power density in the JET discharges was suppressed by
the relatively low concentration of tritium compared
with deuterium in their initial experiments. The JET
Team (1992) has projected that, for the parameters of
their D-T discharges, the fusion power would have in-

FIG. 23. Dependence of the peak D-T fusion power (averaged
over a 40-ms interval) on total plasma energy in high-current
(>2.0 MA) supershots [squares] and high-l i plasmas at 2.0–
2.3 MA produced by cross-section expansion of low-q (qa

'2.5) discharges [diamonds]. All plasmas have approximately
the same volume (;38 m3) and a nearly optimal mixture of D
and T in the reactive region produced by neutral-beam injec-
tion. Pb

T is the tritium neutral-beam power injected, and Pb is
the total beam power. The ratio has been constrained to cor-
respond to the near-optimal mix for fusion power production
(Bell et al., 1997).
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creased from 1.7 MW to 4.6 MW with an optimum fuel
mix, and the ratio of P fus /Paux would have increased to
0.32.

In the literature, the quantity QDT which in steady-
state discharges is defined as QDT5P fus /Paux , where
Paux5PV1Pb1Prf , PV is the ohmic heating power, Pb
the neutral-beam heating, and Prf the rf heating power,
is often used to describe the fusion performance of
plasma discharges. Though QDT has very limited engi-
neering usefulness per se, it is commonly used as a figure
of merit to illustrate technical progress. In discharges in
which there are significant effects associated with the
time variation in stored energy or heating power, several

FIG. 24. Time dependence of the central electron and ion tem-
peratures, the volume-averaged electron density, the line aver-
age Zeff , the plasma diamagnetic energy, the Da emission, the
total neutron rate, and the neutral beam and radiated power
for pulse No. 26148 (JET Team, 1992).

FIG. 25. Evolution of TFTR shot No. 80539: (a) central elec-
tron density; (b) ion temperature and electron temperature; (c)
stored energy; (d) fusion power.
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different definitions of QDT have been used. The TFTR
group adopted the convention that QDT5P fus /Paux dur-
ing the high-power phase. This definition provides a
simple figure of merit for the performance of high-
power discharges relative to the auxiliary heating sys-
tem, but cannot be extended to transient conditions such
as when the heating power is turned off or decreased to
a lower value. (An example of such an experiment is the
postlude phase shown in Fig. 18). The JET Team (1992)
defined it as the sum of separate terms arising from
thermal-thermal, Qtt , beam-thermal, Qbt , and beam-
beam, Qbb , reactions:

QDT5Qtt1Qbt1Qbb ,

where

Qtt5Ptt /~P loss20.2Ptt!,

Qbt5Pbt /~Pb2Pst!,

Qbb5Pbb /~Pb2Pst!.

Here Ptt , Pbt , and Pbb are the fusion powers, respec-
tively, from thermal-thermal, beam-thermal, and beam-
beam reactions, P loss5Pb1PV2Pst2dW/dt1Pai1Pae
where Pai and Pae are the alpha heating power to the
ions and electrons, and Pst is the neutral-beam
‘‘shinethru’’ power, which is not absorbed by the plasma
but impinges on the protective armor beyond the
plasma. This definition excludes part of the inefficiency
associated with the neutral-beam heating system by ig-
noring the shinethru power. In hot-ion discharges such
as those achieved on TFTR (McGuire et al., 1997) and
JT-60U (Ushigusa et al., 1997) and to a lesser extent on
JET [the JET Team (presented by Jacquinot) 1997], in
which the central ion temperature is approaching 2/3 of
the mean energy of the beam-injected ions, the distinc-
tion between thermal and beam-thermal reactions is
somewhat arbitrary and depends on when a thermalized
beam ion is considered part of the thermal distribution.
However, under the definition used by JET, the value of
QDT does depend upon this distinction, since the term
dW/dt is included in the thermal component. Another
issue with this definition of QDT is that it does not take
into account the effect of how the heating power affects
the plasma transport. This may be especially important
if the high-power phase creates a transport barrier (or
reduces transport) which cannot be sustained in the
lower-power phase for time durations long compared
with the core energy and particle confinement time, as in
the ‘‘postlude’’ phase. In the literature, factors of 1.6 can
be found due to differences in the definition of QDT .

The usefulness of the parameter QDT is further com-
plicated because, with the exception of the TFTR and
JET experiments, measurements are made in D dis-
charges and then extrapolated to what would occur in
D-T. In the literature, the term QDT

Equiv is commonly used
for such a projection. The extrapolation is typically per-
formed by using computer codes, though both the JET
Team (1992) and Jassby et al. (1996) have utilized trace
tritium experiments in conjunction with computer mod-
eling to extrapolate to an optimum D-T mix. The ex-
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trapolation from D to D-T depends on various assump-
tions, which are discussed later. Only recently have the
codes and assumptions been benchmarked in actual D-T
conditions. A more consistent technique for comparing
the performance of deuterium discharge is to compare
the ratio P fus /Paux with the caveats and limitations de-
scribed above; however, as with the definition of QDT
there are differences in viewpoint within the community.

Simulations of the neutron production on JET and
TFTR have been performed using the TRANSP data
analysis code (Hawryluk, 1980; Goldston et al., 1981;
Budny, 1994; Budny et al., 1995). This code uses the
measured electron-density and temperature profiles, ion
temperature profile, and visible bremsstrahlung mea-
surements in conjunction with other diagnostic and en-
gineering data, such as the beam heating power and
source divergence, to calculate the neutron source rate
from thermal, beam-thermal, and beam-beam reactions.
Up to five thermal ion species and one impurity species
can be modeled simultaneously in TRANSP. The equilib-
rium magnetic flux surfaces are calculated by solving the
fixed-boundary Grad-Shafranov equation using the total
pressure. Monte Carlo techniques (Goldston et al., 1981)
are used to compute the deposition of the neutral beams
and the distribution of the beam ions and fusion ions,
such as alpha particles. The beam ions and fusion prod-
ucts are assumed to slow down classically, though the
code has provisions to incorporate the effects of anoma-
lous radial diffusivity and stochastic ripple diffusion,
which will be discussed in Sec. VIII.B.2. The ratio of
thermal reactions to those from beam-thermal and
beam-beam reactions depends upon the density, elec-
tron temperature, and beam parameters. The overall
agreement for both the time dependence of the D-T
neutron emission and the neutron emissivity profile is
well described by the TRANSP code, as shown in Figs. 26
and 27 for JET (JET Team, 1992) and TFTR supershot
(Budny et al., 1995) discharges, respectively. Typical re-
sults are shown in Fig. 28 for TFTR supershot discharges
for the neutron emissivity profile, and good agreement is
found in the radial profile (Budny et al., 1995). Bell et al.
(1994) noted, however, that despite the reasonable
agreement in D-T discharges, there appears to be a
small but consistent difference in the TFTR results for
similar D-only plasmas. The TRANSP code predicts the
neutron emission in deuterium discharges to be lower
than the measured values by approximately 20%. The
cause for this relatively small discrepancy is not under-
stood. Though the agreement is good in supershot dis-
charges, detailed comparisons of the predicted neutron
emission with experiment remain to be performed for
the reverse-shear discharges.

Since experiments on most fusion devices use only
deuterium fuel, computer codes such as TRANSP are
used to extrapolate from deuterium experiments the fu-
sion power in D-T experiments. In these codes, the ex-
pected fusion reactivity enhancement in D-T plasma
over their deuterium counterparts can be estimated
from the ratio of the velocity-weighted fusion cross sec-
tions for DT and DD reactions. For fixed fuel density
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
and temperature, the ratio of PDT to PDD from purely
thermal reactions reaches an idealized maximum of
;223 for Ti;12 keV, but the ratio decreases to ;150 at
Ti530 keV. For discharges in which the reactivity is en-
hanced due to nonthermal reactions, the ratio of PDT to
PDD also decreases for Ti above 15 keV. Experimentally
in high-performance supershots on TFTR, the ratio of
PDT to PDD is ;115 if plasmas with the same stored
energy are compared (Bell et al., 1994; 1997; McGuire
et al., 1997). This ratio is especially relevant if the stored
energy is constrained by b-limiting disruptions. When
one compares plasmas with the same heating power, the
stored energy in D-T plasmas is typically higher than
that for similar D-only plasmas due to a favorable iso-
tope effect (which is discussed in the next section) and
to the increased stored energy from the beam-injected
tritons and alpha particles. As a result, the power ratio
PDT /PDD is ; 140 at constant beam power. This value is

FIG. 26. Neutron source strength measurements and TRANSP

simulation of the total neutron rate of JET pulse No. 26148
(JET Team, 1992).

FIG. 27. Neutron source strength measurement and TRANSP

simulation of the total neutron rate for TFTR pulse No. 76778
with Pb533.9 MW (Budny et al., 1995).
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experimentally relevant when, for example, the heat flux
to the plasma facing components limits the heating
power. On TFTR, it is possible to increase the neutral-
beam heating power by operating the beam sources in
tritium because of its higher neutralization efficiency. As
a result of the increased beam power, the highest fusion
power in TFTR D-T discharges is ;165 times greater
than in D discharges. This was achieved by increasing
the plasma stored energy from 5.6 MJ in the D plasma
to 6.9 MJ in the D-T plasma, which required operating
at a higher magnetic field and plasma current.

Another practical consideration is that the ratio of nD
to nT is determined not only by the ratios of the beam
fueling rate, Pb

T/Pb
D , but also by the recycling and influx

of hydrogenic species from plasma facing components
(Bell et al., 1994). A striking result of the TFTR experi-
ments was the low level of tritium recycling at the limit-
ers. Even in hot-ion-mode supershot discharges without
supplementary gas injection at the edge of the plasma
(gas puffing), wall recycling is an important factor in fu-
eling the plasma. The exchange of hydrogenic species at
the limiters and walls is important in determining the
mix of deuterium and tritium in the plasma. A Fabry-
Perot interferometer was used to measure the Balmer
Ha , Da , and Ta transitions from the plasma edge (Skin-
ner et al., 1995a, 1995b), and Monte Carlo neutral-
transport simulation was used to interpret the measured
line shapes (Stotler et al., 1996). On a particular day, the
Ta fraction was typically undetectable on the first D-T
neutral-beam-fueled discharge @Ta /(Ha1Da1Ta)
,2%# and then increased by about 1% per discharge
(Skinner et al., 1997a). The maximum was 11% after
eight D-T neutral-beam-fueled discharges, indicating
that the incident tritium flux is being exchanged with the
imbedded deuterium and hydrogenic species in the lim-
iter. Only as a result of extensive gas puffing to fuel the
discharge in support of L-mode experiments did the ra-
tio increase to 75% (Skinner et al., 1997b). To compen-
sate for the influx of deuterium from the limiters and

FIG. 28. Neutron emission profile as measured by the neutron
collimator, compared with a TRANSP simulation. The contribu-
tions from thermal-thermal, beam-thermal, and beam-beam
reactions are shown (Budny et al., 1995).
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walls, the fusion reactivity was optimized in supershot
discharges by increasing the tritium beam power (and
hence fueling rate) relative to deuterium beam power
(Bell et al., 1994).

These practical considerations illustrate some of the
issues in projecting from D to D-T operation. In addi-
tion, the results depend on the operating density and
temperature, as well as the plasma response to changes
in isotopic concentration and heating power deposition.
For example, since the density in many low recycling
conditions such as the supershot regime on TFTR and
the hot-ion H-mode on JET is determined largely by
beam fueling and wall recycling, it is difficult to optimize
the plasma reactivity by independently varying the den-
sity because the overall confinement is affected. In prin-
ciple, such an optimization and projection from one op-
erating point to another is possible, but it requires a
detailed understanding of how the underlying transport
is affected by changes in the edge conditions associated
with the influx of gas to fuel the discharge. As will be
discussed in the next section, the confinement changes
with isotopic concentration need to be incorporated in
the projection. In addition, the tritium neutral beams do
not penetrate as well, resulting in slightly broader den-
sity profiles. In future long-pulse devices, the accumula-
tion of He ash must also be incorporated into the simu-
lation. The integration of these various issues and
operational constraints determines the observed ratio of
PDT /PDD , and differences in assumptions (explicit and
implicit) account for the large variation in this param-
eter in the literature. This discussion also highlights
some of the important physics issues of confinement, sta-
bility, power handling, and fuel mix associated with pro-
jecting the performance of future machines and the need
for a detailed characterization and understanding of the
underlying physics.

V. CONFINEMENT IN D-T DISCHARGES

Previous experiments on a large number of devices
and operating regimes have shown that the confinement
in D discharges is different from that in H discharges, as
discussed by Bessenrodt-Weberpals et al. (1993) and ref-
erences therein. More recent experiments in the litera-
ture have borne this out. The scaling of confinement
time with isotopic mass is important, not only for pro-
jecting the performance of future devices operating in
D-T but also as a test of different transport models. It
was immediately apparent in the initial TFTR D-T ex-
periments that the global energy confinement in super-
shots is significantly better in D-T plasmas than in com-
parable D plasmas (Hawryluk et al., 1994a). This
favorable result was also evident in high-l i plasmas in-
cluding those with H-mode transitions. Recent D-T ex-
periments in L-mode plasmas on TFTR have shown that
the global and thermal plasma energy confinement scal-
ing is at least as favorable with average ion mass as the
tE}^AHYD&0.5 dependence embodied in the ITER-89 L-
mode scaling. Most transport theories scale as gyro-
Bohm, i.e., x}xB r* , where xB5cT/eB , r* [r/a and r
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is the ion Larmor radius and would predict an unfavor-
able scaling with ion mass. The favorable dependence of
confinement upon ion mass is opposite to the r* scaling
predicted theoretically and observed in B-field scans
and thus presents fertile ground for benchmarking the-
oretical models of transport. Due to the low concentra-
tion of tritium in the JET experiments, as well as the
limited number of shots, no effect in the energy trans-
port could be attributed to the presence of tritium (Balet
et al., 1993). The D-T discharges in JET had a higher ion
thermal conductivity (poorer confinement) than the D
discharge used for comparison but were similar to many
other D discharges studied.

