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ELECTRON TEMPERATURE MEASUREMENTS ON FRX-C/LSM*
D. J. Rej
Los Alamos National Laburatory, Los Alamos NA! 87545

I. INTRODUCTION: The electron temperature Te has been measured with Thomson scattering in field-
revarsed configurations (FRCs) on the Los Alamos FRX-C/LSM experiment. FRCs formed and trapped
in-situ in the 8-pinch source are studied. These experiments mark the first comprehensive FRC T,
measurements in over five years with data gathered on over 400 discharges.

Measurements are perfc..med at a sinjle point in space and time on each discharge. The
Thomson scattering diagnostic consists of a Q-switched ruby laser focused from one end to a point
0.2 m from the axlal midplane of the 8-pinch coll and at radius of elther 0.00 or 0.10 m (i.e., at the
geometric axls or near the fleld null). Scattered light Is collected, dispersed and detected with a 7-
channei, triple-grating polychromator ccnfigured to detect light wavelengths between 658 and
692 nm. Photomultiplier currents are measured with gated A/D converters, with plasma background
signals recorded 100-ns before and 100-ns afier the laser pulse.

Electron temperatures are measured at either radial position during the time Interval,
10 s t s 70 us, between FRC formation and the onset of the n =2 instabllity which usually terminates
the discharge. A variety of plasma conditions have been produced by adjusting three external
parameters: (1) the initial deuterlum fill pressure Po’ (2) the reversed blas magnetic field B_; and
(3) the external magnetic field B . The fill-pressure scan has been performed at Bb = 60 mT and
B,~ 04T (at time t=30us) with p, set at either 2, 3, 4 or 5 mtorr. The blas-field scan,
37 = B, = 95 mT, has been perfcrmed at p_ = 3 mtorr and B = 0.4 T. There are also limited data
at p, 5 mtorr and large blas, B = 100 mT, a condition where in earlier experiments, a soft x-ray
dlagnostlc revealad large fiute-ike dlslonions ol the plasma column.’ B, Is adjusted by changing the
capachance of the maln 0 -pinch bank. At P, = 3 mtorr and B = 65 mT B,, has been Increased from
04 T1o06 T.

Il. QBSERVATIONS: The average electron temperature ranges from 90 to 190 eV, depending on
plasma conditions and the measurement radius. Both the shot-to-shot variation and the measurement
error are typically 1N% to 20%. To within this variation, the T remains constant In time (e.g, scc
Fig. 1), similar to that observed on FRX-B2 and FRX-C.3

An Interesting range of plasma conditions has baen produced with the blas fi vd scan (cf. Table 1)
In particular, at p,=3 mitorr and B8 ~0.4 T, the Inferred trapped fux rbp Increases from 1.0 to
7.5 mWb when B is increased from 37 to 95 mT. The average FRC parameters quoled in Table | are
fortimet = 30 ps. excep: for the confinement times (obtalned with the 0-D model*) which arz time
and shot averaged. Whan the blas field Is increased, the electron temperature near the field nult
Increases, aimost proportional with the plasma separatrix radius r, @s Hlustrated by the data in Fig. 2.

There is a weak dependence on the flll pressure. As p_ Is incroased, with B, and B constant,
cclder, higher-density FRCs are produced without much change Iin the separatrix radius (see Table I1)
For the conditions p_ == 4 miorr, relatively long-lived “RCs are produced. T(r -~ R) decreases by 15%
as p, Is increased from 2to 4 mtorr T (r - 0), on the other hand, remains conslam at about 133 oV

At 5-mtoir, the plasma decays away so rapkily that one may question whether or not an FRC
equllibrium is ever attalned. The electron temperature at low blas Is quoted in Tabie Il whila at high
blas we observe 118 eVatr-0and 128 eVatt -R



Tre FRC has been comiAared to the linear B-pinch configuration. With the reversed blas field
removed, open field line plasmas have been generated at 3 and 4 mtorr. A plasma column with
excluded flux radius of 0.1 m Is observed to form and rapidly decay, typically in 30 ps. When
compared to FRCs, colder temperatures, To(r=0) = 85 +10 eV, are observed.

There Is also a weak dependence on the extemal field B, . The changes to FRC parameters that
result from a 40% increase in B_ are listed in Table lil. In general, the higher-field plasmas are smaller,
more dense, hotter, contain less flux, and have poorer confinement. The density and pressure-balance
temperalture are observed to Increase as expected from adlabatic scaling®n ~ B_8/5 T ~ B_¥/5 The
electron temperature shows a more modest 10 to 15% increase with B . values less than the standard
devlations (20%) and the predictions from adlabatic compression theory (27%).

ili. DISCUSSION: As previously observed with smaller FRCs,23 the electron temperature at the
geometric axis Is consistently 8% to 24% lower than at the fleld null. Under tha usual assumption that
T Is constant on a flux surface (In particular, Te(o) ==Te(rs)]. these data suggest the existence of a flat
Te(r) profile Inside the separatrix. A flat profile in an FRC usually Implies anomalous electron energy
loss. A time-Independent temperature can be explained by loss terms in the electron energy equatior
which are of equal magnitude to the heating input, /.e.,

