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Fusion Heating in a Deuterium-Tritium Tokamak Plasma
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Evidence for fusion heating in the core of a deuterium-tritium (D-T) tokamak plasma is reporte
the first time. Electron temperature profile data were analyzed for differences between D-T, D
T plasmas in the Tokamak Fusion Test Reactor. Data from D and D-T plasmas with similar p
parameters were averaged to minimize isotopic effects. The electron temperature in D-T plasm
systematically higher than in D or T plasmas. The temperature difference between D-T and D p
with similar confinement times is consistent with alpha-particle heating of electrons.

PACS numbers: 52.55.Fa, 52.55.Pi, 52.70.Gw
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In deuterium-tritium (D-T) nuclear fusion, 20% of th
energy production is in the form of 3.5 MeV alpha pa
ticles. These fusion-generated alpha particles prov
central heating which can bring a D-T plasma to th
monuclear ignition if the alpha-particle heating excee
the radiative and conductive losses. In a D-T fus
plasma, the alpha particles slow down predominantly
electrons, since their energy is typically 2 orders of m
nitude higher than the temperature of the D-T fuel io
Recent D-T experiments on the Tokamak Fusion Test
actor(TFTR) have achieved fusion powerssPfusd of up to
10 MW [1] and central alpha-particle densities up to 0.3
of the total plasma ion density, approximately the fract
expected in a reactor, and central fusion power dens
approaching reactor levels. Direct measurements of c
fined alpha particles onTFTR have confirmed that fusion
generated alpha particles slow down classically [2,3]
are well confined [4]. Alpha-particle heating of electro
in TFTR D-T discharges accounts for about 5% of t
global power flow to electrons, but in the plasma co
srya # 0.25d the fraction has reached 15%. This p
per reports the first evidence for heating of electrons
fusion-generated alpha particles in a D-T tokamak plas

A systematic study to look for statistically significa
differences in the electron temperature profilefTesRdg
was performed for all theTFTR D-T neutral-beam-heate
plasmas, and for comparable deuterium (D) and triti
(T) discharges. The electron temperature in the D
plasmas was found to be systematically higher than
the D or T plasmas. For high performance dischar
with similar beam heating powers and plasma opera
parameters, modeling indicates that approximately ha
the 2 keV central electron temperaturefTes0dg difference
between D-T and D plasmas is due to alpha-part
heating [5]. However, attempts to observe clear evide
for alpha-particle heating by comparing theTes0d rise in D
and D-T plasmas are challenged by several factors. F
there is a reduction in beam heating to electrons in go
from D to T neutral beam injection at the same neu
beam injection powersPnbid, and there are uncertaintie
in calculating the neutral beam deposition. Seco
0031-9007y96y76(15)y2722(4)$10.00
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the apparent dependence of the energy confinemen
the mix of hydrogenic isotopes in the plasma [6–1
contributes to the rise inTes0d in going from D to
D-T. Finally, inherent performance variations due
magnetohydrodynamic (MHD) instabilities and limite
conditioning result inTes0d changes which compete with
the rise inTes0d due to alpha-particle heating.

An earlier empirical study ofTes0d scaling for 380 D
plasmas from the 1990TFTR campaign [11] has shown
that for D neutral-beam-heated discharges

Tes0d ­ s0.32 6 0.02dB1.5
T t0.5

E W0.45
b C0.2

NB , (1)

where BT is the axial toroidal magnetic field (in tesla)
tE is the global confinement time (in seconds),Wb is
the neutral beam injection voltage (in kV), andCNB is
the neutral beam directionality with respect to the plas
current (CNB ­ 1 when all the beam power is codirected
No significant dependence onPnbi was obtained in
this study, which is probably a result of restrictin
the beam power to be largesPnbi . 15 MW d. All the
nonsawtoothing discharges from the 1993–5TFTR D-T
campaign were examined, and the condition with the m
D-T plasmas that kept the parameters in Eq. (1) const
was identified. The resulting database included2.52 6

0.01 m major radius plasmas, withPnbi ­ 15 34 MW,
CNB ­ 0 0.4, BT ­ 4.85 5 T, and Wb ­ 98 107 kV.
By constraining the database inBT , Wb, andCNB, it was
possible to express changes inTes0d due to variations in
MHD and wall conditioning through thetE dependence in
the empirical scaling. With the above constraints,TFTR
operation during the D-T campaign included 22 D-
plasmas with,60% of the beam injection inT andPfus
up to 7.5 MW, four T plasmas withPfus , 2 MW (due
to recycling of D from the carbon limiter [12]), and 67 D
discharges. Plasma parameters were evaluated 0.7 s
the neutral-beam-heating pulse, a time late enough for
alpha-particle population to build up, but early enough
avoid the turn-off of beam heating or plasma performan
degradation due to increased wall influx or MHD. The
were no sawteeth or carbon blooms in the time from t
© 1996 The American Physical Society
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start of neutral beam heating to 0.7 s into the neutral be
heating pulse.TesRd evolution data were obtained from
electron cyclotron emission (ECE) spectrometry [13,1
TesRd from Thomson scattering measurements were
included since it was unavailable for many of the plasm
in the database. In summary, we have examined
electron temperature data from all theTFTR plasmas
during the D-T campaign and constrained the data se
a manner which optimizes the ability to see effects due
alpha heating.