A. Isotope effects on energy confinement

The initial D-T experiments in the supershot regime
indicated an increase of up to 20% in tE between D and
50:50 D-T under identical external conditions (R , Bt ,
Ip , Pb held constant; Hawryluk et al., 1994a). The in-
crease of global energy confinement time tE with aver-
age ion mass, including more recent data, is shown in
Fig. 29. For higher heating power, 60–80% of the in-
crease in W tot between D and D-T plasmas is due to
changes in the thermal plasma. An improvement in ther-
mal energy confinement with ion mass is observed for
supershots, limiter H modes, high-l i , and L-mode plas-
mas in TFTR.

Ion temperature measurements by charge-exchange
recombination spectroscopy show (Fig. 30) that the cen-
tral ion temperature increased from 30 to 37 keV in go-
ing from D to ;50:50 D-T. Since the central electron
and ion densities remained approximately constant,
ni(0) Ti(0)tE* increased by about 55% between D and
;50:50 D-T plasmas. In some cases, up to 80% im-
provement in the triple product was obtained. Detailed
profile measurements show (Fig. 31) that the effective
ion thermal diffusivity (including conduction and con-
vection) improved throughout the confinement region
(r/a,0.75) in a 50:50 D-T plasma relative to a D plasma
(Scott et al., 1995a, 1995b).

FIG. 29. The ratio of the energy confinement in a D-T dis-
charge compared with that in a companion D discharge vs the
average hydrogenic ion mass, ^A&5SniAi /Sni , where ni is
the hydrogenic density (Scott et al., 1995a, 1996b).
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The inferred scalings in supershot plasmas with aver-
age isotopic mass are quite strong, with tE
} ^A&0.8260.06, tE

thermal}^A&0.8960.1, x i
tot}^A&22.660.3, xe

tot

}^A&21.260.4, and De}^A&21.460.2 at fixed Pb . The
quoted scaling of xe was obtained from electron-
cyclotron emission measurements of the electron tem-
perature profile. A significantly weaker dependence
(xe

tot}^A&;0) is implied by Thomson scattering measure-
ments of the electron temperature. At fixed Ti , x i

tot

}^A&21.860.2 is obtained, so the observed isotopic varia-
tion of x i

tot cannot be explained by a simple dependence
on Ti/Te or by its previously observed correlation x i
;Ti

21 in the supershot regime. When the isotopic scal-
ing of x i is combined with the correlation with Ti

21, this
implies roughly x i}A21r i

21 (for fixed B) in contrast to
the gyro-Bohm dependence (Zarnstorff et al., 1995). In
both the supershot (Synakowski et al., 1995b) and L-
mode (Scott et al., 1997) regimes, matched density and
temperature profiles were obtained with D and D-T
plasmas by injection of ;25% less beam power in D-T
than in D. The matched pairs thus have the same b and
n* but different r* , with the larger r* in D-T corre-
sponding to improved confinement, as shown in Fig. 32

FIG. 30. Comparison of a D and a companion D-T discharge:
(a) electron density; (b) ion temperature profiles and electron
temperature profiles (Scott et al., 1995b).
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for an L-mode discharge. This trend is opposite to that
inferred in r* scans performed with a single isotope by
varying the B field.

The energy confinement time in limiter H-mode plas-
mas on TFTR produced in high-l i D-T plasmas was sig-
nificantly greater than in corresponding D plasmas prior
to the onset of edge-localized modes, as shown in Fig.
33. In D-T plasmas, energy confinement time . 4 rela-
tive to the ITER-89P scaling, while corresponding D
plasmas had enhancements of ;3.2 (Sabbagh et al.,
1995a, 1995b; Bush et al., 1994, 1995). The ion heat con-
ductivity was improved across the plasma profile during
the D-T H mode, as shown in Fig. 34. The edge-localized
modes are much larger and exhibit a lower frequency
during the D-T H modes and may suggest that reactor
D-T plasmas are more susceptible to giant ELMs than
was inferred from D-only experiments. The power
threshold for the transition to an H mode is similar in D
and D-T TFTR limiter discharges. Due to the limited
experimental campaign on JET, isotope scaling in di-
verted H-mode plasmas has not been established. Fur-
ther experiments in the divertor JET configuration are
planned and necessary to extend the TFTR results.

A number of auxiliary-heating L-mode studies in both
small and large tokamaks have demonstrated improved
global energy confinement in deuterium versus hydro-
gen plasmas, typically scaling as tE } ^A&0.3–0.4 when
neutral beams are used for auxiliary heating. Although

FIG. 31. Comparison of the ion thermal diffusivity in a D-T
plasma heated by tritium beams with a companion D dis-
charge. The thermal mix of the background ions is approxi-
mately 50:50 D-T (Scott et al., 1995b).
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
some of this improvement can be attributed to purely
classical differences in beam stored energy, higher cen-
tral electron temperatures are consistently observed in
the D plasmas, clearly indicating improvement in ther-
mal electron energy confinement. A consensus regarding
changes in ion heat and momentum confinement in H
versus D L-mode plasmas has not emerged among the
various tokamaks. TFTR L-mode experiments in H ver-
sus D with Pb<7 MW (Barnes et al., 1996) observed
tE } ^A&0.4160.12, tE

th } ^A&0.2660.11, small increases in
Te(0), and no apparent change in thermal ion heat or
momentum transport. Similar experiments in JET H
versus D L-mode plasmas obtained results in reasonable
agreement with the TFTR experiment, tE } ^A&0.32,
and tE

th } ^A&0.20 (Tibone et al., 1993). A fairly weak
isotope effect on tE was also observed when comparing
D and D-T plasmas in TFTR L-mode experiments at
low beam power (;8 MW). Similar to the experience in
D-T supershot plasmas, the isotope effect in the D-T
L-mode regime appeared to increase with heating
power, and at Pb518 MW the confinement scaling was
somewhat stronger than tE } ^A&0.5.

In addition to neutral-beam heating, ICRF hydrogen
minority heating in D and D-T L-mode plasmas has
been studied (Rogers et al., 1996). The advantage of this
technique is that the heating profile does not change.
The observed increase in stored energy is consistent
with tE}^A&0.35–0.5. In these experiments clear evidence
of a favorable scaling of electron heat diffusivity with
mass was observed.

The favorable isotope scaling of energy confinement
in supershot, H-mode, high-l i , and L-mode plasmas is a
serious constraint to the models used to predict the heat
and particle flux and hence the energy confinement time.
To resolve this discrepancy, several different effects are
being investigated. Scott et al. (1997) have shown that
the model of shear flow modification to the ion-
temperature-gradient turbulence reproduces the ob-
served isotope effect in L-mode plasma. In addition, the
role of multi-ion species (D, T, and C) is being invoked
as possibly altering the turbulence and giving an appar-
ently favorable scaling with ion mass. This remains an
important area of investigation, and the ramifications for
the performance of larger devices have not been re-
solved.
FIG. 32. Kinetic profiles in D
and D-T L-mode ‘‘isotope
r* -scaling’’ plasmas matched in
density, temperature, b, n* , Bt ,
Ip , Zeff , and n* e. Contrary to
gyro-Bohm expectations, the D
plasma with smaller r* requires
;30% more heating power to
sustain the temperature (Scott
et al., 1997).
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Interestingly, in the TFTR reverse-shear regime, as
well as the enhanced reverse shear, there is no isotope
scaling with mass (Scott et al., 1997), as shown in Fig. 35.
This result is especially surprising in the reversed-shear
plasmas, whose temperature and density profiles are
similar to those of supershots. Why changes in the cur-
rent profile should affect the isotope scaling remains to
be clarified. In enhanced reverse-shear discharges, the
power threshold for the formation of an internal trans-
port barrier was significantly higher in a D-T discharge
fueled and heated by tritium neutral beams than it was
with a D discharge. Further work is required to assess
the implications of this result for the new models of
transport-barrier formation.

B. Particle transport

Due to the large differences in the nuclear reaction
cross sections between D-D and D-T reactions, tritium
transport in a deuterium plasma can be inferred from
profile measurements of the 14-MeV neutron source
strength using the multichannel neutron collimator (Ba-
let et al., 1993; Johnson et al., 1994). This was proposed
by Strachan, Chrien, and Heidbrink (1983) and now pro-
vides direct measurements of the transport of the hydro-
genic species in a tokamak plasma. Inversion of the neu-
tron source strength provides local measurements of the

FIG. 33. Evolution of (a) tE and (b) Da (including Ha and Ta)
for a D-T discharge and a companion D discharge on TFTR
(Bush et al., 1995).

FIG. 34. Comparison of the effect of H-mode transition in (a)
D and (b) D-T limiter discharge on TFTR (Bush et al., 1995).
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
tritium density, as shown in Fig. 36, following a small gas
puff into a supershot discharge on TFTR. Analysis of
the evolution of the profile indicates that the trace tri-
tium particle diffusivity in supershot discharges is com-
parable to the electron diffusivity and to the ion thermal
diffusivity, as shown in Fig. 37. The tritium trace-particle
convection velocities are found to be small (Efthimion
et al., 1995a, 1995b). Similar results were inferred from
neutron profile measurements in JET experiments in
which the beam was fueled using trace quantities of tri-
tium injected into a deuterium hot-ion mode discharge
(Marcus et al., 1993). The evolution of the neutron pro-
file after the turnoff of the beams was simulated using
the TRANSP code. Balet et al. (1993) concluded that the
effective tritium diffusivity is similar to that for deute-
rium, observed in similar pure-deuterium discharges,
and to that for helium, observed during He-beam injec-
tion into a deuterium plasma. This approach has been
used to exclude various models of particle transport and
to place constraints on the models, but it does not deter-
mine the diffusivity and convection velocities separately,
as can be achieved by gas puffing experiments.

Recently, the transport of tritium has been studied in
the steady-state ‘‘postlude’’ phase of enhanced reverse-
shear discharges on TFTR. The tritium profile remains
hollow for a long time, . 0.15 s, and does not peak on
axis. The results are qualitatively different from those in
supershot discharges. In comparisons with reverse-shear
plasmas with similar q profiles but no transition, the tri-
tium particle diffusivity is nearly one order of magnitude
smaller inside the reverse-shear region, while compa-
rable outside the region. In the enhanced reverse-shear
case, the diffusivity drops an order of magnitude in go-
ing from r/a 0.45 to 0.35, a clear indication of a particle
transport barrier. These lower diffusivities within the
reverse-shear region are consistent with neoclassical

FIG. 35. Stored plasma energy measured by a diamagnetic
loop as a function of heating power in reverse-shear plasmas
without an enhanced reverse-sheer transport barrier. All shots
have Ip51.6 MA, Bt54.6 T, R52.59 m, with identical plasma
growth and neutral-beam ‘‘prelude’’ prior to the start of high-
power beam heating. For the D-T plasmas, the fraction of
beam power in tritium is 100% for the ‘‘neutral-beam
injection-prelude’’ discharges, 50–70 % for set 1, 60–100 % for
set 2, and 55% for set 3 (Scott et al., 1997).
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FIG. 36. Aftermath of a small tritium gas puff into a supershot discharge on TFTR: (a) evolution of D-T neutron emissivity; (b)
the inferred tritium density profiles (Johnson et al., 1994; Efthimion et al., 1995a).
particle transport predictions for tritium and qualita-
tively similar to those observed in the study of He trans-
port. He gas puffing studies in the ‘‘postlude’’ phase
show a rapid rise in He density up to the barrier and a
slow increase within the barrier.

VI. HEATING OF D-T DISCHARGES

Neutral-beam injection is used to heat and fuel JET
and TFTR D-T discharges, and rf heating in the ion-
cyclotron range of frequencies has been used to heat and
drive localized currents on TFTR.

A. Neutral-beam heating

Neutral-beam injection has been extensively studied
on a large number of tokamaks and is well understood.
By injecting short pulses of high-power D-T beams into
TFTR and analyzing the evolution of the neutron pro-
file, Ruskov et al. (1995) studied the radial transport of
the beam ions in TFTR in a set of 28 D and D-T dis-
charges. Analysis of these discharges (see Fig. 38) indi-
cates that, for 26 of the 28, the radial diffusion coeffi-

FIG. 37. Tritium particle diffusivity following a small tritium
gas puff, compared with the electron particle diffusivity and
the He diffusivity (Efthimion et al., 1995a).
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cient for the fast-beam particles, Df , is , 0.2 m2/s, which
implies that radial transport for the beam ions is not
important. The two exceptions were in discharges with
larger major radii, in which the ripple in the toroidal
field was greater. Stochastic ripple diffusion, which will
be discussed in Sec. VII.B.2, is believed to be respon-
sible for the increased radial transport.

