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Confinement Time and Energy Balance in the CTX Spheromak

Cris W. Barnes, 1. Henins, H. W. Hoida, and T. R. Jarboe
Los Alamos National Laboratory
Los Alamos, NM 87545

The multipoint Thomson scattering diagnostic on CTX allows measurement of
electron plasma pressure. The pressure correlates well with the poloidal flux
funciion. Analysis wusing equilibrium models allows the <p> o1 toO be
calculated from over 100 Thomson scattering profiles taken unger standard
conditions of spheromak operation where the plasma parameters vary widely
within the discharge. The calculated T, 1increases with central core
temperature and with density. The global magnetic energy decay time 1,2 is
consistent with Spitzer~Harm resistivity, but with an anomaly factor of 2-4
which may decrease at small ratios of B/n. The n product reaches
4x109 g cow™3 during the hottest part of the discharge. A zero-dimensional
energy balance code, which accurately includes all the majcr atomic physics
processes and whose parameters have been constrained ty comparision to
experimental data, is used to 1identify the causes of energy 1loss that
contribute tou the observed confinement time. The most important power loss is
that needed to replace the particles being lost and to maintain the constant
density of the plateau.

The multipoint Thomson scat- Thomson scattering profiles with
tering diagnostic on CTX!1»2 provides good fits across the radius have
radial profiles of electron temper- been obtained at different times
aturz and density. The absolute during spheromak operation under a
value of the density is obtained by standard set of conditions. These
normalizing the data to values ob- discharges were formed using "slow”
tained from line-integrated laser mode® at 30 mT filling pressurel in
interferometry. The measured the 40 cm radius wesh flux
electron pressure a8 each radial conserver? with 25 bridges. About
position is compared to the esti- 30X of the data is from discharges
mated poloidal flux ¢ at that radius where the source con! inued to
(Fig. 1) using equilibrium models to operate at low currents ("mixed”
calculate the fiux functien. The mode5) but whcre the macroscopic
errors in the wmeasurement of the variables were less than 10% differ-
pressure result in scacter of the ent. The B, n, and T, vary widely
data that obvlates any necessity to in magnitude during the decay of the
use accurate equilibrium models for discharge allowing comparison of
¢, which for our analysis! of <p> ol confitement with cha..ges in these
is assu..ed to be o(xy°m variables. Care must be taken iu
sin (n r2/R%). Most Thomson scat- interpreting the analysis since the
tering profiles result 1in good variations in different paraneters
correlation of p with ¢ as 1in may be correlated with each other
Fig. 1. due to time dependence within the

The <B> ol ™ <P>vol/<82/2uo>voj standard conditions. Figvre 2 shows
can be calcuXated from the pressure the <p> versugs time under the
measurement and from magnetic field .t.ndsrxol conditions. The <pB>
equilibrium models normalized to reaches about 8% and remains 50381
field ur current measurements.! In whut constant during most of the hot
the analysis of <f>, ; the fion portion of the discherge (0.3-
pregsure (a8 yet unmeasured to any 0.6 ms). Late 4in time the temper-
accuracy) is assumed to be equal to ature does not drop as fast as the

the electron pressure. Over 100 B2 while the density actually
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Fig. 1. (a-b) Multipoint Thomson
scattering radial profiles of
electron temperature and density.
(c) Electron pressure versus
poloidal flux calculated from an
equilibrium model. The x“g are {rom
radia. dara 1inside the magnetic
axias, and the ®“s g-e fror outeide.

increases and the <B> o1 80€8 up.
This relative ircrease Yn confine-
ment may be due to the ionu becoming
unmagnetized in the low fields late
in time.

The decay of the magneti-~ field,
vhich with 137 of only 300 ps at
central electron temperatures of
over 100 eV seems anomalously shore,
may still be consistent with
Spitger-Hiarm reailtivity.6 If the
plevma decays @gelf-similarly as it
tries to maintain a@inimum-energy
profiles:7,8 ¢the global magnetic
energy decay time is expectud to be
g2 = [ B2/2uy 4V / [ nj? dv.  High
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Fig. 2. <@ 1 versus time in the
discharge. ¥ge value of (ﬂ)v 1 from
between 3 to 15 Thomson scagtering
profiles taken under standard condi-
tions has been averaged at each
time.

field and current density regions of
large volume in the cola outer
portions of a spheromak can weight
these integrals and keep the
expected “classical” g2 yuite
swall. The classical g2 1s calcu-
laied for different temperature
profiles, and the results are shown
in Figure 3. A zero-beta minimuun-
energy Bessel function model? s
used for the field, flux, and
current distributions in space in a
cylindrical pillbox with R=L. The
resistivity is assumed to depend on
the flux as n = (c; + c2¢“)'1. with
¢y and c4 chosen to make n match the
ciassica value at a specified e¢dge
temperature (20 eV) and central
temperature (varied up to 1 keV).
(¢ 18 normalized to 1 at the mag-
netic axis.) For broad temperature
profiles (a small) and not too cold
edge teng7r|turea. the classical
152 £ <T308.

