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CONFINE IENT AND HEATING STUDIES OF

FIELD-REVERSED CONFIGURATIONS

Robert E. Chrien

- Los Alamos National Laboratory, Los Alamos,NM, USA

Abstract

Confinement studies of field-reversed configurations (Fl_Cs) have been actively pur-

sued during the past ten years with the larger and longer-lived FI%Cs produced in the

FRX-C and FRX-C/LSM devices. Confinement measurements have included the global

FRC quantities and, in some cases, profiles of electron temperature and density. The

inferred confinement times and transport coei-_cients are used for comparison with

transport models as well as to find the best operating conditions in the experiment.

Global power flow modelling shows that energy confinement during the equilibrium

phase is usually dominated by particle losses, with a substantial secondary contribution

h'om electron thermal conduction. Particle losses in present kinetic FP_ are strongly

influenced by open field line confinement, which complicates the study of transport

mechanisms• The electron thermal conduction is observed to be anomalous, as in

other plasma devices. The bulk electrical resistivity is also anomalous and shows no

evidence of classical Spitzer scaling. Recently, the resistive anomaly has been shown

to correlate with tilt-like magnetic perturbations observed with Mirnov coils.

FRC confinement studies have also been extended to a higher temperature regime

during magnetic compression heating. In these experiments, translated FI[Cs are com-

pressed by increasing the external magnetic flux up to a factor of seven on a time scale

between the radial Alfv_,n time and the FRC lifetime. Electron and ion temperatures

up to 0.4 keV and 1.6 keV, respectively, have been obtained. Confinement times scale
r

roughly as r a during compression.



I. Introduction

Field-reversedconfigurationsareprelatecompact toroidswhich have attractedin-

terestwithin the magnetic fusioncommunity because of theirpotentialreactorad-

vantages,includinginherentlyhigh-_ equilibria,simplecylindricalgeometry,easeof

translation,and a naturaldivertor.AlthoughFP_Cs have been produced sincetheear-

liestdays of magnetic fusionresearch,confinementstudieshave mainly been pursued

during the pastten yearsafterFP_Cs,freefrom variousgrossinstabilities,began tobe
-.

formed,inthemid-l°70's.An excellentreviewofFRC researchwas recentlypublished;I

a complete listof referencescan be found therein.

A schematic view of the FRC is shown in Figure" 1. FI_Cs are formed within a theta

SEPARATRIX THETA-PINCH COIL

•

I I

'
_40 cm lD QUARTz\CLOSED POLOI AL OPEN MAGNETIC

DISCHARGE TUBE MAGNETIC FIELD LINE , FIELD LiNE

Figure 1" The field-reversed configuration (FI_C).

pinch coil, which can be shaped to provide end mirrors for a,'viMcentering or constructed

with a smM1 cone angle to translate the plasma into an adjoining chamber. The vacuum

vessel is an insulating quartz tube which allows penetration of the fast-rising magnetic

field. The FRC itself is axially elongated (prelate); its field lines are primarily straight

(axial) with their curvature concentrated near the ends. In the absence of toroidal

field, there exists a magnetic field null at radius R = r,/v_2, where r, is the sep,_ratrix

radius a_ the midp[ane. Outside the separatrix the FRC is surrounded by an open field

line sheath, which is several ion gyroradii in radial thickness, formed bv the axially

escaping plasma.

The combination of radial and az:ial equilibrium for the simple prelate geometry
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of tile FRC yields a profile-independent, t'elal;ion ibr the plasma .3 _werage_{ over l;he

FRC cross section. This average 3 relation is < ;3> - t - z._/2 where z9 = rsrc is t,b,e

separatrix radius normalized bv tile coil radius. From this rela, t_ion, one can see that,

/3 = 0.S- 1. for typical values of z_ (/3 is defined in terms of the ,x,,ludcd magnetic

pressure near the coil).