B. ICRF heating

ICRF heating and current drive have been studied in
D-T plasmas on TFTR. ICRF wave physics in D-T plas-
mas is complicated by the possibility of multiple, spa-
tially separated resonances and by alpha-particle damp-
ing, which can compete with electron absorption in the

FIG. 38. 14-MeV neutrons as measured by a Si-diode detector
caused by a short pulse of high-power neutral-beam injection.
The measured neutron source strength is in good agreement
with simulations which assume a small radial diffusivity
(Df,0.05 m2 s) for the beam ions (Ruskov et al., 1995).
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fast-wave current-drive regime. A promising scenario
for heating D-T plasmas is fast-wave absorption at the
second harmonic of the tritium cyclotron frequency,
which is degenerate with the 3He fundamental. By se-
lectively heating a majority ion species rather than a mi-
nority ion species, one may avoid potential difficulties
with ICRF-driven fast-ion excitation of MHD instabili-
ties, such as toroidal Alfvén eigenmodes. In TFTR su-
pershot plasmas, the second-harmonic tritium (2VT)
layer is coincident with the magnetic axis at 2.82 m,
Bt55.66 T. Experiments have been performed utilizing
combined ICRF heating and neutral-beam injection in
D-T plasmas (Taylor et al., 1995, 1996a; Wilson et al.,
1995). These experiments have focused on the rf wave
coupling and damping physics associated with D-T plas-
mas. Second-harmonic tritium heating with ;5.5 MW
(with a 2% 3He minority) in a plasma with 23.5 MW of
neutral-beam injection (60% in T) has resulted in an
increase of the ion temperature from 26 to 36 keV, as
shown in Fig. 39. The electron temperature increased
from 8 to 10.5 keV due to direct electron damping and
3He minority tail heating. Similar results were obtained
in discharges in which no 3He was added. Because of
significant D (and minimal T) wall recycling, nT /ne was
only ;25–30% in these plasmas. Despite this relatively
low T concentration, as much as 70% of the rf power
was absorbed by the ions. In these experiments, the
power was modulated and the local heating measured to
determine the absorption mechanism. Comparisons with
two independent full wave codes, Poloidal Ion Cyclo-
tron Expansion Solution (PICES) and TRANSP, show rea-
sonable agreement with the observed ratio of ion to
electron absorption (Fig. 40; Phillips et al., 1995). PICES
is a time-independent two-dimensional ICRF wave field
and power deposition code similar to the ICRF model in
TRANSP. It includes a multiple toroidal wave number
spectrum for the launched spectrum, whereas TRANSP
retains only the peak value (Jaeger, Batchelor, and Stall-
ings, 1993).

Second-harmonic tritium ICRF heating experiments
have also been performed in D-T L-mode plasmas that
are not heated by neutral beams. The development of an
ion tail has been measured using the pellet charge-
exchange diagnostic. A tritium tail temperature of
;350 keV has been obtained and shows localized heat-
ing within 0.2 m from the resonance location (Duong
et al., 1997a). Despite the initially low single-pass ab-
sorption from the low ion temperature, the absorption
rate increases substantially with the formation of the tri-
tium tail, thereby demonstrating that second-harmonic
tritium heating of an L-mode plasma could be an effec-
tive heating technique in the startup phase of ITER. The
increase in stored energy is the same as that obtained by
injection of neutral beams into comparable plasmas
(Rogers et al., 1996).

Majeski et al. (1994) have proposed a novel technique
using the mode-converted ion Bernstein wave excited at
the ion-ion hybrid layer in a multiple-ion-species plasma
(such as D-T) for electron heating or for generating lo-
calized electron currents. In more conventional ICRF
heating schemes, fast magnetosonic waves launched by
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
antennas on the low-field side of the magnetic axis
propagate into the core, where absorption by minority
and/or majority ions occurs with or without some mode
conversion to ion Bernstein waves. In plasmas consisting
of a majority ion species plus a low-concentration mi-

FIG. 39. Ion and electron temperature profiles in a discharge
heated with 23.5 MW of neutral-beam heating and in another
supplemented by an additional 5.5 MW of ICRF heating (Wil-
son et al., 1995).

FIG. 40. Measurements and prediction using the PICES and
TRANSP codes of the fraction of rf power absorbed by electrons
and ions vs the triton-beam power fraction. Modulation of the
rf power, together with the evolution of the electron and ion
temperature, is used to infer the fraction of power absorbed by
ions and electrons (Phillips et al., 1995).
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nority ion species, the rf power absorbed by ions near
the cyclotron resonance is enhanced by the presence of
the nearby ion-ion hybrid layer. The ion-ion hybrid layer
is located approximately where n i

25S , where S is the
familiar cold-plasma dielectric tensor element and n i is
the parallel component of the wave vector, k i normal-
ized to the free-space wavelength v/c , with v equal to
the wave frequency. At sufficiently high minority con-
centration, the fast wave can be cut off in the narrow
region between the cyclotron layer and the hybrid layer,
so the incident waves must tunnel through a cutoff re-
gion to reach the mode-conversion layer and the high-
field side of the discharge. High concentrations of a ‘‘mi-
nority’’ ion can be utilized to move the mode-
conversion/cutoff region away from the Doppler-
broadened ion-cyclotron resonance region so that ion
heating is minimized, while mode conversion of the in-
cident fast waves to ion Bernstein waves is maximized.
The ‘‘minority’’ species can be D in D-T plasmas, with
mode conversion occurring near the D-T ion-ion hybrid
layer, or 3He in either D-T-3He or D-4He-3He plasmas,
with the mode conversion occurring near the D-4He-3He
ion-ion hybrid layer.

For an isolated ion-ion hybrid layer, the maximum
mode conversion that can be attained is approximately
25%. However, if the mix of species, plasma density,
toroidal magnetic field, and k i are chosen carefully, then
the fast-wave cutoff on the high-toroidal-field side of the

FIG. 41. Mode conversion of the fast-wave results in strong
and highly localized electron heating at the ion-ion hybrid
layer using (a) time and (b) radius (Majeski et al., 1996).

FIG. 42. Observed radius of electron power deposition as a
function of toroidal field for constant 3He fraction and density.
The open symbols denote the observed location from electron
temperature measurement, and the line denotes the location of
the mode-conversion layer (Majeski et al., 1996).
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plasma (small R), which usually occurs in the low-
density edge regions, can be moved into the high-density
regions near the mode-conversion/cutoff layers. This
leads to a closely spaced ‘‘cutoff-resonance-cutoff’’ trip-
let. An increase in mode-conversion efficiency by a fac-
tor of 4 (i.e., approaching 100%) over the isolated hy-
brid layer can result from constructive interference
effects (Phillips et al., 1995). Experiments on TFTR in
D-3He plasmas have demonstrated strong, highly local-
ized electron heating in multiple-ion-species plasmas, as
shown in Fig. 41, with greater than 80% of the ICRF
power coupled to electrons near the mode-conversion
surface achieving temperatures of ;10 keV (Majeski
et al., 1995, 1996). The experimentally observed single-
pass absorption efficiency for mode-conversion heating
can exceed the single-pass absorption for direct fast-
wave electron heating by more than an order of magni-
tude. Efficient heating has been demonstrated at radii
over the range 0,r/a,0.5 by changing either the toroi-
dal field or ion-species mix to move the mode-
conversion layer, as shown in Fig. 42 (Majeski et al.,
1996).

Current drive has been demonstrated as well, using
the mode-converted ion Bernstein wave by phasing the
antenna. This technique has been used to drive 130 kA
of on-axis and off-axis current in a D-4He-3He discharge.
The experimentally observed noninductive current
(Majeski et al., 1996) is in good agreement with the es-
timated driven current based on the Ehst and Karney
(1991) parametrization, as shown in Fig. 43. The combi-
nation of high, single-pass absorption and ability to drive
localized off-axis currents may make mode-conversion
current drive (MCCD) a potentially attractive current-
drive technique.

Recent mode-conversion heating experiments have
been performed in D-T plasmas by lowering the source
frequency to 30 MHz. The fraction of heating power
going to the electrons decreased to less than 30% (Rog-
ers et al., 1996). This low efficiency is believed to be due
to competition from 7Li minority heating. 7Li is the
most common isotope of Li (92.5% of natural Li) and is
used to condition the vessel walls in TFTR. Calculations
indicate that a concentration of 0.5% of 7Li would be
sufficient to reduce the mode-converted power to the

FIG. 43. Measured mode-conversion current drive compared
with predicted current drive (Majeski et al., 1996).
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electrons to the observed level. This could be avoided by
using 6Li for wall conditioning or eliminating the use of
Li. However, plasma facing components using beryllium
would result in a similar problem if the 9Be concentra-
tion were more than 0.1% in the plasma. In this case, a
suitable alternate isotope does not exist.

VII. ALPHA-PARTICLE CONFINEMENT

The behavior of alpha particles from D-T reactions is
a fundamental consideration for the performance of a
future D-T reactor. If a significant fraction of the alpha
particles is not confined, then the nTt requirements for
ignition will increase; however, the confinement of the
resultant alpha ash must be sufficiently short to avoid
quenching the reaction. Also, if a small unanticipated
fraction (a few percent) of the alpha particles is lost in a
reactor such as ITER and the resulting heat flux is local-
ized, damage to first-wall components could result. Thus
a detailed knowledge of alpha-particle loss processes is
vital in designing the plasma facing components to avoid
damage by energetic alpha particles. The study of
energetic-particle physics in a tokamak is an interesting
scientific topic. The alpha transit time in TFTR is t trans
52pR/Va'1026 s, while the alpha thermalization time
;0.3 s with R52.5 m, IP52.5 MA, Te(0)510 keV, and
ne(0)51020 m23 (Zweben et al., 1997). Since the alpha
thermalization time is greater than (or comparable to)
the confinement time of the background plasma and
much longer than the transit time, it is possible to study
the radial confinement of the alpha particles.

In a tokamak, there are two generic classes of par-
ticles, those with passing orbits and those with banana
orbits that mirror between the high-field portions of the
orbit as illustrated in Fig. 44. The loss of alpha particles
to the plasma facing components is caused by three ge-
neric mechanisms. The first is single-particle effects due
to the structure of the confining magnetic field. The
main examples of such losses are (a) first-orbit losses,
caused by particles born on fat banana orbits which in-
tersect the wall, (b) ripple-trapping losses, in which par-
ticles are mirror-trapped between toroidal field coils and
drift out of the confinement region, and (c) stochastic
toroidal field ripple diffusion, where trapped particles
with their banana tips in certain regions can diffuse to
the wall because of stochasticity brought on by toroidal
field ripple. The second mechanism is alpha-particle in-
teractions with MHD instabilities and radio-frequency
waves, and the third is alpha-particle interactions with
MHD instabilities that are driven by the presence of
alpha particles, which will be discussed in Sec. VIII.

A. Single-particle effects

Since the canonical angular momentum of a collision-
less alpha particle is an adiabatic invariant in a toroidally
symmetric tokamak, alphas that are confined on their
first orbit should remain well confined. Thus the ions
are expected to remain within a distance of Da
'qra(R/a)1/2 of the field line of their birth, ignoring
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collisional effects (Furth et al., 1990). For future large
machines such as ITER (q;3, R58.14 m, a52.8 m)
the deviation from the birth field line and consequent
first-orbit loss should be small with Da /a;0.1. In TFTR,
which is both smaller and operates over a large range in
plasma current (and hence q), the first-orbit loss can be
significant. First-orbit losses can be evaluated by follow-
ing orbits of individual particles numerically. Monte
Carlo techniques are commonly used to calculate orbit
trajectories in analysis such as TRANSP, as described in
Sec. IV. Recent experiments provide a detailed test of
the theoretical models.

1. First-orbit loss scaling

An extensive study of fusion product losses in deute-
rium experiments was conducted on TFTR prior to be-
ginning D-T experiments (Zweben et al., 1990; 1991;
1993a, 1993b; 1994; Boivin et al., 1993). Zweben et al.
(1995b) summarized the results from the deuterium ex-
periments on TFTR, using the escaping-fusion-product
detectors described in Sec. II.B.2:

(a) For MHD-quiescent R52.6 m plasmas, the loss to
the 90° detector was consistent with expected first-
orbit loss over the plasma current range Ip50.6
22.0 MA.

(b) An additional anomalous delayed loss was seen at
90° for R52.45 m plasmas at Ip51.4–2.5 MA.

(c) During large coherent MHD activity there was an
increase up to a factor of 3 in the losses at the 90°
and 20° detectors.

(d) The pitch-angle distribution of the loss at 60° and
45° agreed reasonably well with the first-orbit
model at Ip51.2 MA.

(e) There was a large non-first-orbit loss component in
the 20° detector, which was consistent with the ex-
pected loss due to stochastic toroidal field ripple
diffusion.

In the D-T experiments, the alpha flux measured in
the 90° detector from quiescent discharges on TFTR is

FIG. 44. Illustration of the poloidal projection of confined
passing alpha-particle orbits, confined trapped alpha particles
on banana orbits, and unconfined trapped alphas.
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in good agreement with the first-orbit loss model over
the entire range of plasma current, as shown in Fig. 45.
Similarly good agreement is found in the pitch-angle
variation with current for the 90° detector (Zweben
et al., 1995b; Darrow et al., 1996a). Global losses in
TFTR are calculated to vary from 3% of the total source
rate at Ip52.7 MA to about 50% at Ip50.6 MA. These
results set a very low upper limit of D<0.1 m2 s21 for
the radial diffusion coefficient of confined passing alphas
in the direction counter to the plasma current near the
plasma center (Zweben et al., 1997) and are consistent
with previous studies of energetic ion transport on many
other devices (Heidbrink and Sadler, 1994, and refer-
ences therein).

