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Peak plasma densities in excess of 10 cm have been obtained in the Alcator tokamak
with 60-B&+85 kG. The highest average density so far achieved is n, =6&&10~ cm
the corresponding noT ——2&&10 ~ cm ~ s. These ultrahigh-density discharges exhibit
(i) nearly complete energy equilibration between electrons and ions, (ii) severe attenua-
tion of energetic —neutral-particle fluxes, (iii) a minor role of impurities, and (iv) ener-
gy-confinement properties consistent with neoclassical estimates.

The unique combination of high toroidal field,
current, and Ohmic power density, together with
clean vacuum and wall conditions in the Alcator
tokamak has previously enabled discharges with
densities ranging from 5x10" cm ' to 5X10"
cm ' to be produced. These discharges had par-
ticular significance because they made possible
a. comprehensive study of confinement properties
as a function of density, n, which showed that the

global energy-confinement time, T~, increases
roughly in proportion to the density. ' ' Hence the
Lawson parameter, n07s (no is the central densi-
ty), increases in proportion to n', and values of
n07~ up to 1~10"cm ' s have been reported.

Recent improvements in the operation of Alca-
tor have permitted further increases in density,
and central densities in excess of 10" cm ' have
now been produced at toroidal fields between 60
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and 85 kG. The following observations have been
made in these ultrahigh-density discharges:
(1) Nearly complete thermal equilibration between
electrons and ions is achieved. (2) The charge-
exchanged neutral flux with energy above 200 eV
is decreased by a factor of about 100 relative to
the corresponding flux at n =10" cm '; the poten-
tial for sputtering of the vacuum wall by neutral
particles is thus greatly reduced. The calculated
flux of heavy impurities into the plasma from the
stainless-steel wall due to physical sputtering
thereby decreases by a factor of 50. (3) Impuri-
ties continue to play a minor role in determining
the plasma resistivity and central power balance.
(4) rs continues to increase with n, and values
of n, 7~ of 2 &10" cm ' s have now been achieved.
(5) Values of the total energy-confinement time
and poloidal beta, Pe, are consistent with neo-
classical estimates.

Equilibrium is first established in a low-den-
sity plasma (n= 3 &10"cm '); approximately 10
ms after the initiation of the discharge, cold neu-
tral gas is injected into the chamber through a
programmed fast valve, bringing the density to
its final value. Two conditions facilitate produc-
tion of stable high-density discharges: (1) high
Ohmic-power density'; and (2) a slight positive
slope in the plasma current, i.e., dI~/dt&0, dur-
ing the density rise.

Typical values of the principal discharge pa-
rameters are listed in Table I. Thomson scat-
tering of ruby-laser light at four radial positions

yield spatial profiles of electron temperature and

relative density. A 119-p, m modulated interfer-
ometer' is used to calibrate the Thomson scat-
tering measurements and thereby determine ab-
solute density. The central current density, j„
and safety factor q„are obtained in the usual
way from the electron temperature profile, us-
ing the assumption of Spitzer resistivity, g
~ T, ' '. The resistive-loop voltage is deter-
mined from the measured total loop voltage, cor-
rected for the time variation of poloidal flux be-
tween the plasma and voltage loops, where the
mutual inductance involved has been measured
directly. For the discharge tabulated in Table I,
the average Ohmic power density is =-4 W cm '
and the peak power density in the plasma center
is about 24 W/cm'. Under these circumstances,
a maximum rate of line-averaged plasma density
increase of 10"/cm' ms can be sustained without
causing disruption. In this case nearly 2P/& of
the available Ohmic power is consumed by the
density rise.

The ion temperature is determined by measur-
ing the rate of thermonuclear-neutron emission.
Assuming that the ion temperature and density
profiles are identical to the corresponding meas-
ured electron profiles, a rate of thermonuclear-
neutron emission is calculated with the central
ion temperature as a free parameter. By com-
paring the calculated neutron emission rate with
that experimentally observed, the central ion
temperature is deduced. Figure 1 shows a com-

TABLE I. Typical high-density —discharge parameters in Dz. The first two
columns list experimentally measured parameters for two magnetic fields.
The safety factor q, resistivity q, confinement time Tz, and poloidal beta
Pe are determined from the Thomson data. The third column lists the re-
sults from the neoclassical code where the toroidal field Bz, plasma cur-
rent I&, and the average n~, are given.