The parameter ,s is a measure of the MHD-like character of the FRC. It ca_ be

expressed as s - a/< pi :>, where a -- r_/4 is the effective radial scale length and < pi >

is the.gyroradius of a thermal ion in the average internal field. Most FR,Cs studied

so far have s in the range 1-2 in the regime where ion kinetic effects are important,

while s values of 10-40 are needed for an FRC . 1,3reactor. The need to increase s in

order to improve confinement forces the FR,C into the MHD regime in which numerous

instabilities are predicted, t

II. GlobalPower Flow inFRCs

The elongatedhigh-/9equilibriumof the FI{C greatlysimplifiesthe measurements

requiredtoassessgrossconfinementbehavior.As a result,theglobalpower flowofthe

FI:{Cisratherwellcharacterized.On theotherhand, therelativelythickplasma layer

on the open fieldlinescontrolsthe particleoutflowin presentFI{Cs and obscuresthe

physics of particle confinement in the closed field region.

An illustration of the data used to assess the global power flow is shown in Figure

2 for a series of 3 retort FR, Cs, representing the best operating condition in the Large

Source ?vlodification 4 of the FRX-C device at Los Alamos, herein denoted as LSM.

These FRCs were formed with initial bias field Bb = 650-750 G and crowbarred mag-

netic field t3 = 4.2-4.6 kG. The radius and volume are obtained from a spline fit to

the excluded flux radius profile at each time step. The particle inventory is estimated

as iV = _V where fi = f r_dl/2r_ and V is the separatrix volume; measurements of

the radial density profile show that /-z is an excellent approximation to the average

demsitv within the separatri'< when the FRC is cylindrically syrmnetric. The symmet.ry

assumption is violated after 80 #s by the growth of the _ - '2 rot;ational instability,

hence there are erroneous oscillations in :V ca|lsed by variations in interferometer path

length through the FRC as the mode rotates. The influence of residual asymmetries
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Figure 2: Time evolution of a series of 3 m_orr, reduced-field FP_Cs.

during the equilibrium evolution (arising from, for example, the n = I wobble mode'3)

is reduced by averaging an ensemble of similar FRCs. The ion temperature is estimated

from the radial pressure relation Tj + T_ = <#>B2/(2#ofi) together w_.th Thomson

scattering measurements which indicate a constant T, = 140 4-30 eV for this condition.

The poloidal flux of the FltC is estimated using a typical diffuse profile model t's for the

internal magnetic profile (¢ = _rr_B(z,/v_)3"'5). The flux estimate is subject to 1racer,

tMnties due to the profilemode[ as well as nonequilibrium effects (seen as oscillations

in ¢ duringformation).

After" FI'iCs are heated during formation by a combination of shock, magnetic com-

pression and flux dissipation heating, the:,,evolve during the equilibrium phase with

losses which greatly exceed the power inputs bom _diabatic compression and ohmic

he-a_ing. A plasma energy decay time which neglects the equilibrium heating terms is

occasionMlv,quotedintheFP_Cliterature.The morefundamental,.,...._,_,_,,,,conj_n_ment,

timeisdMe.ned_ vs =/_'_,/(P,:_+ P_ - E,)where.P,_,,_nd Pa ,_rethecompressionand

ohmic heatin._power,respectively,and E_ istheplasmaenergywithintl_eseparatrix.

[n most magneticconfinemen_systems,determinationofrs requirestime-,lependeat
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prolile information in order to accllratelv assess the l,mver inliltts, llowe"er it llas been

shown 5 that the combinatio'n of compression and ohmic power inputs is insensitive to

profile changes because of equilibrium constraints in the FR.C. As a result: vi; can be

obtained solely from time-dependent external measurements of t,he separatrix radius

profile and the magnetic field by the expression s

_ + _ '-,lai 5/3 2 +91- </3>(i+__)
rs rv rB <ft> r,. rs

where rv, "rB, and r, are the exponential decay times [or V, 8, and r_, respectively.

The decay times needed to determine rE are evaluated during the FRC equilibrium

(20-80 #s in Figure o•.); little error is introduced by using a time-averaged value for

</3 >. Thus rs can be accurately' determined, and is routinely available on every FRC

discharge.