In contrast with the deuterium fusion product experi-
ments, no additional delayed loss was observed on the
escaping-alpha detector during D-T experiments. Zwe-
ben et al. (1995b) suggested this might be from the dif-
ferent collisionality of 3.5-MeV alphas and 1-MeV tri-
tons. The tritons from D-D reactions have three times
longer slowing-down times, which may make them more
susceptible to being scattered into loss orbits either by
collisions (pitch-angle scattering) or by MHD effects.
Recent foil deposition measurements using an alpha-
collector probe by Chong (1995) and Herrmann et al.
(1997) are in good agreement with the 90° detector mea-
surements at 1.0 MA, but show a significant loss of par-
tially thermalized ions in 1.8-MA plasmas similar to the
delayed-loss feature observed in D discharges. The dif-
ference between these two measurements has not been
fully reconciled; however, the alpha-collector probe in-
dicates that the enhanced loss varies strongly with radial
probe position. It is possible that the poloidal limiter in
TFTR or other obstacles remove the partially thermali-
zed alpha particles before they strike the scintillator de-
tector. Several possible mechanisms to explain this have
been examined by Herrmann et al. (1997). One of the
more promising is charge-exchange loss, in which the
previously confined alpha orbits undergo a transition to
prompt-loss orbits as a result of electron capture from
H-like carbon impurities. Further work is required to

FIG. 45. Fraction of alpha particles collected by a detector
located near the bottom of the vessel (90°). The decrease in
loss with increasing current is in good agreement with the pre-
dictions of the first-orbit loss model. The data is normalized at
low currents as indicated (Zweben et al., 1995b).
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test this hypothesis; however, the observed strong radial
dependence does not appear consistent with the large-
step-size diffusion that would be associated with this
mechanism. Since the mechanism for the delayed loss is
not understood, its impact on the design of first-wall
components in a reactor cannot be estimated.

2. Stochastic ripple diffusion

Due to the finite number of toroidal field coils (N
532 in JET and 20 in TFTR), variation in the magnetic-
field strength along a field line is in the range 0.1–1%.
Although this ripple is usually too small to cause signifi-
cant ripple trapping, a more subtle form of ‘‘stochastic
ripple diffusion’’ has been predicted by Goldston,
White, and Boozer (1981), which can result in rapid
energetic-ion loss when the ripple exceeds a threshold g
that is approximately given by

g5~r/RpNq !3/2/2rq8

where q8 is the local derivative of the safety factor. The
ripple causes radial diffusion of banana orbits whose
turning points lie within a certain zone. For alphas in
TFTR, that zone is roughly 0.5,r/a,1. Subsequently, a
Hamiltonian coordinate guiding-center code has been
developed to simulate the transport of alpha particles in
the presence of toroidal field ripple, including collisions
and first-orbit loss (Redi et al., 1995a). For TFTR plas-
mas with R52.5 m, Ip52.5 MA, the calculated stochas-
tic ripple-diffusion loss fraction is '10% compared with
a first-orbit loss of ;3%. These guiding-center codes,
which take into account the ripple in the toroidal field,
are typically relatively time consuming; however, there
has been recent progress in developing a more rapid
algorithm (White et al., 1996). In the transport interpre-
tative code TRANSP, a simple stochastic domain model
for toroidal field ripple loss is used to simulate alpha-
particle behavior which has been benchmarked against
the more accurate guiding-center model (Redi et al.,
1995b). As mentioned above, previous studies of fusion
product loss on the 20° detector in TFTR deuterium dis-
charge by Boivin et al., (1993) were at least partially con-
sistent with the predictions of stochastic toroidal field
ripple loss.

Measurements of D-T alpha-particle loss near the
outer midplane of TFTR are similar to those observed in
D discharges (Zweben et al., 1995). Nevertheless, ques-
tions remain to be resolved before the midplane mea-
surements can be interpreted by a quantitative model
for toroidal field ripple loss of alpha particles (Zweben
et al., 1997). One of the main unresolved questions is the
role of shadowing effects caused by the outer limiter and
the detector itself, which complicates the interpretation
of the data and may contribute to the lack of quantita-
tive understanding (Wang and Zweben, 1996).

Recently, sensitive infrared camera measurements on
JT-60U have been reported by Ikeda et al. (1996). These
measurements indicate a localized loss of neutral-beam
ions in good agreement with code simulations of the
stochastic toroidal field ripple loss. In ICRF dis-
charges on JT-60U, enhanced loss, attributed to stochas-
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tic toroidal field ripple diffusion, is also observed; how-
ever, a self-consistent simulation of rf heating and orbit
trajectories has not been performed.

Tobita et al. (1997) studied the confinement of tritium
produced by D-D reactions in JT-60U. The subsequent
‘‘burnup’’ of the triton by D-T reactions was measured
to evaluate the confinement of tritons in both normal-
shear and reversed-shear discharges. The tritons were
found not to be so well confined in reversed-shear dis-
charges. The confinement of tritons was well described
by Monte Carlo orbit calculations, which include first-
orbit and stochastic ripple diffusion as well as collisional
ripple loss.

3. Passing-trapped-particle boundary effects due to ICRF

Coupling of the ICRF power to the fusion products
has been observed in the TFTR D experiments (Darrow
et al., 1996c) and in D-T experiments (Rogers et al.,
1994). Figure 46 shows the alpha-particle loss signal
from the escaping fast-ion probe at the bottom of the
vessel as a function of the toroidal field. The observed
gyroradius of the alpha particles ejected during the rf
implies energies equal to or slightly greater than the 3.5-
MeV birth energy. Radio-frequency heating of the alpha
particles increased the perpendicular energy of the alpha
particles and caused a fraction of the particles to cross
the passing-trapped-particle boundary and go onto loss
orbits. When the toroidal magnetic field was below 3.6 T
or above 4.5 T no rf-induced losses were seen. The shad-
ing in Fig. 46 indicates the range of toroidal field for
which marginally passing alpha particles can be in
Doppler-shifted resonance with the rf wave, i.e., for
which Va5v2kiv i . This coincides with the range of
fields for which losses are seen, supporting the hypoth-
esis that these losses arise from transforming marginally

FIG. 46. The increase in alpha loss to the detector at the bot-
tom of the machine resulting from ICRF waves is plotted as a
function of toroidal field. The shaded range of toroidal field
denotes where marginally passing alpha particles can be in
Doppler-shifted resonance with the waves. Loss proceeds by
conversion of these marginally passing orbits to lost banana
orbits as the alphas are heated.
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passing particles to lost banana orbits. Heating of these
particles by the rf wave gives them sufficient additional
v' that they then mirror on the high-field side of their
orbit and are lost. At toroidal fields outside the range
shaded, some alpha particles are still being heated but
are not being put into loss orbits.

B. Confined alpha particles

The distribution function of the confined alpha par-
ticles on TFTR has been measured using pellet charge-
exchange diagnostics and charge-exchange recombina-
tion measurements, which are described in Sec. II.B.3.
The pellet charge-exchange diagnostic obtained data
when a boron pellet was fired into a 1.6-MA D-T super-
shot, 0.2 s after neutral beams were turned off. The mea-
sured shape of the energy spectrum of the alphas in the
range from 3.5 MeV down to 0.9 MeV is in good agree-
ment with TRANSP-FPPT calculations of the predicted
spectrum, as shown in Fig. 47, where the data have been
normalized to the TRANSP-FPPT calculations (Fisher
et al., 1995; Medley et al., 1995, 1996a; Petrov et al.,
1995). The Fokker-Planck Post-TRANSP (FPPT) processor
code is based on a numerical solution of the drift-
averaged Fokker-Planck equation. The code uses the ra-
dial and energy profiles of the pitch-angle-integrated al-
pha source from TRANSP to calculate the alpha
distribution for experimental conditions specific to pellet
charge-exchange measurements of the confined alpha
particles. The FPPT code is needed to decrease statistical
uncertainty in the TRANSP calculations as a result of the
limited number of Monte Carlo particles in the appro-
priate part of phase space corresponding to the pellet
charge-exchange measurements. The alpha population
in the lower energy range, 0.1–0.6 MeV, has been de-
tected by absolutely calibrated spectrometry of charge-
exchange recombination emission (McKee et al., 1995b,
1997). The measured spectrum agrees with TRANSP pre-
dictions both in the absolute intensities (within an ex-
perimental error of 30%) and the spectral dependence,
assuming classical collisional slowing down and neoclas-
sical confinement, as shown in Fig. 48 (McKee et al.,
1995b). Measurements of the spatial profile agree with
TRANSP and constrain the value of any anomalous radial
diffusion coefficient to less than 0.03 m2 s, in addition to
the neoclassical coefficient, which is estimated to be
0.01–0.05 m2 s.

1. Sawteeth instabilities

The effect of a sawtooth instability on confined alpha
particles has been studied on TFTR. As noted before,
during the high-performance phase on TFTR, the insta-
bility is typically stabilized. Thus the studies of alpha-
particle redistribution in TFTR are performed after the
neutral-beam heating power is decreased, during which
time the density and pressure profile relax and the saw-
tooth instability reappears. Comparison of pellet charge-
exchange measurements in the presence and absence of
sawteeth in the period following the D-T heating phase
indicate that sawtooth activity transports trapped fast
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alphas radially outward, as shown in Fig. 49 (Petrov
et al., 1995, 1997). In these sawtooth cases, no enhanced
alpha loss appears on the edge scintillator probes, indi-
cating that redistribution is primarily within the plasma.
Gorelenkov et al. (1996), Kolesnichenko and Yak-
ovenko (1996), and Zhao and White (1997) have shown
that it is necessary to include the helical perturbed per-
pendicular electric field during a sawtooth crash to un-
derstand the rapid radial expulsion of trapped alpha par-
ticles and the change in their energy spectrum. The
model of Gorelenkov et al. (1996) includes the ampli-
tude of the electric field as an adjustable parameter. For
reasonable electric-field values, it is in good agreement
with pellet charge-exchange measurements of the
trapped alpha particles in D-T TFTR plasmas, as shown
in Fig. 49. In addition, charge-exchange recombination
spectroscopy has been used to measure alpha particles
with energies up to 600 keV in a D-T pulse soon after
the T-beams have been turned off, but with D-beams
remaining on to allow the measurement. As shown in

FIG. 47. Measurements of the confined alpha-particle spec-
trum following neutral-beam heating of a D-T plasma. The
TRANSP calculations, which are normalized at one point, are in
good agreement with the observed slowing-down spectrum
(Fisher et al., 1995; Petrov et al., 1995; Medley et al., 1996a).

FIG. 48. Measured alpha charge-exchange recombination
spectroscopy spectra at r/a50.3 in a nonsawtoothing TFTR
D-T supershot vs predictions based on TRANSP calculation of
the alpha density (McKee et al., 1995b).
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Fig. 50, the signal from these intermediate-energy alpha
particles is observed to be smaller in a discharge where a
sawtooth instability occurred prior to the observation
than in one where a sawtooth occurred after the obser-
vation period (Stratton et al., 1996). The effect of the
sawtooth instability on these lower-energy passing alpha
particles has also been modeled and found to be in rea-
sonable agreement with the measurements using the
sawtooth model by Kolesnichenko et al. (1992), which
does not incorporate the helical electric field. For pass-
ing alpha particles, the helical electric field would have
little effect.

A more internally consistent model of fast-particle re-
distribution has been developed by Kolesnichenko and
Yakovenko (1996) and Zhao and White (1997). A com-
parison of the data with the model by Kolesnichenko,
Lutsenko, and Yakavenko (1996) and Kolesnichenko
and Yakovenko (1996) has not as yet been performed.
Zhao and White (1997) investigated alpha-particle redis-
tribution during sawtooth crashes by using the Hamil-
tonian guiding-center model. Once again reasonable
agreement with experiment was achieved; however, the
simulation corresponding to the trapped alpha particles
measured by the pellet charge-exchange analyzer suf-
fered from poor statistics and possibly incorrect treat-
ment of the electric field in the nonlinear stage, indicat-
ing the need for perhaps an improved model for
sawtooth crashes.

The alpha loss detectors see only a small ('100 ms)
burst of alpha loss at the passing-trapped-particle
boundary during a sawtooth crash (Zweben et al., 1997).
Thus even in TFTR, the alpha-particle redistribution is
predominantly within the plasma. In future large ma-
chines such as ITER, the alpha-thermalization time is
expected to be less than the time between sawtooth
events, enabling the plasma to reheat after a collapse.

2. Stochastic ripple diffusion

The pellet charge-exchange (PCX) diagnostic has also
been used to test the predictions of the stochastic ripple-

FIG. 49. Pellet charge-exchange measurements of the confined
alpha particles prior to (solid points) and after (open points)
the sawtooth instability in a companion discharge. The ob-
served redistribution is in reasonable accord with the magnetic
reconnection model, which incorporates the effect of the heli-
cal electric field. The solid curve corresponds prior to the re-
connection and the dashed curve afterwards (Petrov et al.,
1996).
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diffusion models, namely, that in certain regions of the
plasma the highly trapped alpha particles that PCX mea-
sures will be lost. As shown in Fig. 51, PCX results are in
reasonable agreement with the energy and q scaling of
the simplified Goldston-White-Boozer formalism for the
ripple loss threshold (Duong et al., 1997b). Initial mod-
eling of the radial dependence of the alpha-particle den-
sity using TRANSP is also in good agreement with PCX
data (Redi et al., 1995b). Work is in progress to compare
PCX data with the more accurate predictions of orbit-
following codes (White et al., 1996) and to extend these
studies to reverse-shear discharges.