Typical discharge parameters
in D&

Neoclassical code
results

Bl (kG)

I, (kA)
(v)

n, (10"cm ')
n, (10'4 cm ')
T'ep (eV)

p (eV)
gp

q (x=9 cm)
&n/n, g&

Tz (ms)
Pe

60
160
8.0
5.8
10

656
575
0.8
2.9
0.9

16.6
1.2

82
160
2.7
5.0
11

886

0.8
8.9
0.95

18.4
1.2

80
160
2.6
4.9
8.1
772
691
1.4
8.0 (r = 8 cm)
1.0

20.0
1.8
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FIG. 1. Central electron and ion temperatures deter-
mined by Thomson scattering and neutron emission,
respectively, vs line-average electron density. Uncer-
tainty in each of these measurements is within + 10%.
These measurements were made at I~ = 160 kA and BI
=60 kQ.

parison between peak ion temperatures and the
corresponding peak electron temperatures meas-
ured by Thomson scattering.

We have also determined ion temperature by
measuring the energy spectrum of the neutral
outf lux. This method agrees within 1(P/~ of the
value measured by the neutron technique over the
density range (1-3)x10"cm '. Direct measure-
ment of the peak ion temperature by energy anal-
ysis of charge-exchanged neutrals is not possible
at higher densities because of the opacity of the
plasma to neutrals. For example, at an energy
of 1 keV and n =10"cm ', a neutral hydrogen
atom has a mean free path of 0.4 cm compared
to the plasma radius of 10 cm. Thus, the out-
going flux of energetic neutrals is severely at-
tenuated, dropping nearly two orders of magni-
tude as the plasma density exceeds a critical val-
ue of approximately n-1.5&&10" cm ' as illustrat-
ed in Fig. 2. The detection system has a low-en-
ergy cutoff at about 200 eV. Calculations also
show that above densities of 3 &&10" cm ' the neu-
tral outf lux does not have an energy spectrum
characteristic of the central ion distribution func-
tion, the deviation being such as to give an under-
estimate of the central ion temperature T,,."

In addition to the shielding effect, the shorten-
ing of the neutral mean free path leads to a sub-
stantial decrease of the central neutral density.
We believe this effect is initially responsible for
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FIG. 2, Cutoff of energetic neutral flux during a high-
density discharge. Ibe top trace is line-average elec-
tron density obtained from the 119-p,m laser. The low-
er traces are unnormalized signals from the five analy-
zer channels: (1) 500 eV, (2) 685 eV, (8) 974 eV,
(4) 1821 eV, and (5) 1947 eV, Note the decrease in the
flux for average densities in excess of 1&&10 cm

the drop in the outgoing flux, since the density at
which this occurs is independent of energy. The
observations are in qualitative agreement with
the results of the theory of the neutral-gas com-
ponent in opaque regimes" and also with numeri-
cal simulations. ' These calculations show that
the central neutral density is insufficient by more
than an order of magnitude to account for the ob-
served rate of plasma density rise. This, in
agreement with the charge-exchange data at low-
er densities, implies that the central density rise
is caused by an inward flow of plasma, rather
than by local ionization of neutral. gas.

Extensive measurements of the soft-x-ray flux
and impurity emission in the vacuum ultraviolet
have been made. Typical values of Z, f f of 0.9
+0.5 and 1.2+0.2 have been deduced from the
soft-x- ray bremsstrahlung' and ultraviolet im-
purity emission, " respectively, consistent with
the observed (q/q, )=1. Power radiated by line
radiation from light impurities and hydrogen near
the edge of the plasma is about 7%%uo and 2%, re-
spectively, of the total Ohmic power input. The
power radiated from the principal heavy impuri-
ty, molybdenum, is less than 2%%uz of the Ohmic in-
put.

The neoclassical transport theory of tokamaks
predicts that the energy-confinement time should
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FIG. S. Global energy-confinement times vs average
density. Data were obtained from Bz = 60 kG, I& = 155-
180 kA discharges using independently obtained ion and
electron temperatures. Confinement times for largest
densities agree with neoclassical predications. Typi-
cal error bars are shown.