The zero-dimensional power flow can be established 5 from the energy equations"

Ep, : P_i+Pni- P_q- Lci - LNCi

where Pc is the compressionheating power, Pe is the ohmic heatingpower,Pw is

the equilibration power flowing from the ions to the electrons, Lc is the power loss

associated with particle transport, LNc is the power loss associate with all other loss

processes (thermal conduction, charge exchange, and radiation), and the subscripts

denote electrons or ions. The compression heating terms are related to the change

in volume (P,.(_,i) -- (2/3)(Ep(_,i)/rv)). The ohmic heating is given by Pa = E_/rn

where rn = (3/4)(< 9 >/(1 - </3>))% and r,b is the flux confinement time. A fraction

e = 0.7 -0.3(T./Ti) of Pn is estimated to be deposited to the ions based on cl_sicaI

plus [ower-hybrid-_lrift resistivity. The equilibration power is given by Pw = ((Ti-

T_.)/(Z} + T_.))(Ep/r,.v)where r_.q is the electron-ion equilibration time. The convective

power loss term, Lc(_.i) = (5/3)(Ep(_,,i)/r:v), i,_ based on an energy loss of (5/21ksT

' '' e vection coefficient seems appropriat,_'per particle. The choice of ,5/2 as the pattlcl: con

, Fh,(. for ea{:l:for the FI_C'. since one {:an identify ksT of compressional work on the _-'

particle lost. (_This model is ased to o.valuate the nonconvective loss t,(rms based on

measuremet_ts of the other quantities.



The global power flow for the 3 mtorr FR(Ts in LS_I, ,,.,.'a[uate_[ ;_t the middle ,)[

the equilibriu.m, is shown in Figure :3. The dominant loss term is particle convection,

COMPrlBSS|OI'| OI IMIC
- - 3 MW COMPrlE_SIOI'I

11MW "_. /; 5MW\
_. '-,A' r" / \ \ olw.c

, X .2MW

•' . _ .__.,wI _-.... /_ zzK,_

I / co.vEc_m.
I <" 2oMW _imnM^,.cmmvc_mtl

fLUSrvm,^llUrl

co.w.cl m. ar _w
44 MW

Figure 3: Zero-dimensional power flow analysis of 3 mtorr FltCs shown in Figure 2.

accounting for 70% of the losses. The remaining 30% of the power loss appears in the

electron nonconvective channel. Of these electron losses, radiation is expected to be

small in view of the moderately high plasma density (_ 10is am -3) an:ld brief period

of wall contact (_ 1 /_s during formation); thi_ expectation has been verified ;n cases

where radiation losses have been measured, r The power flow analysis suggests that

the nonconvective ion losses are negligible. This result is consistent with the absence

of particle refueling in FP_Cs (exceptpossibly during FRC translation intoa static

gas fill) and the absence of a col,i boundary near the separatrix to drive ion thermal

conduction. Unlike other magnetic confinement systems, the ratio of plasma energy

to magnetic energy within the FRC separatrix (EpEs = (3/2)<3>/(1- <3>))is

much greater than unity; thus Ohmic dissipation must be a small heating term in

equilibrium. The energy confinement time for this ,:o_ldition ia 100 #s, while r,, and r.v

are 225 ps and 250 #s. respectively. Compared wit.t1 Ea/['_. scaling ° (where/)i, is the

thermal ion gyroradius in the external field), an often,.used benchmark similar to the

predictions ,)f :_ transport r,heor:, "1° based on lower hybrid ,]rift resiar, ivity, r',v e.,:ceeds

the :_caling prediction bv about ,7)0%.



III. Profile Measurements and Local Transport Coefficients

A limited number of FRC profile measllrements have been performed _md used to

estimate local transport coemcients. An electron temperature protile was measured for

5 mtorr FRCs in FRX-C, 1. and two point profiles (field null and symmetry axis) were

obtained in LSM. 12 These profiles were obtained from single point and time Thom-

son scattering measurements. Electron density profiles have been more frequently

reported. 14-1rThese profiles have been obtained by unfolding line-integral density pro-

flies from interferometer arrays consisting of '2 to 7 chords. This profile determination

has been aided in some cases by exploiting the r_= 1 wobble motion of the FI-{C.2a

The available electron temperature profile information shows that T_(r)is rela-

tively flat inside the separatrix, with T_ dropping by 10-20% between ./_ and r,. The

temperature gradients measured in LSM, for 2-4 mtorr FRC with medium bias field

(Bb _ 600 G), have been interpreted in terms oi"electron thermal diffusivities, 12using

a simple linear profile and assuming T_(r,) = T_(O). The results are shown in Table 1,

together with calculated values for classical and Bohm diffusivities. This comparison

Table 1: iRough estimates of electron thermal diffusivities.