C. He ash

The production, transport, and removal of helium ash
are issues that have a large impact in determining both
the size and the cost of a future reactor such as ITER. In
previous L-mode and supershot deuterium experiments,
helium transport was studied using gas puffing to deter-
mine particle diffusivities and convection velocities
(Synakowski et al., 1993). These results were compared
with transport of trace quantities of tritium in supershot
discharges fueled by deuterium (see Sec. V.B). The
quantitative results are that the helium and tritium par-
ticle confinement times (ignoring recycling) are compa-
rable to the energy confinement time, and that the he-
lium and tritium particle and heat diffusivities are
comparable across the profile. The well-conditioned
bumper limiter serves as a particle pump in a supershot.
The resultant effective helium particle confinement time
in previous gas puffing experiments is 5–7 times the en-
ergy confinement time, well within the acceptable limits
for ITER or for a D-T reactor.

D-T operation provides a unique opportunity to mea-
sure alpha ash production and transport. Measurements
of radial ash profiles have been made using charge-
exchange recombination spectroscopy. Differences be-
tween similar D and D-T supershots in the time history
and amplitude of the thermal helium spectrum enable
the alpha ash profile to be deduced. These measure-

FIG. 50. Alpha charge-exchange recombination spectroscopy
measurements of alpha density profiles before and after a saw-
tooth crash measurements are in good agreement with predic-
tions of the Kolesnichenko et al. (1992) sawtooth model (Strat-
ton et al., 1996).
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ments have been compared to predictions from the
TRANSP code, using transport coefficients for thermal
helium from earlier gas puffing experiments in deute-
rium plasmas and the TRANSP calculation of alpha par-
ticle slowing down and transport prior to thermalization.
The ash profiles are consistent with the TRANSP model-
ing, indicating that ash readily transports from the cen-
tral source region to the plasma edge, as shown in Fig.
52. These results confirm that the thermalization of al-
pha particles is in agreement with TRANSP modeling.
These measurements provide evidence that, even with a
central helium-ash source, helium transport from the
plasma core will not be a fundamental limiting factor for
helium exhaust in a reactor with supershotlike transport
(Synakowski et al., 1995a). Further work is required to
assess He-ash retention in discharges with internal trans-
port barriers such as the enhanced reverse-shear regime
or ELM-free H mode.

D. Interaction with MHD

With the exception of studies of sawtooth instabilities,
the above results have been in MHD quiescent dis-
charges. MHD instabilities, as noted earlier, can en-
hance the transport of the background plasma. Thus the
effect of MHD instabilities on alpha particles has been
investigated.

1. Disruptions

Both minor and major disruptions produce substantial
losses of alpha particles. In major disruptions, losses of

FIG. 51. Ripple boundary for highly trapped alpha particles
measured by the pellet charge-exchange diagnostic. The mea-
sured boundary is in reasonable accord with a simple estimate
of the calculated ripple boundary using the Goldston-White-
Boozer formalism (Duong et al., 1997b), in both the observed
energy (upper plot) and the q-profile (lower plot) scaling.
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energetic alphas estimated to be up to 20% of the alpha
population have been observed to occur in ;2 ms dur-
ing the thermal quench phase while the total current is
still unperturbed (Janos et al., 1996). The alpha-particle
losses are observed to occur prior to the start of the
thermal and current quench, as shown in Fig. 53. The
start of the alpha losses occurs with the start of the rapid
growth of the ballooning mode. Three-dimensional non-
linear MHD simulations predict that the flux surfaces
become stochastic from the distortion caused by the bal-
looning modes. This onset of stochasticity could explain
the sudden loss of alpha particles. Such losses, which
were observed mainly on the 90° detector and hence
localized, could have a serious impact on first-wall com-
ponents in a reactor. Additional measurements, which
view a larger fraction of the first-wall components, are
required to assess the degree of localization and repro-
ducibility of the heat flux from alpha particles during
disruptions.

2. Low-m-n modes

In both D and D-T experiments, MHD activity with
low toroidal and poloidal mode numbers is observed to
increase the loss of fusion products. The alpha-particle
loss is sometimes observed to be well correlated with the
phase of the modes, as shown in Fig. 54, during the pres-
ence of neoclassical tearing modes in a TFTR plasma.
Once again, because these modes can persist in the
plasma, albeit resulting in a degradation in plasma per-
formance, they can also increase the heat load to first-
wall components as a result of localized alpha-particle
loss.

FIG. 52. Measured and modeled ash profile shapes measured
1.95 s after the start of deuterium-tritium beam injection. The
errors include uncertainties related to the atomic physics of
charge exchange and beam attenuation, as well as photon sta-
tistics. The heavy dashed line represents the helium-ash profile
shape predicted under the assumption of no radial transport of
the thermalized ash. The thinner dashed line represents the
predicted profile shape including the effects of radial transport
and wall recycling. The shaded region is the difference in the
profile shapes that are predicted with and without a central
source of thermalizing alpha particles, but with transport in
both cases (Synakowski et al., 1995a).
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3. Kinetic ballooning modes

The first direct evidence of alpha-particle loss induced
by an MHD mode was due to a kinetic ballooning mode
in TFTR D-T experiments, as shown in Fig. 55 (Chang
et al., 1996b). The kinetic ballooning modes are driven
by sharp gradients in the plasma pressure profile. These
modes are localized near the peak plasma pressure gra-
dient, and the largest amplitude is on the large major
radius side of the magnetic axis. In contrast with ideal
ballooning modes, which have a small real frequency but
large growth rates, the kinetic ballooning mode is pre-
dicted to have, due to kinetic effects, v5v i* /2 to v i*
where v i* is the ion diamagnetic frequency (Tang, Con-
nor, and Hastie, 1980; Biglari and Chen, 1991). These
modes are observed on TFTR to often have multiple n
(;4–12) numbers, and the frequency in plasma frame is
given by v;v i* /2 (Nazikian et al., 1996). Note that these
modes are different from the ideal ballooning modes ob-
served in TFTR before high-b disruptions, which are to-
roidally localized and have larger radial extents. In gen-
eral, the kinetic ballooning modes have only a small
effect on plasma confinement. Losses induced by these
modes are observed in two patterns. One correlates with
bursts of multiple n modes with different frequencies, as
shown in Fig. 55(a). A factor-of-2-enhancement in lost
alpha can be attributed to these modes (Darrow et al.,
1996a). Another one is a single bursting (n56) kinetic
ballooning mode, shown in Fig. 55(b). It can enhance
alpha loss by ;30%. The resonant interaction of the
waves with the alpha particles causes increased alpha-
particle loss by moving marginally passing alpha par-

FIG. 53. First burst of alpha particles prior to the detector at
3.9525 s in the bottom of the vessel. This burst precedes the
thermal quench of the plasma as measured by the electron
temperature diagnostic and is coincident with the MHD activ-
ity responsible for the subsequent disruption (Janos et al.,
1996).
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ticles into lost banana orbits. This has been simulated
using a guiding-center code (Chang et al., 1997). Similar
kinetic ballooning modes are observed in D discharges,
so the modes are not driven by the alpha particles but by
the pressure gradients in the plasma.

E. Overview of alpha-particle confinement

Results from many alpha-particle confinement experi-
ments have been reviewed and summarized in this sec-
tion. These results will now be discussed in terms of the
conventional description of alpha particles typically used
in calculating the performance of new devices. In the
conventional approach, confinement of alpha particles is
described in terms of three mechanisms: neoclassical
processes (orbit effects), the transfer of power by Cou-
lomb collisions, and the anomalous transport of the al-
pha ash from the core. Since the transport of the back-
ground plasma is typically more rapid than is predicted
by neoclassical theory (see Sec. III and V), it is appro-
priate to reexamine the recent results with respect to our
conventional understanding.

Measurements of confined alpha particles and of loss
indicate that in quiescent MHD discharges the radial
diffusion coefficient for alpha particles is indeed very
small and up to ten times smaller than that of the ther-
mal ions (Zweben et al., 1997). A possible explanation is
that ‘‘orbit-averaging’’ effects, which occur when the ion
banana width is large compared to the turbulence corre-
lation length, reduce the effect of the underlying back-
ground turbulence (Mynick and Duvall, 1989; Myra
et al., 1993; Manfredi and Dendy, 1996). The size of the
reduction in alpha transport in larger devices may de-
pend on the scaling of the turbulence correlation length
with machine size. The good confinement of beam ions
in the present machines (Heidbrink and Sadler, 1994),
with smaller orbits than those of fusion products, sup-
ports the hypothesis that alpha particles should be well
confined in larger devices.

As predicted, first-orbit losses are indeed quite small
('3%) at high current in TFTR and should not be im-
portant in larger devices. However, the observation

FIG. 54. Alpha-particle loss due to neoclassical tearing modes
correlated with fluctuations in the edge magnetic field
(McGuire et al., 1997).
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of partially thermalized alpha-particle loss by Herrmann
et al. (1997) is not well understood. Measurements of the
confined alpha particles, as well as loss measurements
indicate the presence of stochastic ripple diffusion,
which is predicted to be larger than first-orbit losses.
Difficulties in the interpretation of the loss measure-
ments have up til now prevented a quantitative compari-
son between theory and experiment and highlight the
need for further computational improvements to calcu-
late the loss in realistic geometries.

The good agreement between the measured alpha-
particle energy spectrum and theory indicates that the
transfer of power is well described by Coulomb colli-
sions and orbit effects. These results are also consistent
with the observations of beam-ion thermalization on
TFTR in D and D-T plasmas as well as in many other
devices (Heidbrink and Sadler, 1994). It should be noted
that such measurements sample only a small fraction of
the alpha distribution function. As will be discussed in

FIG. 55. Alpha-particle loss: (a) correlated with the occur-
rence of multiple high-n modes; (b) correlated with a single n
(56) mode. Electron-cyclotron emission measurements of
electron temperature fluctuations are used to determine the
mode frequency and mode number. The corresponding alpha-
particle loss is shown. In the absence of fluctuations, the loss
corresponds to the first-orbit loss. These modes are identified
as kinetic ballooning modes (Chang et al., 1996b).
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Sec. IX, alpha-particle heating is small in TFTR plasmas
and cannot be used to obtain an accurate assessment of
the power transferred.

Another confirmation of the conventional model is
the He-ash experiment. The modeled helium-ash time
evolution indicates that the alpha-particle slowing-down
calculations and transport assumptions in supershot dis-
charges are consistent with measurements. Best agree-
ment between the modeling and measurements is ob-
tained using the measured radial particle transport and
wall-recycling coefficients for thermal He. When the
slowing-down rate is varied by a factor of 2, the data fall
within the predicted evolution of the ash density. The
time behavior is inconsistent with large anomalous
energetic-alpha-particle loss (Synakowski et al., 1995a),
but do not exclude the possibility of modest (20–30 %)
losses due, for example, to unobserved MHD.

MHD activity is found to affect the confinement of
alpha particles. For example, sawteeth can radially redis-
tribute alpha particles. Substantial loss (up to 20%) to
the walls occurs during disruptions. Enhanced loss has
been observed during the occurrence of neoclassical
tearing modes and kinetic ballooning modes. Most of
the MHD and rf-induced alpha-particle loss on TFTR
occurs at the passing-trapped-particle boundary, at
which point alpha particles in the core of TFTR can go
into loss orbits. This effect should be smaller in future
larger devices such as ITER, with a smaller first-orbit
loss region; however, the analogous ripple-loss region
could be sensitive to the wave-induced internal diffusion
of alpha particles (Zweben et al., 1997).

VIII. COLLECTIVE EFFECTS

The effect of MHD instabilities driven by the back-
ground plasma on alpha-particle confinement was dis-
cussed in the previous section. Energetic particles such
as alphas can also destabilize (or in some cases stabilize)
MHD modes. A comprehensive review of this work in H
and D discharges is that of Heidbrink and Sadler (1994).
This is a potentially important topic because of the cou-
pling between alpha heating and MHD stability in a re-
actor, as well as the loss of alpha particles to first-wall
components caused by induced collective instabilities.
Below, the effect of alpha particles on the stability of
toroidal Alfvén eigenmodes and Alfvén cyclotron insta-
bilities (also called magnetoacoustic cyclotron instabili-
ties) will be discussed. The alpha parameters achieved in
the present experiments on JET and TFTR are summa-
rized in Table VI.

A. Toroidal Alfvén eigenmodes

Toroidal Alfvén eigenmodes have been shown to exist
with discrete frequencies located inside the shear Alfvén
continuum gaps created by toroidal coupling of different
poloidal harmonics (Cheng, Chen, and Chance, 1985;
Cheng and Chance, 1986). These modes were predicted
to be driven unstable by energetic particles through
wave-particle resonances by tapping the free energy as-
Rev. Mod. Phys., Vol. 70, No. 2, April 1998
sociated with an energetic alpha pressure gradient
(Cheng et al., 1989; Fu and Van Dam, 1989; Cheng,
1991). Since this initial theoretical work, a large theoret-
ical literature has developed which includes additional
important effects, both in the analysis of instability cri-
teria and in nonlinear saturation mechanisms. Experi-
ments on TFTR (Wong et al., 1991, 1992; Durst et al.,
1992; Wilson et al., 1993; Fredrickson, 1995b; Wong
et al., 1997), JET [Fasoli et al., 1995a, 1995b, 1996; JET
Team (presented by Start), 1997], JT-60U (Saigusa et al.,
1995), and DIII-D (Heidbrink et al., 1991; Strait et al.,
1993) have shown that the toroidal Alfvén eigenmode
could be destabilized by the energetic-ion populations
created either by neutral-beam injection or ICRF heat-
ing. These instabilities, as shown in Fig. 56, can be suffi-
ciently strong to eject a large fraction of the fast par-
ticles (Darrow et al., 1997) and damage first-wall
components (White et al., 1995a).

