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proportional to the thickness of the target.
In summary, the transmittance of the laser

through a laser-produced high-Z thin plasma is
larger than that through a low-Z plasma, and the
maximum transmittance through the Ni foil of
2.5 pm thickness is larger than that through the
1.25-p. m foil. The transmittance is related to
energy transport through the rate of a plasma
expansion. These experimental results indicate
that the energy transport is due not only to su-
perthermal electrons but also to x-ray radiation
in a high-Z material. The simple theoretical cal-
culations, based on the measurements of the elec-
tron temperature and ref lectivity, qualitatively
agree with the experimental conclusion.
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Doublet plasmas have been produced in Doublet IIA using an active field-shaping coil
system. Significant increases in. the electron density and energy confinement time have
been observed for the doublet configuration relative to elliptic and circular plasmas in
Doublet IIA.

Doublet IIA" is a noncircular-cross-section
tokamak which allows direct comparison of vari-
ous plasma configurations in the same device.
The ability to compare plasmas of different cross
sections in the same device and within a few shots
insures the same vacuum and wall conditions
which are critical in tokamak operation. Detailed
diagnostic measurements of the plasma proper-
ties of doublet, elliptic, and circ.ular cross-ser-
tion discharges have been performed. The meas-
ured plasma properties of the circular discharg-
es are characteristic of those obtained in eontem-

porary circular-cross -section tokamaks of simi-
lar size and toroidal field strength. The meas-
ured energy confinement time and electron den-
sity for the r.ircular discharge are in agreement
with the scaling found by Daughney' and Muraka-
mi, ' resper tively. A comparison of elliptic and
circular plasmas produced in Doublet IIA was re-
ported earlier. ' This Letter reports successful
control of a doublet configuration by use of an ac-
tive field-shaping coil system. Measurements on
doublet discharges are presented which show a
significant inr rease in the electron density n, and
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FIG. 1. Schematic view of Doublet IIA.
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FIG . 2. Plasma current and one-turn voltage for
140-kA doublet and 75-kA elliptic discharges.

energy confinement time ~~ relative to values ob-
tained in elliptic and circular discharges.

A schematic of Doublet IIA is shown in Fig. 1.
The primary vacuum chamber (hot liner) has a
rectangular cross section of 35 cm by 104 cm
and major radius of 66 cm. The maximum plas-
ma width is 28.5 cm determined by the tungsten
limiters. The 24 field-shaping coils surrounding
the plasma are used to control the plasma config-
uration. The air-core Ohmic heating coil (& coil)
is driven by a capacitor-bank-transformer pow-
er supply. The toroidal field is typically 8 ko
and is produced by the 48-turn I3 coil using a bat-
tery power supply. The primary and secondary
vacuum chambers are separately pumped by tur-
bomolecular pumps and the primary vacuum
chamber is bakable to 300'C.

The elliptic and circular discharges were ob-
tained by passive control of the plasma-induced
image currents in the field-shaping coils using
inductors and resistors. ' To produce a doublet
configuration, it is necessary to drive additional
currents in selected field-shaping coils using
programmed external power supplies. The two
outside midplane field-shaping coils are driven
by a capacitor-bank transformer supply to push
inward at the plasma midplane and form the neck

nsi yof the doublet. As the plasma current-densit
profile peaks during Ohmic heating, a small push
using a programmed silicon-controlled rectifier
power supply on the top and bottom field-shaping
coils is necessary to prevent a transition into a
droplet configuration consisting of two separate
plasmas in the top and bottom of the chamb
This
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FIG. 8. Magnetic flux plot for a 140-kA doublet dis-

charge. The positions of the 24 field-shaping coils and
the limiters are also shown.

lasting the full length of the discharge, 25 to 30
msec. The plasma current and one-turn voltage
for a 140-kA doublet discharge are shown in Fig.
2(a). The roughly triangular wave-form noise
which appears on the voltage is due to the pro-
gramming circuitry.

The magnetic flux plot for the doublet discharge
is shown in Fig. 3. The details of the configura-
tion were obtained from magnetic measurements
including the voltage on one-turn loops located
between the plasma and each of the field-shaping
coils, and the current in each of the field-shaping
coils. A free-boundary magnetohydrodynamic
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(MHD) equilibrium code' is employed to calculate
the magnetic configuration from the measured
magnetic properties. The total plas ma current
and the flux values on each field-shaping coil are
inputs to the code. The current-density profile
and poloidal P value are adjusted to provide a fit
to the 24 field-shaping coil currents and the pres-
sure profiles measured by Thomson scattering at
three different vertical locations. The measure-
ments were taken at the time of the peak plasma
current near 12 msec, and the elongation obtained
is 2.9. Higher current doublets, up to 300 kA,
have been obtained for several milliseconds, but
hardware limitations prevented maintaining these
discharges long enough to approach a steady state.

In order to compare the properties of doublet
and elliptic plasmas, a 75-kA elliptic discharge,
with charaeteristies shown in Fig. 2(b), was pro-
duced using an inductor to provide the required
vertical field for radial positioning. The ellipse
has a constant elongation of 1.5 from 10 to 20
msec with the peak plasma current occurring at
14 msec. Elliptic discharges with larger elonga-
tions have been produced by passively adding a
quadrupole moment to the shaping field but the
elongation decreases with time because of the
peaking of the plasma current profile.

