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Confinement Time and Energy Balance In the CTX Spheromak

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

Los Alamos, NM 87545

The multipofnt Thomson scattering diagnostic on CTX allows measurement of
electron plasma pressure. The pressure correlates well with the poloidal flux
func~ion. Analysis using equilibrium models allows the
calculated from over 100 Thomson ‘P>aol ‘0 bescattering profiles taken ul~ er standard
conditions of spheromak operation where the plasma parameters vary widely

within the discharge. The calculated ~ increases with central core
temperature and with density. The global magnetic energy decay time ~B2 iS
consistent with Spitzer-Htirm resistfvity, but with an anomaly factor of 2-4
which may decrease at small ratios of B/n. The n% product reaches
4x109 s cm-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 comparison to
experimental data, is used to identify the causes of energy loss that
contribute to 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 mulcipoint Thomson scat-
tering diagnostic on CTX1~2 provides
radial profiles of electron temper-
ature and density. The absolute
value of the density is obtained by
normalizing the data to values ob-
tained from line-integrated laser
interferometry.3 The measured
electron pressure e: each radi~l
position is compared to &he estim-
ated polotdal flux @ at that radius
(Fig. 1) using equilibrium models to
calculate the fiux function. The
errors in the measurement of the
pressure result in scatter of the
data that obviates any necessity to
use accurate equilibrium models for
+, which for our analysisl of <p> 01
is assu..ed be $(r~ =
sin (n r2/R2). Mo~; Thomson scat-
tering profiles result in good
correlation of p with ~ as in
Fig. 1.

can Eeca;!ZYiiei ~2i°KB2~%!ZGX
measurement and from magnetic field
equilibrium models normalized to
field or current measurements. 1 In
the. analyeis of <P>,,ol the ion
pr~seure (as yet unmeasured to any
accuracy) is assumed to be equal. to
the electron preesurc. Over 100

Thomson scattering profiles with
good fits acroas the radius have
been ob:afned at different times
during spheromak operation under a
standard set of conditions. These
disc~arges “s~ow”
mode

were formed tising ~ in
at 30 mT filling pressure

the 40 cm radius tnesh flux
conserver3 with 25 bridges. About
30% of the data is from discharges
where the source confinued to
oper3te at low currents (“mixed”
mode5) but where the macroscopic
variables were less than 10% differ-
ent. The B, n, and T vary widely
in ma8nitude durin8 tfie decay of the
discharge allowing comparison of
confinement with cha..$ea in these

variables. Care must be taken it,
interpreting the analysls uince the
variations in different parameters
may be correlated with each other
due to time dependence within the
standard conditions. Fig\’rc 2 shows
the <P> ~ versus time under thf’
etandhr~” conditions. The <~> ~
reaches about 8% and remains so::-
Whdt cont!tant durin8 most of the hot
portion of the discharge (o.3-
0.6 ins). Late in time the temper-
ature dOeb not drop as fast as the
B2 while the density actually
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Fig. 2. <$> ~ versus time in the
diecharge. %e value of <ll>v~~ from
between 3 to 15 Thom~on sca tering
profiles taken under standard condi-
tions has been averaged at each
time.

Fig. 1. (a-b) Multipoint Thomson
●attering Ladial profilee of
●lectron temperature and density.
(c) Electron preesure versus
poloidal flux calculated from an
equilibrium model. The M-e ate from
radla. data inside the magnetic
axle, and the .-a n-e from outeide.

increases and the <~> ~ goes UP,
Thie relative ificrease N confine-
ment may be due to the Iono becomin~
unmagnetized in the low fields late
in time.

The decay of the magneti: field,
which with ZB7 of only 300 pa at
central ●lectron temperatures of
over 100 ●V oeema anomalously uhorc,
may still be connimtent with
Spitter-HA’rm reni8tivity,6 If the
plaxma decaye nelf-aimllarly ae it

tries to maintain minimum-energy
profiles417~8 the global magnetic
●nergy decay time lS ●xpectud co be
:B2= ~B2/2~dV/ ~qj2dV. Hi8h

field and current denmity regions of
large volume in the cola outer
portione of a spheromak can weight
these Intesrals and keep the
expected “claasical” 52 quite
Small. The clamaical TB2 is calcu-
la~ed for different temperature
profiles, and the results are shown
in Fi8Ure 3. A zero-beta minimuu-
●nergy Bessel function modelg is
ueed for the field, flux, and
current distributions in apace in a
cylindrical pillbox with R-L. The
remistivity IS assumed to depend on
the flux aa q- (cl + c2$a)-1, with
c

i
and c chosen to make q match the

c asaica i value at a specified edge
temperature (20 eV) and central
temperature (varied up to 1 keV).
($is normalized to 1 at the mag-
netic ●xis.) For broad temperature
profiles (a small) and not too cold
edge tempq~aturea, the claeeical
‘B2 :h:Te>;;~.