The initial D-T experiments on TFTR in supershot
and L-mode discharges, however, showed no signs of
alpha-driven instability in the toroidal Alfvén eigen-
mode frequency range, and the alpha-particle loss rate
remained a constant fraction of the alpha production
rate as the alpha pressure increased, suggesting that del-
eterious collective alpha instabilities were not being ex-
cited (Batha et al., 1995a; Chang et al., 1995b; Zweben
et al., 1996). Theory has since shown that, although
TFTR achieves levels of alpha-particle driving terms
nearly comparable to those of a reactor, the damping of
the mode in TFTR is generally stronger than the alpha-
particle drive (Cheng et al., 1995; Fu et al., 1995). Two
approaches have been successfully used to study the role
of alpha particles in exciting the toroidal Alfvén eigen-
modes. The first was to destabilize the plasmas using
ICRF heated minority ions, and the second was to alter
the magnetic configuration to decrease the threshold re-
quirements. Experiments with ICRF heating of minority
ions have found that the rf power threshold for the tor-
oidal Alfvén eigenmode instability is 20% lower in D-T
plasmas than in similar D shots, as shown in Fig. 57
(Wong et al., 1996). Calculations indicate that the reduc-
tion in threshold power is consistent with the alpha par-
ticles’ contributing 10–30 % of the total drive in a D-T
plasma with 3 MW of peak fusion power.

Recent theoretical calculations have shown that the
predicted alpha-driven toroidal Alfvén eigenmode
threshold is sensitive to the q profile (Spong et al., 1995;
Fu et al., 1996, 1997; Berk et al., 1997). This is potentially
important in advanced tokamak configurations in which
the current profile is modified to achieve higher

TABLE VI. Alpha-particle parameters for JET and TFTR
(Balet et al., 1993 and Budny et al., 1995, respectively).

JET
26148

TFTR

76778 80539

na(0)/ne(0) 4.831024 1.531023 1.531023

ba(0) 8.031024 2.131023 2.731023

Va /VA(0) 1.84 1.66 1.70
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stability. In experiments with weak magnetic shear on
TFTR, toroidal Alfvén eigenmodes driven by energetic
alpha particles have been observed in D-T plasmas (Na-
zikian et al., 1997a, 1997b; Chang et al., 1997). These
modes are observed only after the end of the high-power
heating phase, when the beam ion density and plasma
pressure are decaying more rapidly than the alpha pres-
sure, as shown in Fig. 58. The fusion power threshold is
;1.0 MW with ba(0);1024 for q(0).2.4, which is
much lower than the value of ba achieved in high-
powered supershot discharges with q(0)<1 monotoni-
cally increasing q profile. As discussed above, the super-
shot discharges were stable. The onset of mode activity
is generally consistent with NOVA-K linear stability cal-
culations (Fu et al., 1997), though the poloidal mode
structure remains to be clarified (Chang et al., 1997).
The mode amplitude increases with increasing fusion
power, as shown in Fig. 59.

So far, the amplitude of this mode is very small, and
no loss of alpha particles has been detected. This is con-
sistent with the general arguments presented by White
(1995b), which indicate that little radial transport would
occur due to a weak single mode. In larger machines,
higher values of the mode number could be excited and
overlapping modes might result in stochastic diffusion
and perhaps increased transport. These recent experi-
mental results have clarified the threshold criteria for
alpha-driven toroidal Alfvén eigenmodes instability;
however, further experimental work is required, with
larger-amplitude modes and perhaps with overlapping
modes, to test the nonlinear saturation mechanisms and
alpha transport physics due to these instabilities.

B. Ion-cyclotron instabilities

In both JET (Cottrell et al., 1993) and TFTR (Arun-
salam and Greene, 1993; Cauffman et al., 1995) experi-
ments, ion-cyclotron emission has been observed during
both D and D-T discharges. On JET, ion-cyclotron

FIG. 56. Fraction of energetic-particle power lost from the
plasma and the toroidal Alfvén eigenmode amplitude vs the
heating power in TFTR discharges. Energetic-particle loss re-
sulted from toroidal Alfvén eigenmode instabilities driven by
neutral-beam injection and ICRF heating but not by alpha par-
ticles (Darrow et al., 1997a).
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emission is detected using ICRF antennas, and on TFTR
by rf probes located near the top and bottom of the
machine. The ion-cyclotron emission spectrum contains
superthermal, narrow, equally spaced emission lines,
which correspond to successive cyclotron harmonics of
deuterium or alpha particles at the outer midplane near
the last closed-flux surface. The emission is inferred to
arise from alpha particles that are born in the core but
whose large orbits intersect the edge of the plasma. As a
result, the alpha-particle distribution function in the
plasma edge is very anisotropic and provides the free

FIG. 57. Toroidal Alfvén eigenmode amplitude in D-T plas-
mas. Amplitudes are higher than in companion D shots with
the same ICRF heating power used to generate the energetic
tail of H minority particles (Wong et al., 1996).

FIG. 58. Alpha-driven toroidal Alfvén eigenmode in TFTR
occurring '0.1 s after neutral-beam injection in a D-T dis-
charge with weak central magnetic shear: (a) the evolution of
bN and ba ; (b) the occurrence of magnetic fluctuations with
different toroidal mode numbers; (c) the evolution of the fre-
quency of the magnetic fluctuations. The frequency is consis-
tent with the density-dependent toroidal Alfvén eigenmode
frequency, and mode timing is in reasonable agreement with
the theoretical prediction based on beam ion damping (Na-
zikian et al., 1997a).
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energy required to drive the instability. In pure D and
mixed D-T JET discharges, the time-averaged ion-
cyclotron emission power increases linearly with the to-
tal neutron flux over a wide range of six decades in sig-
nal intensity, as shown in Fig. 60. The emission is
strongly affected by edge-localized modes in the plasma
edge. The results on TFTR are similar to those on JET
but also have some striking differences. In TFTR super-
shot discharges, emission at the alpha cyclotron har-
monic is observed only for approximately 100–250 ms.
However, in discharges with broad density profiles, the
emission is observed to persist.

The emission has been studied theoretically by several
groups (Coppi, 1993; Arunasalam and Greene, 1993;
Arunasalam, Greene, and Young, 1994; Dendy et al.,
1994, 1995; Gorlenkov and Cheng 1995a, 1995b; Aru-
nasalam, 1997a, 1997b, McClements et al., 1996;
Kolesnichenko et al., 1997). The Alfvén cyclotron insta-
bility is driven by the anisotropic alpha distribution
function. The results on JET and TFTR are in qualita-
tive agreement with numerical calculations of growth
rates due to the magnetoacoustic cyclotron instability
(Cauffman et al., 1995). Furthermore, the theory pre-
dicts that the instability is sensitive to the ratio of
na /ne , the anisotropy in the distribution function, and
Va0 /VA in the edge region, where Va0 is the alpha birth
velocity and VA is the Alfvén velocity. Thus in TFTR
supershot discharges with low edge density, Va0 /VA is
,1, and the growth rate is reduced. By contrast, in JET
H-mode and TFTR L-mode discharges with broader
density profiles, Va0 /VA is .1, which results in a larger
growth rate.

Cottrell et al. (1993) suggested that, due to the strong
correlation between fusion power and ion-cyclotron
emission, this approach could be used as an alpha par-
ticle diagnostic. The results on TFTR indicate that the
interpretation of the emission depends upon the details
of the edge parameters, as well as on the alpha particle
density, which will hamper the use of this interesting
observation as a diagnostic technique.

IX. ALPHA HEATING EXPERIMENTS

In the highest-performance D-T discharges produced
so far, alpha-particle heating is a relatively small fraction

FIG. 59. Toroidal Alfvén eigenmode amplitude measurements
using a magnetic pickup coil at the edge. Amplitude increases
with fusion power, as expected for alpha-driven toroidal
Alfvén eigenmodes near the threshold condition for instability.
Modes are observed with ba(0).0.03% in weak central shear
discharge with q0;1.1–1.3 (Nazikian et al., 1997a).
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of the total power heating the plasma, making its detec-
tion difficult. Nevertheless, the electron temperature rise
in TFTR D-T shots during beam injection is greater than
in D-only or T-only shots (Hawryluk et al., 1994a;
Budny et al., 1994; Taylor et al., 1996b). During the ini-
tial TFTR D-T experiments, Hawryluk et al. (1994a) re-
ported that within r/a,0.25, the ratio of the alpha heat-
ing power Pae to the total heating power to the electrons
Pae /(Pae1Pbe1P ie1Poh), was less than 15%. How-
ever, in these experiments there were similar changes in
the ion-electron coupling, P ie and collisional beam heat-
ing, Pbe . The observed increase of Te measured by
electron-cyclotron emission was roughly twice that ex-
pected from alpha heating or the changes in Pbe and P ie
assuming fixed electron thermal diffusivity, suggesting
that both alpha heating and other isotope effects were
important.

Recent analysis based on a larger data set confirms
that the change in electron temperature requires the in-
clusion of both alpha heating and isotope effects (Taylor
et al., 1996b). When the database is constrained to take
into account the change in electron temperature associ-
ated with confinement, the residual change has been de-
termined to be in reasonable agreement with the pre-
dicted alpha heating, as shown in Fig. 61. Further
experiments with a higher ratio of alpha heating to beam
heating power will be required to evaluate the efficiency
of alpha heating.

X. FUTURE DIRECTIONS

In this section, future research opportunities moti-
vated by the results from the JET and TFTR experi-
ments, as well as the accompanying theoretical work in
support of those experiments, will be discussed. As with

FIG. 60. Correlation between ion-cyclotron emission intensity,
PICE , and total neutron emission rate for ohmic and neutral-
beam heating in both D and D-T discharges on JET (Cottrell
et al., 1993).
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any active areas of research, future opportunities will
largely be defined by theoretical and experimental in-
sights yet to be identified.

A. Alpha heating

Experimental determination of the alpha heating ef-
fectiveness remains an important topic due to its crucial
importance for reactor design. Though a great deal has
been learned about both confined and escaping alpha
particles, it must be kept in mind that the present diag-
nostics sample only part of the distribution function
(Zweben et al., 1997). Thus direct measurements of
alpha-particle heating effectiveness are important to
check the validity of the computational modeling. As
discussed in the previous section, although the TFTR
experiments have shown that alpha heating is in reason-
able accord with expectations, the observed heating is
small, and hence the uncertainty in the heating effective-
ness is large. To obtain a clearer demonstration requires
larger values of Pae /Pheat,e and Pae /P ie . The JET Team
(1992) has projected higher values of P fus /Pheat than
have been achieved to date on TFTR, albeit in transient
discharges with relatively large values of (dW/dt)/Pheat .
Higher values of P fus /Pheat offer the possibility of reduc-
ing the experimental uncertainty in the alpha heating
efficiency, though the interpretation may be complicated
due to transient behavior and possible changes in the
underlying transport coefficients.

B. Alpha channeling

Several techniques have been proposed for using al-
pha particle-wave interactions to more effectively utilize

FIG. 61. Comparison of the electron temperature profile for a
set of similar D-T and D discharges with comparable energy
confinement times and neutral-beam heating power. The mea-
sured difference in electron temperature is consistent with the
predicted change due to alpha heating. The neutron profile,
which is a measure of the alpha-particle birth profile, is shown
for comparison (Taylor et al., 1996b).
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the alpha particles in a reactor (Fisch and Rax, 1992;
Fisch et al., 1994, Hsu et al., 1994; Mynick and Pom-
phrey, 1994; Fisch, 1995; Fisch and Herrmann, 1995;
Herrmann and Fisch, 1997; Fisch et al., 1997). By cou-
pling the alpha-particle energy to a plasma wave, which
then deposits its energy in the plasma, it is theoretically
possible to (1) transfer the energy of alpha particles
preferentially to the ions and thereby increase the
plasma reactivity and reduce the alpha pressure; (2) ra-
dially redistribute the alpha particles for alpha ash con-
trol; (3) control the alpha heating profile, which may
enable pressure profile control in a tokamak; (4) control
the alpha pressure profile, which may further reduce the
drive for adverse alpha-particle instabilities; (5) transfer
momentum to the electrons for current drive. While it
may not be possible to achieve all of these objectives
simultaneously in a reactor, this concept offers addi-
tional flexibility, which may be important to the opera-
tion of an advanced tokamak reactor that utilizes self-
sustaining pressure and current profile control while
requiring as little auxiliary power as possible.

Experiments on TFTR have focused on understand-
ing the physics of energetic-particle interaction with
plasma waves, which is a central issue for these ap-
proaches. The experiments have utilized a mode-
converted fast wave to interact with the energetic ions.
In D- 3He plasmas, strong interaction between the
mode-converted wave and beam ions has resulted in
strong beam-ion heating. The escaping energetic ions,
shown in Fig. 62, are in reasonable agreement with the
alpha particle-wave model when applied to fast beam
ions (Fisch et al., 1997).

