
VQLUMR 4$, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JUx.v 1979

the interference of the wake fields becomes sig-
nificant beyond (~/u&~)'-40. To extend the simu-
lations to really high energy, one needs much
longer system size for the simulation; however,
since the scaling agrees with Eq. (8) we can use
it with some confidence there.

The present mechanism of electron accelera-
tion seems feasible within present-day technology.
Although the pulse lengths of (2n+ 1)mc/~~ are
also allowed, techniques of making short pulses
have to be perfected (e.g. , pulse chopping by
backscattering). Having two laser beams with
hen = ~~ as mentioned above is an alternative.

We may speculate that the present acceleration
process may play a role in such an environment
as a pulsar atmosphere, where the dipole radia-
tion fields can be so large that eE/m&a» c. In
the early life of a pulsar when the blowoff plasma,
still not far from the pulsar, faces these intense
fields, the pulsar plasma can be a strong cosmic-
ray source through this mechanism.
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Experimental results from high-power neutral-beam-injection experiments on the
Princeton Large Torus tokamak are reported. At the highest beam powers (2.4 MW) and
lowest plasma densities [n, (0) =5&&10 3 cm 3l, ion temperatures of 6.5 keV are achieved.
The ion collisionality v;* drops below 0.1 over much of the radial profile. Electron heat-
ing of AT, /T~ =50% has also been observed, consistent with the gross energy-confine-
ment time of the Ohmically heated plasma, but indicative of enhanced electron-energy
confinement in the core of the plasma.

The purpose of the Princeton Large Torus
(PLT) tokamak neutral-beam-injection experi-
ments is to produce collisionless high-tempera-
ture tokamak plasmas in which to study ion and
electron thermal transport. In this paper we pre-

sent data from recent neutral-beam-heating ex-
periments on the PLT tokamak, extending the re-
sults of previous injection-heating experiments, ' '
to the better confinement conditions associated
with large tokamaks, and also extending our pre-
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vious results' to injection power levels of up to
2.4 MW and ion temperatures of 6.5 keV. The
PLT beam-injection system consists of four tan-
gentially aimed beam lines and 40-keV ion sourc-
es.' Two sources inject parallel to the plasma
current and two inject antiparallel.

Ion heating. —The techniques for measuring ion
temperature on PLT fall into three categories:
mass and energy analysis of the fast neutrals gen-
erated by charge exchange, measurements of the
Doppler broadening of impurity line radiation in
the x-ray and ultraviolet, and thermonuclear-
neutron-emission measurements for H' injection
into D' plasmas. The nature of the respective
uncertainties and the extent to which the proper
correction can be applied to each specific meas-
urement technique has been discussed previous-
ly. ' Generally the ion-temperature assessments
agree to within - 10%.

With 2.4 1VW of D' injection into an H' plasma,
we have achieved ion temperatures up to 6.6 keV
recorded by an analysis of charge-exchange neu-
trals as shown in Fig. 1. A supportive diagnostic
for this ion-temperature measurement is Doppler
broadening of Fe.XXIV. At this power level, ion
temperature and central density [n, (0) = 5x 10"
cm '], Fe XXIV is strongly heated by the beam
ions and can be raised to temperatures well above
the thermal H' plasma. We calculate, for this
case, that the temperature of FeXXIV should ex-
ceed that of the thermal protons by 1700 eV. The

FeXXIV temperature shown in Fig. 1, which
reaches 8 keV, is thus in good agreement with
the charge-exchange data.

While the achievement of an ion temperature in
excess of that required for ignition in an ideal
D-T fusion reactor (-4 keV) is noteworthy, the
true significance of the data lies in the linear re-
lationship of ion temperature to beam power as
the temperature moves into the collisionless re-
gime, where trapped-particle modes were pre-
dicted to produce enhanced energy transport.
(See Fig. 2.) At T, =6.5 keV, Z,fr=3.5, andn, (0)
=5&10" cm ', the ion collisionality parameter v*
reaches a minimum of 2&10 ' and is below unity
out to r =30 cm (limiter radius =40 cm). This
represents an ion thermal component as deep
within the banana regime as required for many
tokamak reactor designs. As we proceed into the
collisionless regime by increasing the ion tem-
perature, there is a strong enhancement in the
level of density fluctuations as measured by mi-
crowave scattering. So far, however, no observ-
able effect on the ion energy balance nor on the
circulating fast beam particles has been seen.
The scattering volume is wave-number dependent
but encompasses about one-half of the minor ra-
dius and is centered at r/a = 2. The spatial pro-
file of the fluctuations is not known, the rather
rapid buildup of the fluctuation intensity occurs at
T, & 4 keV for these low-density discharges. Al-
though the observed frequency spectrum is charac-
teristic of drift waves, neither the nature of the
fluctuation nor the driving source is known at this
time.