(mtorr) (m=/s) (m=/s) (m=/s)

2 1.3 350 3.4 79

3 1.2 295 5.3 89

4 1.9 770 5.4 67

shews that the .V±_values, while high, represent transport anomalies with respect, to

classical diffusivity which are no more than those present in tokamak discharges. On

the other hand, l:he estimated diffusivities are several times worse than Bohm. The

_ "_c to 4 mtorr.thermal diffusivity is observed to _Iouble as the fill pressure is raise I[rom 3

A line-integral density profile and the al,educed radial density prefile lr are illustr_,ted

in t'igure * for a 3 mtorr FRC in LSM similar to those in Fig_lre '_.,.The data are

obtained from , six chord 3.39 #m HeNe interferometer array. The density profile is





inferred by titting a mode[ profile consisting of a t,runcated rigid-rot, or profile inside

the separatrix and an e,,cponentiM decay outside. An offset parameter is included

in tile fitting procedure t,o account for rigid mot;ions of l;he FRC perpen_licular to

the interferometer chords The composite profile .,_hownin Figltre 4(_L)is formed by

adjusting the nominal impact parameters of the interferometer array to reflect the offset

each time step during the FRC equilibrium. The profile (Figure 4(1))) shows fairly high

density on the separatrix (60% of the density at the field null) and a gradual falloff

outside the separatrix (density scale length a,, ,,_ '2 cm).

Considerable information can be extracted when the density profile is combined

with a model for the temperature profiles, is For this purpose, T_(r) is takeT, I,obe flat

for r < r, and drop outside the separatrix with a scale length similar to the density

(consistent with the measured T_(r)profile). Ti(r) is taken to be flat everywhere, as
1

expected for s _<2 FR,Cs and in agreement with 17- D transport cMculations, t3 Using

this model, one can estimate <_>, the separatrix/3 (/3_), and the scale length for fl

at r >_ r_ (a.o). In addition, one can estimate the separatrix resistivity 'q(r_) (from

the measured r_v and ao) and the lower b.ybrid drift resistivity at r_. The resistivities '

(based on the profile) are shown in Table 2 for 3-4 mtorr medium bias FP_Cs in LSM. t7

This comparison indicates, for the 3 retort case, that r/(r,) exceeds fbi by a factor 14

Table2:FRC resistivitiesdeducedfromline'integrMdensityprofilemodelling,

(meorr) (#12rn) (#a m) (#a ro./ (#a m)

3 1.4. 13 4- 5 7.9 5.1 0.9

emd rlLHD by a factor 2.5. For the 4 mtorr case, the expected improvement in particle

confinement from atreduction in r_LffD is nOt observed; instead r:v drops and q(r,)/rlc,,¢D

increases to 15. One should note that the standanl r,ransport, movie[l° predicts that,

tv .= _L,.,/pie should be aboul; unity; rlLHDbased on the measured proliie with w = 3-4 is

much lower them t,he one pre_licted within the transp_ rt mo_lel. Tlw t;abIe also includes

est,imates for q(/_) based on _ rigid-rotor profile for the magnetic field; t;his estimate



I'%'. Confinement Lirnita_,ions and Axial Dvnamh:s
v

Although the smaller FRC ma,chines have been _ble to operate over _ wide range

. of fill pressure and initia,1 bias field, it has been observed that the opera,ring ra,nge

in which reta_i\'ely good confinement can be achieved becomes more t'estric_ed--and

little overall improvement in confinement is obta,ined--as the ma,c.hine size increases.

This trend is especially clear in the results from the LSM device _t Los Alamos, The

dependence of % on t-illpressure in r-SM is illust,ra,_ed in Figure 5. lt is observed _hat

300 , , , I I I ' ' !

200-- -,

i00 _

0 9 Intervals, E.sd/sq,rtCN)
' ' ' i' ' ' ' ' I ''

5 10

FILL PRESSURE

Figure 5: Dependence of r_,on fill pressure in LSM.

the a.vaila.ble opera_ing range is only 2-4 m_orr, with some deg_'.'_dadon in confinemen_

alre-a.dv oc,curing g_,tthe upper end of that range. The 5 mtorr case is discussed in detail

in a. companion lecture presented _ l:his school?' _znd shows clear evidence of _he t,ilt

ins_a.bili_v. Tlle flu:,: confinement shown for .5 retort is some,,vha_ misleading, be.cause

most, or" flu:: is lost, abrup_:ly just after the time of the instabilhv.