Radio-frequency-induced alpha-particle cooling, in
which the energy in the alpha particle is transferred to
the wave, has been predicted for a specific phasing be-
tween alphas and high-ku ion Bernstein waves, which
could then damp on the ions (Valeo and Fisch, 1994).
The value of k i of the fast wave is predicted to change
sign after undergoing mode conversion for waves either
above or below the midplane. Experiments on TFTR
have demonstrated that, in D-3He plasmas, the loss of
deuterium-beam ions is correlated with the direction of
the rf wave and is in agreement with the rf model, which
predicts a dependence on the direction of the wave, thus
confirming an important element of the theory (Fisch
et al., 1997).

The experimental results (Darrow et al., 1996b) to
date support some of the underlying assumptions in the
models which predict the feasibility of alpha channeling;
however, much more experimental and theoretical work
is required to establish this novel approach. In particu-
lar, one major element that remains is to establish the
transfer of power from the alpha particles to the rf wave.
Numerical simulations indicate that for a reactor-size
plasma, it will be necessary to excite both toroidal
Alfvén eigenmodes and mode-converted ion Bernstein
wave to extract more than half the energy from the al-
pha particles (Fisch and Herrmann, 1995; Herrmann and
Fisch, 1997). Evaluation of the interaction of energetic
particles with toroidal Alfvén eigenmodes, which have
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been directly driven by beat waves launched by the
ICRF antenna or by a lower-frequency coil antenna [Fa-
soli et al., 1995a, 1995b, 1995c, 1996; The JET Team
(presented by Start), 1997] is an important element in
establishing the underlying physics. Ultimately, combin-
ing the two waves and demonstrating energy transfer
from the alpha particles to the waves, and then damping
of the waves, will be required to evaluate this concept.

In the theoretical work by Fisch and Rax (1992), sto-
chastic wave-particle interactions diffuse the particle or-
bits in a preferred direction by the appropriate choice of
wave numbers and wave direction. Another approach,
relying upon frequency sweeping of the wave, has been
proposed by Mynick and Pomphrey (1994) and Hsu
et al. (1994). This mechanism can move particles with a
selected parallel velocity in a nondiffusive fashion from
one specified radius to another. A perturbed single-
harmonic wave induces an island in the particle drift
surfaces having the same m ,n number as the wave. As
the wave frequency is slowly varied, a particle starts in-
side a drift island called a ‘‘bucket’’ and moves adiabati-
cally with that island. By varying the frequency of the
wave, it is possible to transport part of the alpha distri-
bution consecutively with the wave. This technique may
be used to control the density of He ash, especially in
regimes of operation such as the enhanced reverse shear
in which the alpha ash accumulation may be important
inside the transport barrier. This technique also requires
experimental tests to evaluate the efficiency of removing
a significant part of the distribution function.

C. Isotope effects in diverted H-mode plasma

The isotope effect has been studied in a wide range of
plasma operating regimes on TFTR, as discussed in Sec.

FIG. 62. Fast-ion loss as measured by the 45° detector in the
TFTR vessel indicates the loss of deuterium-beam ions heated
by mode-converted ion Bernstein waves. The flux of particles
is in accord with a simple model of fast-ion heating by the
mode-converted wave.
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V. However, one important operating regime, diverted
H modes, which is the planned operating mode for
ITER, has not been explored. Isotopic scaling of the
energy confinement time and the threshold power for
the transition from L and H mode remain to be estab-
lished. The results from limiter H modes on TFTR indi-
cate that the confinement time has a favorable isotope
scaling but the threshold power for the transition is un-
changed. In enhanced reverse-shear discharges with an
internal transport barrier on TFTR, the confinement
time does not exhibit a favorable isotope scaling, and
the threshold power appears to be higher in D-T dis-
charges. These differences motivate a thorough study of
isotope scaling in diverted H-mode plasmas like those
that are planned on JET.

Particle and heat removal is an important issue for
future devices operating at much higher powers and for
longer pulse durations. In this regard, the ITER device
will employ a divertor. Fueling of a diverted tokamak
plasma, including control of the ratio of nT /nD while
minimizing tritium inventory is an operation remaining
to be studied. The use of pellet injection and advanced
fueling techniques, such as a compact toroid injection, is
under study.

D. Ignition devices

In the present experiments, the pressure profile, cur-
rent profile, and rotation profile are largely determined
by the application of auxiliary heating, inductive and
noninductive current drive, and applied torque. The cur-
rent profile is largely determined by the applied external
flux and the plasma conductivity. The internally driven
bootstrap currents can be significant and can affect the
current profile and the plasma stability, although most
present high-performance experiments are performed in
regimes with small bootstrap current fractions or with
heating pulse durations that are short compared with the
current diffusion time. Thus the current profile is largely
(externally) inductively driven. In current experiments,
the rotation profile and the accompanying radial
electric-field profile is controlled by the external appli-
cation of torque (almost always by neutral-beam injec-
tion). In the enhanced reverse-shear regime, as well as in
the supershot regime on TFTR, the pressure gradient, as
a result of intense heating, has become sufficiently large
in the plasma core to change the radial electric-field
shear significantly. In the present D-T experiments, al-
pha heating has had a small effect on the pressure pro-
file. While this external control of profiles has facilitated
the study of the underlying transport and plasma stabil-
ity in present-day experiments, it is not representative of
conditions in an ignited plasma.

In an ignition device, the operating temperature can-
not be simply controlled because the heating power can-
not be controlled externally. Simple consideration of the
energy balance equation and the temperature depen-
dence of the rate coefficients indicates that ignition at
low temperatures can be thermally unstable, but that at
high temperature a thermally stable operating point ex-
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ists (Borrass et al., 1986). Thus it may be necessary to
introduce additional loss mechanisms to obtain a stable
operating point.

The problem becomes more complex when one con-
siders the constraints on an economically attractive to-
kamak device operating in steady state. The self-
generated internal processes become dominant for Pa

;P loss@Paux . The alpha heating profile is then a sensi-
tive function of the ion pressure profile. In a steady-state
machine, the fraction of bootstrap current is expected to
be large, otherwise the power required for external cur-
rent drive using present-day techniques would be too
large (Ozeki et al., 1993). [An alternative approach is to
design a pulsed device similar in concept to the present
machines; however, as discussed by Bathke et al. (1994),
this may be more expensive]. The rotation profile, and
hence the radial electric field, would be largely defined
by the plasma pressure gradients because, to drive sig-
nificant plasma flows, the power required would be too
large using neutral-beam injection. In future ignited ma-
chines, the role of external heating and current drive, as
well as applied torque, will be to control and modify the
plasma either through the alpha particles, for example,
by alpha channeling, or by altering the underlying trans-
port mechanisms. In addition, the interaction among the
pressure, current, and rotation profiles can become
much greater, especially in regimes with higher values of
b. A couple of examples will be given for illustration. In
an ignited plasma, the pressure profile will determine
the heating profile, the bootstrap current, and a signifi-
cant component of the radial electric field. The boot-
strap current modifies the current profile, which in turn
modifies the radial electric-field shear due to change in
the poloidal magnetic field. The radial electric-field
shear may decrease radial transport, increasing the
plasma pressure, which in turn increases the alpha heat-
ing. Hence it is not certain that a self-consistent stable
operating point exists, for the processes are highly non-
linear and require a detailed knowledge of the underly-
ing transport mechanisms beyond what has so far been
developed. Furthermore, the problem becomes even
more complex when MHD stability, which is sensitive to
the current and pressure profiles, is taken into account.
Controlling the operating point of a burning plasma with
a minimum of auxiliary power for the control systems
(such as local fueling or heating or momentum input) is
a major scientific and technological challenge.

Though the control of a burning plasma is a significant
issue, the evolving understanding of the underlying
transport mechanisms, MHD stability, and wave-particle
interactions in both D and D-T experiments is providing
the tools necessary for this task. Advanced computa-
tional techniques are being developed and benchmarked
on present experiments both to evaluate these problems
and to develop new approaches to controlling a burning
plasma. Throughout this paper, the results of the D-T
experiments have been placed in the context of this
evolving understanding of plasma science because this
not only has made possible the successful execution of
the present experiments but also provides a basis for
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designing future experiments. With increased under-
standing, new concepts have emerged, ranging from
reverse-shear magnetic configurations to more efficient
use of the alpha particles by means of alpha channeling,
to the formation of internal transport barriers by use of
IBW. Further experimental and theoretical work will
determine the viability of these new concepts.

XI. CONCLUSIONS

The first series of high-power D-T experiments on
JET and TFTR have provided important new informa-
tion in fusion technology and science. This is a signifi-
cant step toward the development of higher-power and
higher-performance fusion devices. As discussed in the
Appendix, in support of fusion technology development,
safe and extended operation of a deuterium-tritium fa-
cility has been demonstrated. Tritium handling and pro-
cessing, tritium retention in plasma facing components,
and neutron shielding have been successfully accom-
plished. Remote handling, use of low-activation materi-
als, and large-scale tritium processing remain to be dem-
onstrated in future facilities. In addition to the large
increase in fusion power which occurred with the intro-
duction of D-T fuels, several important scientific issues
associated with the use of tritium and the production of
alpha particles from D-T reactions have been studied.

The energy confinement time in D-T plasmas has
been compared systematically with that in D plasmas in
a number of plasma regimes. A significant enhancement
in plasma confinement in D-T relative to D has been
observed in TFTR L-mode discharges, which at least su-
perficially resemble the proposed ITER plasma condi-
tions of broad density profiles and equilibrated ion/
electron temperatures. A somewhat stronger D-T
isotope effect on confinement has been obtained in en-
hanced confinement regimes, including the supershot,
H-mode, and high-l i regimes, all of which typically have
peaked density profiles and Ti.Te . On a purely empiri-
cal basis, these results provide experimental support for
the assumption used in the design of ITER that tE
would be larger in D-T discharges than in D by the ap-
proximate scaling tE}^A&0.5. There is considerable vari-
ability in the strength of the confinement enhancement
due to isotopes among plasma regimes and as a function
of power within a single regime. A negligible isotope
effect on energy confinement was observed in discharges
with a reverse-shear q profile (including ‘‘enhanced’’
reverse-shear discharges) despite the similarity of their
density and temperature profiles to those of the super-
shot and high-l i plasmas. This suggests that the isotope
effect depends on the current profile. In addition, the
power required to obtain an internal transport barrier is
greater in TFTR D-T discharges fueled and heated by
tritium neutral beams. By contrast, the power threshold
for generating a limiter H mode was comparable in D
and D-T discharges.

A comprehensive understanding of isotope scaling is
still evolving. The favorable scaling with isotopic mass
observed in most TFTR plasma regimes imposes a sig-
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nificant constraint on proposed transport models based
on electrostatic microturbulence, which typically predict
an adverse scaling of confinement as r* increases. In
particular, the TFTR experiments clearly indicate that
confinement improves in both supershot and L-mode
plasmas if r* is increased by changing the isotope at
fixed beta and collisionality. To reconcile this behavior
with theory, and with previous scaling experiments in D
plasmas which vary r* by varying the magnetic field
(Perkins et al., 1992), one is led to conclude that the iso-
tope effect is governed by a fairly powerful effect that
leads to reduced transport for heavier isotopes despite
their larger gyroradius. Shear-flow modifications to the
ion temperature-gradient turbulence model is one such
model which would have such an intrinsic effect. As
Scott et al. (1997) have pointed out, it is intriguing that
in both L-mode and supershot regimes the isotope effect
appears to be strongest at high power and high tempera-
ture, and the effects of shear-flow modifications appear
to be sufficiently large even in L-mode discharges to al-
ter the energy confinement time. Projections of the scal-
ing to ITER would be less favorable if isotope scaling in
TFTR were caused by sheared-flow effects, which are
weaker in larger machines.

The use of tritium permits direct measurement of the
transport of hydrogenic species in a plasma. The trans-
port of tritium is comparable to that of electrons and
helium gas injected at the edge. More importantly, the
transport of particles is comparable in radial depen-
dence and magnitude to the transport of heat and toroi-
dal momentum, placing an important constraint on tur-
bulent transport models for the plasmas. The transport
of tritium in enhanced reverse-shear plasmas is much
less within the internal transport barrier, qualitatively
similar to the changes observed in ion heat transport.

The physics associated with the two principal heating
techniques used in the D-T experiments, neutral-beam
injection and ICRF heating, was studied. The thermali-
zation rate of tritium- and deuterium-beam ions is in
good agreement with classical calculations in discharges
with small stochastic ripple diffusion of the beam ions.
The introduction of a second ion resonance into the
plasma with D-T fuels provides additional flexibility in
heating a plasma with ICRF waves. Second-harmonic
tritium absorption has successfully been used to heat the
plasma in accordance with expectations. In D-3He plas-
mas, mode conversion was found to heat the electrons
locally with high efficiency, and effective current drive
was demonstrated. However, when this approach was
applied to D-T plasmas on TFTR, the heating efficiency
was decreased due to direct absorption by 7Li impuri-
ties. This may be especially important in future experi-
ments in which 9Be from the plasma facing components
could provide a competing resonance. Further experi-
ments in which the concentration of 7Li impurities is
decreased by replacement with 6Li are required to con-
firm the role of 7Li absorption and evaluate mode-
conversion heating and current-drive efficiency in a D-T
plasma.
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Because of the low concentration of alpha particles,
na /ne;1023, and their large energy range, diagnosis of
alpha particles, especially in a high-radiation environ-
ment, is a formidable challenge. The study of the con-
finement and loss of alpha particles has been made pos-
sible by the successful development of new diagnostic
techniques, namely, pellet charge-exchange analysis,
charge-exchange recombination spectroscopy, and col-
lector probes. The confined alpha particles behave clas-
sically in quiescent MHD plasmas. The study of confined
alpha particles has been conducted principally in dis-
charges with monotonic q profiles. Further work is re-
quired to evaluate the confinement and transport in
reverse-shear discharges. In quiescent discharges, the
loss of alpha particles to the collectors near the bottom
of the vessel is generally in good agreement with first-
orbit loss calculation. Loss of alpha particles caused by
stochastic ripple diffusion has been observed, and fur-
ther work is in progress to obtain a quantitative evalua-
tion of this loss. Loss of alpha particles because of saw-
tooth events, low-m-n MHD instabilities, plasma
disruptions, and rf waves has also been observed. These
losses may be an important design consideration in fu-
ture devices due to the localized heat loss to plasma
facing components. Sawtooth instabilities have been ob-
served to redistribute alpha particles in the plasma core.
Thermalized alpha particles from fusion reactions have
been detected. The radial transport of the alpha ash is
comparable to that of the electrons and ions, so accumu-
lation of alpha ash should not be a problem in dis-
charges with supershotlike transport properties. How-
ever, the transport of alpha ash has not been studied in
discharges with internal transport barriers, and the need
for active techniques to remove the ash remains to be
determined.