Injection of 2.2 MW of -40-keV D into D' plas-
mas, has produced a flux of 1.6x 10"n/sec or 2
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FIG. 1. Ion temperature (H+) vs time as measured by
analysis of charge-exchange neutrals and Doppler
broadening of Fe xx&~ for 2.4-MW 0 injection into a
H+ plasma. Calculations indicate that the maximum
temperature of Fe ~Iv shouM exceed that of H+ by 1700
eV.
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FIG. 2. Ion-temperature increase vs beam power per
unit line-average plasma density, illustrating linearity
despite the onset of strong density fluctuations.
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x 10"n/pulse in good agreement with calculations
(Fig. 3). We calculate that these neutrons arise
about equally from beam-plasma and beam-beam
interactions with less than 10' contribution from
the thermal particles by themselves.

Electron beati'. —The electron heating ob-
tained in PLT with neutral injection is very sen-
sitive to the choice of limiter material and to the
conditions of the vacuum-vessel wall. In early
experiments with tungsten limiters and even in
more recent experiments with steel limiters,
counterinjection into low-density plasmas has
consistently resulted in metallic line radiation
from the plasma core of ™1 W cm ' (greater than
the input beam power), quenching any significant
electron™temperature rise. At low densities only
with carbon limiters have we been able to routine-
ly maintain a discharge relatively free of metal-
lic impurities, with central radiation & 200 mW
cm ' and obtain strong electron heating with beam
injection. With titanium gettering onto the vac-
uum-vessel wall, we have also been able to limit
the density increase to hn, (0) =2.5x 10"cm '
with four-beam injection into a plasma which
starts at n, (0) = 2.5x 10"cm '. At higher densi-
ties [n, (0)& 5x 10"cm 'j metallic radiation drops
to negligible levels and we are also able to hold
the density nearly constant during injection

1 I 1 I I I I 1 l

through feedback control of the pulse-valve gas
feed. In addition, gettering results in a de-
creased Z, f& and a wider operating range in den-
sity. ' Ion heating has been obtained for all of the
limiter materials employed in PLT, namely C,
Fe, and W. The efficiency is, of course, affect-
ed by the ion-electron coupling and thus the elec-
tron temperature. The best ion-heating results
have therefore been obtained with carbon limiters.

Figure 4 shows the electron-temperature in-
crease which we obtain with 2.4 MW of D' beams
into a low-density H' plasma as determined by
electron-cyclotron emission measurements at the
first harmonic. These results are consistent with
Thomson scattering measurements of T, . While
the overall radiation level increases with injec-
tion, Z, && remains nearly constant. The over-
shoot in T, at the end of the injection pulse which
is due to ending the coM-electron influx associat-
ed with the neutral beam, is reproduced by trans-
port-code calculations. "

Ion and electron poIeex balance. —Numerical
calculations of the ion and electron radial power
flows have been made for a number of discharges
both with and without neutral injection and will be
discussed in detail elsewhere. Here we summa-
rize only the important results.

For the ions, we calculate TI(r) on the basis of
a Monte Carlo simulation of the beam-heating
process, and numerical calculation of energy
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FIG. 3. Neutron emission vs time for 2.2-MW D in-
jection into a D+ plasma. Peak fusion output is 170 W.
D-T equivalent power is 50 kW or Q =2%. Before injec-
tion, T;(0) =1 keV aud (WI) =1.5 keV. During injection,
beam ions have ( W; ) =20 keV and comprise 30% of
nI(0). Bulk ions have T;(0) =6.6 keV and (W;) =10 keV
and are 70% of n;( ).0Thus (W;) =13 keV.

FIG. 4. Electron-temperature profiles during beam
heating. T,(~) has nearly saturated at 550 ms. The
short increase following beam turnoff, exemplified by
T, (&) at 620 ms, is due to ending the cold-electron in-
flux associated with the neutral beam, while beam ions
circulatixg inside the plasma continue to heat the elec-
trons.
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loss by neoclassical thermal conduction, ion-
electron coupling, empirical thermal convection,
and charge-exchange, as in Stott." Because of
the uncertainties in Z, &&(r), q(r), and n, (r), we
find, for a case of 2.1-MW D' injection into a low-
density [n, (0) = 4. 5&& 10"cm '] H' plasma, a range
of predictions for T, (0) extending from 4 to 7.5

keV, to be compared to the measured value of
5.5 keV. The volume-integrated net ion-energy
confinement time w~; is 25 msec for this case or
about half the value of Ohmic heating alone for
the same discharge. In the numerical simulation
this difference in 7~, is primarily due to the en-
hanced role of charge-exchange and empirical
convective losses at the high ion temperatures
and steep temperature gradients which occur with
beam heating. As neoclassical thermal conduc-
tion is only a small fraction of the total ion-ener-
gy flow, we cannot rule out, on the basis of the
measured temperature, as much as a fivefold en-
hancement of the thermal conduction over the neo-
classical value, which is itself uncertain by al-
most as large a factor.