The correlation of Tg2 and
T, can be compared experi-
-entagiy. From the core temperature
(reprcsenting an average over the
innermost 25 of poloidal flux, from
21-35 cm) the <T,>, 1 can be crudely
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Fig. 3. The global magnetic energy
decay time T2 expected from

"classical” Sp.*~zer-Hérm resis-
tivity, is plotted versus the
volume-average temperature (solid

lines) and the volume-(-2/3rd)-
root-(~3/2)-meaa temperature (dash).
A value of xZ ln A= 65 has been
assumed for the calculation, with
In A (~12) the Coulomb logrithm,
Z2(~1.5) 18 Z ;. times the S-H cor-
rection, ana k(~3.5) 1s the anomaly
factor.

estimated by assuning
Ta =20 eV + constxd, and using the
fact!  that <>, ; = 0.41. 1f
¥Z ln A = 65 is assumed, the
classical 1,2 {s athzximated as
e 1.22%x(11+0.47 Teore) ' using the
resulta of Fig. 3. Figure 4 shows
the result of comparing tlis to the
actual experimentally measured
T2 = At / Aln B2 over a %50 us
window about the time of the Thomson
scattering pulse. There is a weak
correlation, with wide scatier 1in
the data consistent with the large
error bars. It is interesting that
the data appears bounded on the left
by the no-anot.uly, ksl=t{imesg-
classical scaling. 1. is also sug-
gestive that many shots with low
ratios of peak-B/n, (proportional to
the current drift velocity) appear
to have a low anomaly.
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Fig. 4. Experimentally measured 1p2
from magnetic field decay, versus
the "classical” 2. The circles,
which tend to lie at lower values of
the anomaly «x, ar= for shots with
Bo/ng < 4¥10714 kG em.

The gross energy confinement
tinel 1E = (3/2)<P>,,17p2 can b2
calculated feor each sgtandard ehot.
Some discharges have bumps in thc
magnetic field decay1 which prevents
any measgs.rement of 132. The for
the over 80 remaining shots is
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Fig. 5. Gross energy confinement
time versus the line-averaged
elactron density at the time of the
Thomsou scattering data.



plotted versus the density in
Figure 5. There appears to be a
reasonably good correlation, with
;he va%ue of nt% has
reaches 4x107 g cn A tenperature
dependence 18 examined by dividing
the T, by the density (to remove the
assumed density dependence) &nd
plotting the ratio versus the core
Te (Fig. 6). The confinement time
appears to increase approximately
linearly with T
A zero-ﬁinensional
balance code, which accurately
includes all the major atomic
physics processes.lo 18 used to
identify the causes of energy loss
that contribute to the observed con-
finement time. The model includes
equations for: electron, impurity,
and neutral particle balance;
magnetic field decay and ohuic power
input; charge state evolution and
radiation power loss; and electron
and ion temperature balance. The
perameters of the model are con-
strained by comparision to actual
experimental data. An example 1is
shown in Figure 7, where the stan-
dard mesh flux congerver discharges
are modeled. The peak electron
temperature is over 100 eV when the
volume-average exceeds 40-50 eV.
Constant particle confinement time
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Fig. 6. 7Tp divided by n, versus the
core temperature.
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Fig. 7. E:..ample of zero-~dimensional
modeling of mesh-flux-conserver
decaying spheromaks. The bold lines
are experimental data averaged from
15 ghots in a typical day“s run,
while the 1light lines are the code
results. Tne B-field 1o the volume-
average, aud the temperature 1s the
conductivity value with
kZ In A = 65. The temperature
points are volume-average of Thomson
scattering data, with 3-10 shots
averaged at each time.

and neutral source rate have been

assumed in the model, which orly
poorly models the cold, low-field
termination of the discharge.
Figure 8§ {llustrates the power
balance of this example. At 0.6 ms

the particle replacement power (the
ionization and  heating to the
volume-average temperuture of the
neutrals neaded to replace the
particles being lost in order to
maintain the constant density of the
plateau) is becoming the dominant
energg loss as the impurities "pump-
out”.” The value of the ion temper-



ature, vwvhich is only ~15 eV in this e ——————
example, is dependent upon the mag- (%) ELECTRON POWER BALANCE
nitude of the electroa-ion coupling.
This model can be used to estimate
the behavior of future spheromak
experiments which will depend
critically cn the value of the
particle confinement time.
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Fig. 8. Power denslities versus time
for the model of Fig. 7. (a) Solid

line at top is ohmic power in.

radiated power (9% oxygen/ne
initiallv)., P-particle replacement
powver. B-Bohm-like tl}. rmal conduc-
tion loss. Q-classical e-1
coupling. (b) CX-charg: exchange
power. T-classical ion conduction

loss.
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