Alpha particles have been seen to initiate MHD insta-
bilities, including the toroidal Alfvén eigenmodes and
Alfvén cyclotron instabilities. The stability of the toroi-
dal Alfvén eigenmode has been found to be sensitive to
the current profiles, as predicted by theory. In TFTR
discharges with monotonic q profiles, the mode was ob-
served to be stable. Only in discharges with weak shear
and higher values of q(0) was the mode found to be
weakly unstable after the termination of the high-power
phase, when beam-ion Landau damping and continuum
damping of the mode was decreased. Further experi-
ments with larger-amplitude instabilities are required to
evaluate the effect of these instabilities on alpha-particle
confinement. The Alfvén cyclotron instability is found to
interact with alpha particles in the edge of the plasma by
creating ion-cyclotron emission. Good agreement be-
tween theory and experiment is found. The impact of
this instability, unlike that of the toroidal Alfvén eigen-
mode, which can theoretically eject significant fractions
of alpha particles, appears to be small.

In TFTR experiments, small temperature excursions
have been identified as caused by alpha heating. Further
experiments in which the alpha heating power ap-
proaches the loss power are required to establish the
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efficiency of alpha heating and the effect, if any, of alpha
heating on plasma transport.

Recent theoretical work on alpha-particle wave inter-
actions, aimed at using the confined particles more ef-
fectively to heat the plasma and drive the current, has
stimulated basic experiments. These experiments lend
support to the underlying physics of alpha-particle wave
interactions; however, further work is required to estab-
lish this concept.

As with all active research, despite the rapid progress
during the past three years of D-T experiments on
TFTR, many questions remain. Some of these will be
addressed in the current generation of facilities, but oth-
ers will only be answered on a burning-plasma device
operating near ignition conditions.

Note added in proof. Since the submission of this pa-
per, two events have taken place. The first was the
completion of the TFTR experimental program in April
1997 followed by the shutdown of the device. The sec-
ond was the very successful execution of a series of high
power D-T experiments on JET. Preliminary results
from this campaign (JET Team, presented by Gibson,
1998) included the achievement of 16 MW of fusion
power in a hot-ion ELM free H-mode discharge with
P fujs/Pabs50.66 and the production of 21.7 MJ of fusion
energy per pulse in an ELMy H-mode discharge.
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APPENDIX: TRITIUM AND ACTIVATION CONSIDERATIONS

Deuterium-tritium experiments impose additional re-
quirements on the facility to accommodate the use of
tritium, which is radioactive, and the higher level of ac-
tivation from the D-T reactions (Huguet et al., 1992;
Hawryluk et al., 1994b).
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1. Tritium systems

The full JET tritium system was not available for the
initial D-T experiments (Hemmerich et al., 1992). To
collect and measure the injected tritium, the normal
torus pumping system was replaced by a cryogenic gas
collection system, shown in Fig. 63. During operation,
the gas flow from the torus or neutral beamlines con-
densed on a tubular cryopanel containing activated char-
coal at liquid-helium temperature. Subsequently, the
condensed tritium, together with larger amounts of deu-
terium, was transferred to uranium storage beds. Ap-
proximately 7.431013 Bq (2 kCi) of tritium were used in
the JET initial D-T experiments.

The TFTR tritium gas handling system is restricted
to 1.8531015 Bq (50 kCi) in-process tritium (Hawryluk
et al., 1994b; Anderson et al., 1995a, 1995b). By restrict-
ing the tritium inventory, the accident potential to per-
sonnel working on site, as well as to the general public,
is reduced. The tritium gas is brought on site in a ship-
ping canister and is transferred to a uranium bed, where
it is stored as shown in Fig. 64. The uranium bed is
heated to transfer the gas to the neutral beam 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
is retained in the graphite limiter in the vacuum vessel.
Outgasing of tritium from the vacuum vessel walls and
limiters is pumped by a combination of neutral-beamline
cryopanels and a dedicated vessel pumping system. The
gas on the cryopanels and from the pumping system is
transferred to the Gas Holding Tank, where it is oxi-
dized by the Torus Cleanup System and absorbed onto
molecular sieve beds. These beds are shipped off site for
reprocessing. More than 3.231016 Bq (860 kCi) of tri-
tium have been processed from November, 1993 to Au-
gust, 1996. Since initial operation, a low-inventory cryo-
distillation system (Busigin et al., 1995; Raftopoulos
et al., 1995) has been developed to repurify the tritium
on site and decrease the number of off-site shipments of
oxidized tritium. This system has been successfully com-
missioned. In future larger D-T experiments, on-site re-
processing will be required.

Tritium retention. Some of the tritium introduced into
the vacuum vessel is retained on the graphite limiter and

FIG. 63. The JET tritium gas collection system (JET Team,
1992).
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co-deposited in layers on the walls. Retention of tritium
in the vacuum vessel walls and components is important
for two reasons. The first is regulatory (Bell et al., 1992;
DeLooper, 1994). The quantity of tritium retained must
be accounted for, since special controls are imposed on
the handling of tritium (LaMarche et al., 1994; Nagy
et al., 1995; Saville et al., 1995). On TFTR, the quantity
of tritium permitted in the vessel is restricted to ,7.4
31014 Bq (20 kCi) to limit release to the environment in
the event of a major vacuum leak and simultaneous fail-
ure of tritium containment systems. The second reason
is that the interaction of the plasma with the limiter and
walls results in the exchange of hydrogenic species be-
tween the plasma and the limiters and walls. This can
affect the concentration of tritium and deuterium in the
discharge, as discussed in Sec. IV.

Saibene et al. (1992) and Andrew et al. (1993) re-
ported that by a combination of extensive JET opera-
tion in deuterium high-power discharges (.1000 shots
with and without auxiliary heating), disruptive dis-
charges, glow discharge cleaning, and a deuterium soak
of the limiters, it was possible to reduce the tritium in
the vessel to as little as 3% of the injected tritium of
231012 Bq or 54 Ci. A study of the effectiveness of the
different techniques was performed. This was aided by
having a short concentrated operating phase with tritium
followed by an extensive campaign in deuterium to
study the evolution of the tritium in the discharge. In
TFTR, operations with D-T and D discharges were in-
terspersed for a longer period of time (over two years)
and with a larger number of high-power D-T shots
(.841) and D shots (.19 700). Two dedicated cam-
paigns were performed on TFTR to remove the retained
tritium in October, 1995 and August, 1996. The follow-
ing are results from the first campaign (Skinner et al.,
1996, 1997b; Mueller et al., 1996a). At the start of the
removal effort, which followed a series of experiments in
which large quantities of T gas were puffed into the
plasma, about 50–75 % of the injected tritium (6
31014 Bq or 16 kCi) was retained in the vessel. This was
in general agreement with the results of previous deute-
rium retention studies on TFTR and is in contrast with a
smaller retention fraction on JET of about 16% (Coad,

FIG. 64. The TFTR tritium gas fuel cycle (Williams et al.,
1997).
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1995) in deuterium discharges. Removal of tritium from
the TFTR vessel was accomplished by glow discharge
cleaning with deuterium and He-O2 mixtures, followed
by a moist-air purge of the vessel. The tritium retention
was reduced from 16 kCi to about 8 kCi. It would have
been possible to reduce the tritium further with addi-
tional time. One difference between the two devices is
that JET operates with the vacuum vessel walls at about
300 °C whereas TFTR operates at room temperature. In
addition, both devices use wall coatings, Be in JET and
Li in TFTR, to reduce the influx of impurities.

The release of tritium caused by the vessel’s exposure
to air was studied in both devices. In JET, with the walls
initially at 300 °C Andrew et al. (1993) reported that an
air leak liberated about 10% of the tritium in the vessel,
73109 Bq (0.2 Ci). In a planned moist-air purge experi-
ment on TFTR, about 15% of the tritium was released
from the vessel surfaces, 7.831013 Bq (2.1 kCi), and sub-
sequently processed by the cleanup system (Skinner
et al., 1997b). The experience on TFTR has shown that it
is possible to control the quantity of tritium in the vessel
within stringent regulatory requirements; however, the
retention of tritium may impose severe operational con-
straits on future machines using graphite in-vessel com-
ponents.

2. D-T neutronics

The production of D-T neutrons has been used to
study the effectiveness of shielding and machine activa-
tion. Apart from its practical importance to present day
operations, this is important to the design of future D-T
tokamak reactors.

a. Shielding

Due to the complexity of the tokamak structure and
the surrounding hardware, including the neutral beam-
lines and diagnostics, accurate simulations of the effec-
tiveness of machine shielding are difficult to perform.
The approach taken on TFTR was to augment the
shielding calculations with an extensive set of real-time
measurements during deuterium operation, to charac-
terize the shielding and the consequent dose both within
the facility and at the site boundary (Kugel et al., 1994,
1995). The results were then compared with existing
shielding calculations, assuming a relatively simple
model for the machine structure, which was then revised
to take into account the additional equipment in the
Test Cell. The comparison of the original neutronics
modeling with the experimental measurements indicated
that the calculations were conservative (Ku and Liew,
1994). Prior to the D-T experiments, supplementary lo-
cal shielding (especially for sensitive diagnostic equip-
ment) was installed; however, the installation of a com-
plex ‘‘igloo’’ shield around the tokamak was found to be
unnecessary, resulting in significant cost savings as well
as facilitating maintenance of the machine. The require-
ment for the design of the shielding for TFTR is that the
dose at the site boundary from all sources (direct dose
due to gammas and neutrons, as well as from tritium and



582 R. J. Hawryluk: D-T tokamak confinement experiments
activated air) be less than 100 mSv mrem per year. The
dose from all pathways has been ,5 mSv mrem per year.
For the JET experiments, the results from passive do-
simetry outside of the biological shield were generally
indistinguishable from background (Caldwell-Nichols
et al., 1992).

b. Machine activation

Activation of the machine by high-energy neutrons
imposes operational constraints in the present machines
on maintenance and machine modification (Caldwell-
Nichols et al., 1992; Stencel et al., 1994; Kugel et al.,
1996). The scope of the JET D-T experiments was lim-
ited to permit subsequent hands-on modifications of the
components within the vessel (Huguet et al., 1992). In
TFTR, the radiation level decreases rapidly with dis-
tance from the vacuum vessel, enabling routine
hands-on maintenance on nearly all components in the
Test Cell except those very close to the vessel. From
November, 1993 to August, 1996, 4.831020 D-T neu-
trons were produced on TFTR, resulting in an inte-
grated yield of 1.4 GJ. After a week of cooldown for the
short-lived isotopes in the stainless steel vessel, the con-
tact dose of the vacuum vessel decreased to 1–2 mSv/
hour. Neutronics simulations of the activation of the ves-
sel were benchmarked on TFTR. They are in agreement
(within a factor of 2) with the measured activation level
and have provided a reliable guide for planning and de-
sign. This level of machine activation in TFTR experi-
ments has enabled limited hands-on maintenance of
components on the vessel with considerable attention
given to reducing the duration of the tasks and providing
local shielding. By limiting the scope of the activities and
by careful planning, the personnel exposure due to
maintenance and modification of the TFTR device was
similar during D and D-T operations, despite the factor-
of-20 increase in contact dose. In the future, one of the
main technological tasks will be to develop remote han-
dling techniques for a fusion reactor. For the next series
of D-T experiments on JET, remote handling tools have
been developed to remove the divertor cassettes (Pick
et al., 1996).

For the long term, one of the most challenging tasks
for fusion energy development will be to develop low-
activation materials for a reactor. The use of either
stainless steel or Inconel alloys, which are used exten-
sively in the present experiments (including TFTR and
JET), would create a large waste disposal problem for a
fusion reactor. At present, it is difficult to obtain reliable
calculations of the nuclear cross sections for reactions
producing long half-lives due to large uncertainties on
fitted nuclear model parameters. Experiments on TFTR
have benchmarked the codes used to predict the level of
activation, and specific experiments have been per-
formed to document the activation of other possibly
lower-activation materials for the future (Kumar et al.,
1996, 1997; Kugel et al., 1996).

In summary, the JET and TFTR D-T experiments
have demonstrated it is possible to operate these facili-
ties safely with tritium. Whereas these experiments pro-
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vide valuable technical data for the design of the next
generation of D-T reactors, those machines will encoun-
ter much more challenging requirements because of
higher neutron fluences and tritium inventory.
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