(3/2N(T /dt) = P, - Po- NT /T =0 , (1)

where N Is the FRC electron Inventory, and P, is the totai input power to these electrons from
coulomb collisions with the lons, adiabatic compression, and resistive Cissipation. P o fepresents the
"non-cconvective® losses due to ali processes other than particle diffusion. The NYo/T ), term in Eq. 1
estimates the coaling due to particle diffusion in which every lost electron rernoves the energy (5 /2)Te.
P,, Is estimated at 40 to 100 MW, corresponding to a local heating rate of 2 to 4 eVjrs. From Eq. 1
we estimate the non convective losses to range between 20 and 50 MW 'which Is 20 10 30% of the total
plasma power loss P.. Particle diffusion still dominates the energy confinement. For 2 and 3 mtorr
condltions, both P,_ and P, are about 2-times lower than that inferred at p, = 5 mtorr on FRX-C.3
Despite the Improvoment ln the electron energy confinement, losses rernaln anomalous. Cross-fi¢ld
electron thermal conductlon Is often thought to be principally responsible for P Simulations with the
1% -D transpont code® indicate that a perpendicular viectron thermal conducllvhy of 35-times classical
Is necessary to explain the 3-mtorr condition of Tabie I

There iIs no obvious correlation between confinement and electron temperature. In particular,
there Is no apparent change In v, even though the classical scaling factor R?T %2 could be varled by
more than a factor of 5 in the 3-mtorr blas scan. For the rigid-rotor equilibrium, the inferted field-nul!
resistivity varies between 8 and 100-times the classical value with Z_, =1 (see Fig. 3a). The same data
have been compared 10 a theory based on anomalous resistivities from low-frequency drifi instablitios”
(see Fig. ab). While there is agreement in magnitude, there Is no clear correlation with the theoretical
scaling factor r 2B _/T (14T /T )"/2, which on FRX-C/LSM. could be varied by over a factor of 2.

*FRC ressarch at Los Alamos Is funded by the USDOE.
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JABLE i: Average FRX-C/LSM paramete:s vs. bias field obtained during the Thomson acatiering date
run. Error bara denote shot-to-shot standard deviations.

PARAMETER UNITS low blas medium blas high blas
bias field mT 4z 5 65 3 86 2

fill pressure mior 299+ 0.01 3.04x 0.0 3.03: 003
Pl timing 1 5S8c 185+ 0.1 18.6 = 0.1 18.7+ 0.1
Bw T 0.39=x 0.01 041z 002 0.41 =z 0.01
r mm 1i1£ 9 154+ 9 186+ 6
v, Iiter 50+ 9 107+ 10 143+ 8

¢ mwW| 11204 35+ 07 63:08
h> 109%m3  g3:06 7.2+ 0.6 60: 05
T°+T eV 443+ 28 521 x 31 582+ 34
Te(r-Fll) eV 135+ 6 162+ 29 186 + 36
Te(r=0) eV 103z 17 145+ 22 143+ 14
e KnSec 131z 72 160 =+ 34 122 + 48
e u86C 41+ 10 82+ 14 69+ 17
™ uSec 105+ 24 185 + 53 181+ 107

TABLE Ii: Average FRX-C/LSM parameters vs. fill piessure obtained during the Thomson scattering data run.

PARAMETER UNITS 2 mtorr 3 mtorr 4 mtorr 5 mtorr

fill pressure miorr 209=: 0.06 3.04+ 0.05 405+ 0.06 498 + 0.04
blas fleld mT 58+ 3 832 § 571 4 71+ 3

Pl timing uSec 19.2 + 0.1 186+ 0.1 139+ 0.2 13.9: 0.1
Bw T 044+ 0.01 041: 0.02 045+ 0.01 0.40 -+ 0.01
r mn 160z 5 151+ 12 167+ 5 156 + 15
v, Iiter 87: 6 104 = 13 1152 17 118+ 16
$ mWb 42+ 04 34: 08 50: 04 3.7+ 11
Ih> 109m? 64104 74: 06 105+ 08 1.1 1.1
Te + T eV 670 + 40 516 + 34 431 . 27 328 + 27
Te(raﬂ) eV 165t 15 156+ 28 140+ 14 142+ 15
Te(r=0) eV 133 : 24 1351+ 26 128+ 20 117+ 18
" K Sec 128 + 53 158 + 36 117+ 31 25+ 5

e nsec 54+ 11 78+ 15 77+ 13 23: 5

™ nSec 149 » 101 173+ 50 160+ 79 40+ 15

TABLE Il Average FRX-C/LSM parameters vs. external B-field obtained during
the Thornson scattering data run.

PARAMETER UNITS low field high field
B, @30us T 0.41+: 002 057+ 0.04
bias tield mT 651 3 651 3
fill pressure mtorr 304 0.05 305+ 005
Pl timing usec 187+ 0.1 186+ 0.1
r mm 154+ 9 130+ 8
v, lher 107+ 11 69 8
¢ mwWb 35+ 07 28+ 05
M. 10%m3 72,05 106+ 09
Te v T oV 522+ 29 704 + 55
To (r-ﬁ) eV 155 + 27 170 + 30
T (r 0) eV 1351 25®) 155 « 32'd)
"o 4 SOC 160 + 34 122 + 40
" nSeC 82 14 57+ 7
1 uS00C 181 + 43 122 + 24
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Fig. 1: Electron temperatures neasr the fisld null and at the geometric axis plotted vs time for the 4-miorr conditions of
Table il. Each data point represents a separate discharge while the efror bars are from the Gausaian fita.
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Fig g Eilectron temperatures near the field null and at the geometric axis at time t=30 . sec, plotted vs the plasma
separatiix radius obiained during the biag field acan (cf. Table |). Each data point represants an average of several
shots while the efror bars denote standard deviations.
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