Figure 1 showsTes0d plotted versustE for the con-
strained database described above. The empirical s
ing for Tes0d obtained from the 1990TFTR D plasmas
is shown by the shaded region, the width of this reg
indicates the standard deviation in the scaling. Most
the D and T discharges (open circles and triangles) lie
or slightly above the 1990 empirical scaling. It should
noted that the 1990 empirical scaling was derived fr
plasmas with a major radius of 2.45 m, somewhat sma
than the discharges in the present study. The D-T p
mas withPfus , 6 MW (solid circles) on average deviat
further from the 1990 scaling, and the D-T plasmas w
Pfus . 6 MW (shade filled circles) show the greatest d
viation from the empirical scaling. Since D-T plasm
with the highestPfus attain a much higherTes0d than D
plasmas with similar energy confinement times, we c
clude that heating by alpha particles is the most lik
explanation for the rise inTes0d.

The constrained database contains a relatively la
number of D and D-T plasmas with similartE , and of
these there are subsets of D and D-T discharges w
also have similar values ofPnbi. Figure 2(a) shows the
time evolution of Tes0d relative to the start of neutra
beam heating for ensembles of D and D-T neutral-bea
heated discharges which were closely matched inPnbi and

FIG. 1. Central electron temperature 0.7 s after the star
neutral beam injection versus the global plasma confinem
time for D, D-T, and T plasmas with major radii of2.52 6
0.01 m, BT ­ 4.85 5 T, Pnbi ­ 15 34 MW, CNB ­ 0 0.4,
and Wb ­ 98 107 kV. The empirical scaling forTes0d ob-
tained from the 1990TFTR D plasmas with major radii of
2.45 m is shown by the shaded region; the width of the sha
region indicates the standard deviation in the scaling.
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FIG. 2. (a) Tes0d versus the time after the start of neutr
beam heating for six D-T plasmas withktEl ­ 0.155 s and
kPnbil ­ 24.2 MW (solid line), and 17 D plasmas withktEl ­
0.15 s and kPnbil ­ 24.7 MW (dashed line). (b) TheTes0d
difference between the D-T and D plasmas in (a) compared
the Tes0d rise due to alpha heating determined by turning alp
heating on or off in theTRANSP code (shaded region).TRANSP
used a thermal diffusivity from either one of the D or one
the D-T discharges, the resultant uncertainty in the predic
alpha heating is indicated by the width of the shaded regi
(c) The average measured fusion power versus time for the
plasmas in (a).

tE . On average the D-T discharges have a higherTes0d
that the D discharges, the error bars represent the stan
deviation of the measurements included in each data
Figure 2(b) shows that the difference inTes0d between the
D and D-T plasmas increases to approximately 700
0.6 s after the start of neutral beam injection. Althou
there were no sawteeth up to 0.7 s into the beam h
ing pulse on any of the discharges contributing to Fig.
there were nevertheless other smaller MHD events. T
largest MHD even was an abrupt collapse inTes0d which
occurred 0.3 s after the start of beam heating during
of the six D-T discharges; this is evident even on the a
eragedTes0d data in Fig. 2. The averagePfus for the D-T
discharges rises to about 4.5 MW at 0.6 s [Fig. 2(c)]. T
measuredTes0d difference between the D-T and D plas
mas was compared to the predicted temperature rise du
alpha-particle heating calculated by theTRANSP time de-
pendent analysis code, assuming classical alpha-par
orbit losses [shaded region in Fig. 2(b)]. The electr
temperature rise due to alpha heating was determined
turning alpha heating on or off in theTRANSPcode and by
using a thermal diffusivity from either one of the D or on
of the D-T discharges from the ensemble of plasmas u
2723
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for Fig. 2. This accounts for the range of uncertainty
the predicted temperature rise due to alpha heating i
cated by the shaded region in Fig. 2(b). The measu
time evolution and magnitude of the rise of the core el
tron temperature in the D-T plasmas compared to th
plasmas agree to within better than 50% with the pre
tion for alpha-particle heating, assuming classically c
fined alpha particles.