In cases of neutral injection into higher-density
plasmas, charge-exchange and convective losses
are reduced and ion-electron coupling becomes
the dominant term in the ion-energy flow. Neo-
classical thermal conduction remains a small
term in the total ion-power-balance picture, in
part because of the reduction of Z, &f at higher
densities. The neoclassical prediction for ion
temperature with injection of 2.0 MW of D' into a
H' plasma of n, (0) =7.5x10" cm ', is T, (0) =3.1
+ 0.5 keV, rather closely bracketing the meas-
ured value of 3.2 keV. The net ion-energy con-
finement time calculated for this case was 95
msec, close to the Ohmic-heating-only value of
~ 120 msec. Even in this case, however, the pos-
sible enhancement of ion thermal conduction over
the neoclassical value remains as much as a fac-
tor of 3-4. We, therefore, cannot rule out ap-
preciable anomalous ion thermal conduction un-
der these beam-heated conditions.

On the basis of the ion-power-flow calculations,
we proceed to examine the electron power bal-
ance. From the Monte Carlo beam-orbit code,
we get the radial profile of I'~, the power flowing
directly from the beam ions to the electrons; and
from the experimental measurements of T, (0),
coupled with the neoclassical ion-temperature
profile calculations, we find P„(r), the power
flowing from the bulk ions to the electrons. In
addition, the beam-orbit code evaluates P~(r),
the power required to thermalize the cold elec-

trons entering the plasma from the neutral beam.
The Ohmic input power is calculated from the ex-
perimental T, (~) profile, assuming Z, «(r) = const
and cr ~T,'". Finally, we subtract the bolomet-
rically measured radiated power, and find the ra-
dial power flow due to electron thermal transport
which is required to complete the power balance.
Dividing the result by n,dT, /dr, we arrive at an
experimentally determined anomalous electron
thermal transport coefficient y, (r).

The intriguing result of applying this analysis
to our beam-heating measurements is that, al-
though the volume-integrated net electron-energy
confinement time is approximately unchanged
during injection, X, in the core of the plasma ap-
pears to fall roughly as (m, T,) ' when the temper-
ature and density are increased with neutral in-
jection. This effect is reflected in a 50'%%uo rise in
T, on axis, in moderate density cases, equal to
the fractional increase at r/a =-,', even though
P„and P„are relatively much smaller in the
hot central core. It seems unlikely, however,
that the evident reduction in thermal transport in
the central plasma region is due to a simple scal-
ing of X, with T„since y, was not reduced in the
outer regions of the plasma, which are also heat-
ed.

The results of high-power neutral-beam-heat-
ing experiments on the PLT tokamak are very en-
couraging. We have observed that the thermal-
ion component in a tokamak plasma can be driven
deep into the collisionless regime without a large
enhancement of thermal transport. In addition,
we have observed the surprisingly optimistic ef-
fect that the anomalous electron transport always
observed in tokamak plasmas appears to be re-
duced in the hot core region of the plasma when
T, is increased by neutral injection. These two
results together generate very encouraging pre-
dictions for the Tokamak Fusion Test Reactor
under construction at Princeton Plasma Physics
Laboratory, and for future tokamak fusion de-
vices.
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We report the results of injecting 90 kW of microwave power near the lower- hybrid
frequency into the Alcator-A tokamak through a two-waveguide array. The observed
plasma heating is in disagreement with that expected from linear waveguide-plasma coup-
ling theory. From these results and auxiliary rf probe measurements we infer the non-
linear formation of a high-k~~ wave power spectrum at the plasma edge.

There is currently extensive interest in raising
plasma temperatures in tokamaks through auxil-
iary heating methods. Microwave heating of
tokamaks near the lower hybrid frequency has
been tried on ATC, ' ' Wega, ' Petaul, ' Doublet
IL4, ' and recently on JFT2.' In these experiments
ion heating was obtained when the wave frequency
was in the vicinity of the central lower-hybrid
frequency, and some electron heating was also
observed at lower densities. This ion heating
was accompanied by a density rise and some im-
purity influx. No contradiction with the Brambilla
waveguide-plasma coupling theory' was reported
in these experiments.

Here we report the results of injecting 90 kW

of microwave power at 2.45 0Hz into the Alcator-
A tokamak through a split waveguide array. Ion
heating occurs at well-defined values of central
plasma density; below these densities electron

heating occurs. No density changes or impurity
influx take place during the rf pulse. Contrary to
previous experiments, the waveguide phasing has
no effect on plasma heating. In addition, the den-
sities at which heating occurs are significantly
reduced from those expected from waveguide-
plasma coupling theory. ' These results and the
frequency spectra obtained from an rf probe sug-
gest that the wave power spectrum formed near
the plasma edge is shifted to higher h,

~

= k B/
~
B

~

than predicted by linear theory. '
The waveguide array employed here consists

of two adjacent independently driven waveguides
mounted flush with the vacuum vessel walls; each
has inner dimensions of 1.275 cm by 8.13 cm and
are separated by a 0.09-cm-wide septum. Toroi-
dally, the array is located 180 away from the
limiter, which extends out 2.5 cm from the wall
and defines a plasma minor radius of 10.0 cm

274