The plasma properties have been measured us-
ing standard tokamak diagnostic techniques in-
cluding Thomson scattering, charge-ex& hange
neutral analysis, 2-mm microwave interferomet-
ry, soft-x-ray energy analysis, visible and ultra-
violet spectroscopy, and a soft-x-ray instability-
detector array.

The results obtained from measurements near
the time of the peak plasma current on the doub-
let and ellipse described above are summarized
in Table I. The measurements on the elliptic dis-
charge were taken before and after the doublet
measurements to insure that the machine condi-
tion was the same. The toroidal field was 8.1 kG.
The peak plasma current was 140 kA for the doub-
let and 75 kA for the ellipse. Radial profiles of
the electron density and temperature measured
by Thomson scattering for the doublet across the
elliptic axis and the elliptic discharge across the
midplane were very similar. The electron tem-
perature at peak current was 350 eV for the doub-
let discharge and 325 eV for the elliptic discharge.
This central value of the electron temperature
was in agreement with that obtained by soft-x-ray
energy analysis. The ion temperature was 180
eV for both the ellipse and the doublet as meas-
ured by charge exchange neutral energy analysis.

TABLE I. Plasma properties of doublet and ellipse.

Doublet Ellipse

B, (kG)

Ip (kA)
7', (eV) (center)
V',. (eV)
ne (cm ) (center)
e (elongation)
q (limiter)
q (center)
P ((0) (center)
T~ (ms) (center)
n/'Os', s=&

8.1
140
850
180
B.7x 10
2.9
5.5
1 to 5.5
1.0
8.3 to 3.9
~4

8.1
75
325
180
2.9x 10~3

1.5
2.6
1 to 1.5
0.8
1.3 to 1.9
r 4

1 Bi) BW, BW,x j E- ——— ' — *, (1)
A t

where TV, and W,. are the plasma electron and ion
energy densities, j is the current density at the
center, E. is the measured electric field at the
plasma boundary, A is the major radius, and P
is the flux value at the plasma center. The &8,./
BI, term was neglected in the calculated values
shown in the table, and Eq. (1) does not include
a correction for radiation losses. The average
energy confinement time calculated using the
measured profiles is somewhat lower than the
central confinement time (&~ ~ 70% v~ ) for each

0
configuration. The ratio of the average confine-
ment times for the three configurations is very

The central electron density measured by Thorn-
son scattering shows a factor of about 1.3 times
higher density in the doublet.

The height-to-width ratio of the outermost flux
surface is 2.9 for the doublet and 1.5 for the el-
lipse. These values of the elongation along with
the values of the safety factor were obtained from
the fit to the magnetic data using the MHD code.
The value obtained for the safety factor at the
center of the discharges is supported by the oc-
casional observation of m = 1 activity on the meas-
ured soft-x-ray output. This activity was not as
prominent in the doublet as in the ellipse.

The central P value, the ratio of pea, k plasma
pressure to total magnetic pressure, was 1% in
the doublet compared to 0.8% in the ellipse and
0.6% in the circular discharge with the increase
resulting primarily from the increased plasma
density. The central energy confinement time,
7~, is defined by

(sW, + W,.)
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close to the ratio of the central confinement times.
The ratio of the measured plasma resistivity to

the Spitzer resistivity for hydrogen is the same
for both discharges. No corrections were made
for trapped-particle effects. Additional informa-
tion about impurity concentrations was obtained
from measurements of impurity-line radiation in
the visible and ultraviolet. The dominant impur-
ity in both discharges was oxygen. Low concen-
trations of carbon, nitrogen, iron, chromium,
and nickel were observed in both configurations.

These recent studies of shaped plasma cross
sections in Doublet IIA provide a detailed compar-
ison of doublet and elliptic discharges, while pre-
vious results' provided a similar comparison of
circular and elliptic discharges at a toroidal mag-
netic field of 7.2 kG. The circular discharge had
a central electron density of 1.7&10"cm ' and a
central confinement time of 1.2 msec. The ellip-
tic discharge had properties similar to those of
the elliptic discharge in Table I. The major re-
sult of the comparison was the observation of in-
creased values of plasma density n, and central
energy confinement time w~ in the elliptic dis-
charge.

A further enhancement of n, and T~ is observed
for the doublet discharges. The electron density
of the doublet discharges is 1.3 times larger and
the doublet ~~ is 2 to 2.5 times larger than that
observed for the elliptic discharges. The n, v~
value of the doublet is almost 3 times the elliptic
value and is 7 times the value of the circular dis-
charge.

The cause of the improvements in n, and 7~ is
not certain. The scaling of v~ with n„which is
a generally accepted empirical scaling law for

circular-cross-section tokamaks, accounts for a
factor of 2.2 in the improvement in the doublet
v~ relative to that observed for the circular dis-
charge. The rest of the increase may be due to
the increased volume-to-surface-area ratio con-
sistent with Ts(volume jsurface are a)'/y and a
transport coefficient y which scales inversely
with density. Thus, the transport coefficients
for the three configurations all appear to be of
the same magnitude. The increase in n, is not
due to an increased impurity influx. The meas-
ured densities of the oxygen, carbon, nitrogen,
and iron impurities in the doublet discharges are
all comparable to or smaller than those meas-
ured for the elliptic discharges.
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