Figure 3(a) shows an overlay of the averageTesRd
profiles for the D and D-T plasmas in Fig. 2 at a time 0.
after the start of neutral beam heating. The tempera
difference is localized to a region within approximate
0.3 m of the magnetic axis [Fig. 3(b)]. The magnitu
and localization of the temperature rise is consistent w
that predicted for alpha-particle heating of electrons
the TRANSP analysis code [shaded region in Fig. 3(b
In addition, the localization of the electron temperatu
rise in the D-T plasmas relative to the D plasmas
consistent with the source profile of fusion-genera
neutrons measured by a multichannel neutron collim
[15] [Fig. 3(c)]. The profile shape of the alpha-partic
density and heating are computed to be close to the a
source profile (and D-T reaction rate). Thus the elect
temperature difference is located primarily in the cen

FIG. 3. (a) Electron temperature profiles versus major rad
0.6 s after the start of neutral beam injection for six D
plasmas withktEl ­ 0.155 s, kPfusl ­ 4.5 MW, and kPnbil ­
24.2 MW (solid line) and 17 D plasmas withktEl ­ 0.15 s
andkPnbil ­ 24.7 MW (dashed line). (b) Electron temperatu
difference between the D-T and D plasmas in (a) versus m
radius compared to the predicted temperature increase du
alpha heating from the time dependent kinetic code,TRANSP
(shaded region). (c) Measured neutron emission source pr
measured by a multichannel neutron collimator for the D
plasmas in (a).
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region where the alpha particles are born and expecte
provide heating.

As discussed above, to minimize changes inTes0d due
to variations in plasma MHD and wall conditioning, th
value of Tes0d in the database can be normalized
the empirical dependence ontE derived from the 1990
D plasmas. In Fig. 4,Tes0dyt

0.5
E is plotted against the

fraction of neutral beam power injected in tritium, bo
the data and the averaged data are indicated, the
bars represent the standard deviation of each data
Deviations from thet

0.5
E scaling are greatest for th

plasmas withPfus . 6 MW, and there appears to be n
dependence on the D-T isotopic mix. Since on aver
the T plasmas do not deviate significantly from t
t

0.5
E scaling, this suggests the isotope effect ontE causes

Tes0d to rise ast0.5
E .

Figure 5 shows the deviation from thet0.5
E empirical

scaling and the calculated fraction of power flow
electrons within the plasma coresrya , 0.25d plotted
versusPfus. The electron power flow was calculated
the time independent equilibrium codeSNAP [16] which
was modified to include alpha heating. Because the alp
particle slowing down time is relatively long compar
to the beam heating time, the alpha heating to electr
was averaged from the start of neutral beam heatin
0.7 s into the neutral beam injection pulse. The pow
flow to core electrons is dominated by beam heating
thermal ion-electron coupling, but for the discharges w
the highestPfus in the database alpha heating accou
for approximately 15% of the core electron power flo
Ohmic heating accounts for less than 2% of the po
flow within rya ­ 0.25 in these plasmas. The deviatio
of Tes0d from the t

0.5
E empirical scaling is greates

for plasmas which have the largest calculated frac

FIG. 4. Tes0d normalized to the empirical scaling obtained f
the 1990TFTR D plasmas versus the fraction of beam pow
in tritium.
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FIG. 5. (a)Tes0d normalized to the empirical scaling obtaine
for the 1990TFTR D plasmas and (b) the calculated pow
flow to electrons versus the fusion power. Ohmic heat
accounts for less than 2% of the power flow to electrons wit
rya ­ 0.25.

of core electron heating coming from alpha partic
slowing down.

Several complications exist in the present study. Fi
because the database spans nearly two years ofTFTR
operation,tE varies significantly due to changes in th
carbon limiter conditioning and MHD behavior. W
have attempted to minimize these effects by normaliz
Tes0d to the empiricaltE scaling. Therefore one issu
is that theTes0d variations in theTFTR D plasmas are
not explicitly understood and it is difficult to know i
they have been adequately addressed. Second, alth
Thomson scatteringTesRd data were available at on
time point for most of the plasmas in the database,
data acquisition time was often taken either too ea
in the neutral beam heating phase, before a substa
alpha particle population could build up, or after a ma
MHD event such as a sawtooth, or after the neu
beam heating pulse. Further, Thomson scattering d
were generally not taken at the same time in the neu
beam heating pulse, making it difficult to compare simi
plasmas in D, D-T, and T. Unfortunately, there has be
a long standing, unresolved, disagreement between E
and Thomson scattering measurements ofTesRd on TFTR
[17], such that Thomson scattering measurements wo
probably yield a much smallerTes0d difference between
D-T and D plasmas than is measured by ECE. The sec
issue is, then, that Thomson scattering measurem
(although unavailable) would probably have yielded
different magnitude of alpha heating. Finally, in th
existing database the increase inTes0d due to alpha
t,
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heating is comparable to that due to changes intE as
a result of the isotope effect. Thus a third issue is t
competition between alpha heating and the isotope eff
Many of these issues could be resolved by futureTFTR
experiments which could aim to have greater cont
of the limiter conditioning and MHD, a slightly highe
fusion power (say, 8 MW) and more tritium plasma
Such experiments are difficult, at the limit of theTFTR
device capability, and are unlikely to be performed in t
immediate future.

In conclusion, theTes0d rise in D-T compared to D and
T plasmas has the following characteristics. The tim
evolution and localization of theTes0d rise are consis-
tent with the calculatedTes0d rise due to alpha heating
assuming classically confined alpha particles.Tes0d in-
creases withPfus and does not appear to depend on t
D-T isotopic mix. While there are several unresolved
sues, these observations are consistent with the heatin
electrons by fusion-generated alpha particles.
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