correlation of Tm 2 and
ae>v can be compared ‘experi-
manta!~y. From the core temperature
(reprcmentins an ●verage over the
innermost 2S% of poloidal flux, from
21-35 cm) the <Te>vol can be crudely
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Fig. 3. The global magnetic energy
decay time TR2 expected from
“classical”’ Spk”zer-Htirm reaia-
tivity, la plotted versus the
volume-average temperature (solid
?tnee) and the volume-(-2/3rd)-
root-(-3/2)-mea,~ temperature (daah).
A value of KZ in A = 65 haa been
aaaumed for the calculation, with
in h (-12) the Coulomb logrithm,
2(-1.S) 16 Z ff times the S-H cor-
rection, an~ K(-3.5) is the anomaly
factor.

estimated by aesumlnp
Te Y 20 ev + c~nstx$, and using thJ
factl that <$>vol = 0.41. If
~Zln A=65
classical

‘~z ‘: “{!i~~;;:::;:* 1,22x(11W.47 Tcore)
reeultm of Fig. 3. Figure 4 ahowa
the result of comparing this to the
actual ●xperimentally ❑easured
‘T?mAt/~nB2

f

over a 50 pa
w ndow about the time of the Thomson
scattering pulse. There 1s a w~ak
correlation, with widu ecat:er in
the data consistent with the large
● rror bare. It 10 interesting that
the data appears bounded on the left.
by the no-anouly, ~-l-times-

claocical ecaling. 1: ie aloo sug-
gestive that many ehote with low
ratioe of peak-B/ne (proportional to
the current drift velocity) appear
to have a low anowly.
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Fig. 4. Experimentally ❑eaeured TB2
from magnetic field decay, versus
the “clasaical” %2. The circles,
which tend to lie at lower values of
the anomaly u, ar~ for shots wfth

Bo/ne < 4X~0-14 kG cm3”

The gross energy confinement
timel

Ii
= (3/2)<fl>vo1~ 2 can ha

!lcalculate for each atan ard shot.
Some discharges have bumps in the

1 which prevents❑agnetic field decay
any meae.trement of 2.

?
The ~ for

the over 80 remain ng shots iS
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Fig. 59 Groes ●ner8y confinement
t tme ~ varoum the line-avernqed
electron den~ity ● t the time or the
Thomeou scattering data.



plotted versus the deneity in
Figure 5. There appears to be a
reasonably good correlation, with

~a::~”,xl,P: $!:e ::e;&&

dependence is examined by dividing
the ~ by the density (to remove the
●ssumed density dependence) and
plotting the ratio veraua the core
Te (Fig.6). The confinement time
●ppears to increase approximately
linearly wjth T .

A szero- imansional ●ne rgy
balance code, which accurately
includes all the major atomic

10 i8 uae’d tophysice proceesea,
identify the causea of ●nergy loee
that contribute to the observed con-
finement time. The model includes
equations for: electron, impurity,
and neutral particle balance;
magnetic field decay and ohmic power
input; charge etate evolution and
radiation power lees; and electron
and ion temperature balance. The
parameters of the model are con-
@trained by comparison to actual
&xperimental data. An example is
●hovn in Figure 7, where the stan-
dard mesh flux comeerver discharge
are ❑odeled. The peak ●lectron
temperature ie over 100 eV when the
volume-average exceeds 40-50 eV.
Constant pariiele confinement time

●

●
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Fi8. 6. ~ divided by ne versus the
core temperature.

m J
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Fig. ?. Example of zero-dimensional
modelin8 of ❑eeh-flux-conserver
decaying spheromaks. The bold lines
are experimental data averaged from
15 shots in a typical day-s run,
while the light line:~ are the code
results. ?ne B-field 10 the volume-
average, and the temperature is the
conductivity value with
KZ in A = 65. The temperature
points are volume-av~rage of Thomson
scattering data, with 3-10 shots
averaged at each time.

and neutral source rate have been
asaumed in the model, which otly
poorly ❑odels the cold, low-field
termination of the diachargc.
Fi&ure 8 illustrates the power
balance of this example. At 0.6 ma
the particle replacement power (the
ionization ●nd heating to the
volume-avera8e temperature of the
neutrals needed to replace the
particlea being lo#t in order to
❑aintajn the conctant denmity of the
plateau) is becomln~ the dominant
ener8 loss ●s the impurities “pump-

3out”. The value of the ion temper-



●ture, which 15 only -15 ev in this
example, 10 dependent upon the wg-
uitude of the ●lectrowion coupling.
This model can be ueed to estimate
the behavior of future sphermak
●xperiments which will depend
critically cn the value of the
part?.cle confinement time.
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Fig. 8. Power densities versus time
for the model of Fig. 7. (a) Solid
line at top is ohmic power in. R-
radiated power (9% oxygenlne
initially). P-particle replacement
power. B-Bohm-like tt:rmal conduc-
tion loea. Q-clamsical -
coupling. (b) CX-charg:* •xcha~g~
power. T-classical ion conduction
loss.
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