decrease as the collision frequency increases.
In Alcator, however, an increase in the global
energy-confinement time with density has been
consistently observed. We have investigated the
dependence of v~ on n in these ultrahigh-density
regimes, keeping the toroidal field and plasma
current constant; measurements made at differ-
ent values of B~ and I~ have also indicated a weak
dependence of 7~ on q. The data, as shown in
Fig. 3, is reasonably well represented by the sim-
ple scaling 7~ = 1.7q' 'n„ms, which has been
found previously. ' It should be emphasized that
such scaling laws only represent trends in the da-
ta and cannot take into account the complicated
physical phenomena which occur over the total
range of all parameters. For operating conditions
as those for data in Fig. 3, at the highest densi-
ties the peak temperature drops and the loop volt-
age increases. This is suggestive of a decrease
of vs/n in the central region of the plasma. De-
tailed measurements have indeed shown such be-
havior. A full discussion of the energy balance
of the central core of the plasma, demonstrating
behavior dominated by neoclassical ion heat con-
ductivity at the highest densities so far achieved,
will be given elsewhere. "

At the highest densities obtained thus far, the
energy confinement properties of these discharges
are comparable with calculations based on neo-
classical theory. Table I provides a comparison
of a representative discharge with results ob-
tained from a one-dismensional radial transport
code." Briefly, the code includes contributions
to the particle and heat transport from each of the

the three regimes of neoclassical theory; in ad-
dition, the particle diffusion and electron heat
conduction include anomalous contributions as-
suming transport due to current-driven drift
waves. At the densities of interest here, the neo-
classical coefficients dominate over y & 0.9a.
The toroidal field, average density, and total cur-
rent are prescribed, and the code determines the
steady-state profiles. The calculated electron
temperature profiles are somewhat broader than
those observed; this results in larger values of
q, than indicated by the experimental data. The
numerical calculations show that the transport
is appropriate to the transition region between
the plateau and the Pfirsch-Sch}uter regimes of
neoclassical theory.
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Observation of Severe Heat-Flux Limitation and Ion-Acoustic

Turbulence in a Laser-Heated Plasma
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The thermal conductivity of a plasma of density 6 x 10' em ~ is measured when it is
heated by a 300-MW, 3-ns CQ, laser pulse. The data are best represented using a heat
Aux which is limited to - 4% of the free-streaming limit. Low-frequency turbulence is
observed of sufficient intensity to cause this flux limit.

In this Letter we report definitive measure-
ments of the thermal conductivity of a laser-
heated plasma when the temperature gradient is
large and an ion-acoustic instability is excited,
The classical treatment of thermal conductivity'
has been by a first-order perturbation to a Max-
wellian. However, when A, /L (the ratio of the
electron mean free path to the temperature-
gradient scale length) is greater than 0.02, sec-
ond-order terms dominate and there seems to
be no rigorous theory. Here we use

A, , /L = 2.292 1x0"T, i V T, i n, lnA,

with T, in eV and n, in inverse cubic centimeters.
We have previously measured the thermal con-
ductivity' with T, = T, and X, /I. - 0.04 and found

a reduction by a factor of 2 from Spitzer's value.
When T,» T,, the return current from the heat
flow can drive an ion-acoustic instability, which
would decrease the heat flux. ' Here we have
increased h, /L to 0.5 (from Ref. 2) and with T,
-5T,. have seen a very low thermal conductivity
accompanied by low-frequency turbulence.

As before, our measurement is based on ruby-
laser light scattering. We have extended this
technique to spatial and temporal resolutions of
200 JLf,m and 1 ns. Other experiments on laser-
produced plasmas' ' have used much less direct

diagnostics to measure thermal conductivity.
Many other phenomena (magnetic-field genera-
tion, resonant absorption, atomic physics, fast-
electron transport) complicate these experiments.
In contrast, our experiment has to our knowledge
none of these extraneous phenomena.

The plasma used has been described previous-
ly. ' It was a weak hydrogen Z pinch with initial
density and temperature of 6 x10' cm ' and 4 eV,
respectively. The center of this plasma was
heated by a 300-MW, 3-ns CO, laser pulse, fo-
cused to a measured spot size of 350+ 50 pm.
Ruby-laser light scattering at 90' was performed
with the differential scattering vector (k,) both
parallel and perpendicular to VT, . The scatter-
ing parameter n was in the range 0.5(n(1.5.
The electron density and temperature were ob-
tained by fitting shifted Salpeter curves for dif-
ferent n's to the electron features. This method
is described by Kunze. ' The error bars on den-
sity and temperatrue were determined by the
range of the values of e which would fit within
the experimental error bars. These values of n,
agreed with those obtained using a Rayleigh cali-
bration of the system. A fast photomultiplier
(RCA C31024A) gave a 1.2-ns time resolution.
Reproducibility was good enough to plot spectra
on a shot-to-shot basis. The spatial resolution
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