For a _iven fill pressure, a further limitation on continemen_ is imposed by the bi&s
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t-_eldst,rengr,h used t.o ['orm the VR(:, This limitat,i,)n is illust,rar.ed. ;_gain in terms o[ ,-->,

for 3 mtorr FRCs in LS%'[ (Figure 6), The fl.ux confinement initially increases with bias

[ield, but, then drops as the bias field is raised above ,_,botttS00 ("._,This transition "ass

J
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Figure 6: Dependence of T_ on bias field for 3 mtorr FRCs in LSM.

been exan_ned in detail for another experimental run in which Thomson scattering

7'_.data is available; is the results are summarized in Table 3. The poloidal flux %,

r-_,and T_.(/_)dl increase with bias field, suggesting no discontinuity in the formation

characteristics. The field null resistivity remains constant a,t low and medium ,bias

fields, but increases abruptly a,t high bias. The resistivity anomaly q(R)/q_.l is ).0to 15

at low and medium bias, increasing to about 50 at high bias. No evidence of classical

resisr,ivity scaling is present.

The degradation in confinement with increasing bias field has been correia_ed '.vi:h

the presence of strong axial dynamics during formation. Axial dynamics occur when

the bias fieid is _-,,_, eno,.tgh r,hat the field Linetension at the ends of the FRC exceeds

the ptasma pressure a_ the time of field line connection: for non,earing formation,as

in LS_[') this time occurs when the plasma lifts off the ,.vail ,luring :'adial implosion.

Further increase in bias field leads to axial shock and a transiently ._hort FRC.



Table 3: Bias scan for 3 mte,'r FRCs in LSM.

Parameter Units ' Low bias Medium Bias High Bias

Bb G 440 ± ,50 650 -+-:30 860 4, 20

B kG 3.9 + 0.i 4.1 ± 0.2 4.1 3: 0.i

rs cm ii.I± 0.9 15.4 + 0.9 18.6 + 0.6

V liter 59 4-9 107 + 10 143 4- 8

.. ¢_ mWb 1.1 i 0.4 3.5 -4-0.7 6.3 4- 0.8

s 0.6 4-0.i 1.3 4. 0.2 1.9 + 0.2

1014 cre-3 8.3 k 0.6 7.2 4. 0.6 6.0.4- 0.5

T_(R ) eV 120 4-20 158 4- 20 194 4- 42

rC /_s 120 4-50 214 4- 68 130 4- 60

rl(R ) #_2 m 9 4- 4 9 4. 3 25 '4-14

rli_ _fl m 0.9 + 0.3 0.6 4. 0.2 0.5 4- 0.2

The best correlation found between confinement and axial dynamics 1932 is illus-

trated in Figure 7 which includes 2-4 mtorr LSM data with bias field exceeding 600

G and also 5 mtorr FRX-C data, with a reduced ro scale to account for their smaller

radius. Since the axial dynamics should be related to the change in FRC elongatmn,

we define an inverse shock strength e_d/e,w where e,_e and eM are the minimum and

maximum elongations, respectively. The excluded flux array is ineffective in measuring

the length of short FRCs, so the minimum lengi;h used "mend is measured using an

axial interferometer array; eM is estimated by l¢oi¢/2r_. One sees a clear trend in all

the data sets for ro to decrease when emdbecomes small.

Many studies were conducted in an attempt to relate the confinement degradation

to some tbrmation problem, but no conclusive connection could be established. '''_ The

outcome of these formation studies motivated a search for signatures of various .MHD

modes which have been predicted t,o be unstable in the FRC, especially the n - [.

rrz=: I ir_ternal tilt mode.



Figure 7: Variation of rs in LSM (V_oa= 0.35 m) and FRX-C (V_o_Z= 0.25 m) with

inverse shock strength.
J

V. Confinement and Tilt Amplitudes

The e.,q_erimental search for tilt modes w_s conducted using a Mirnov loop _ray

consisting of 64 e:gernal B_ pickup loops (8 axial x 8 toroidal) located just inside the
, M0

co11." Some of the results obtained with this diagnostic, and a detailed companson

between e,'cperimental data for 5 mtorr FRCs in LSM and MHD calculations, are dis-

cussedin_ companionlecture, z Thiscomparisonshowsgoodagreement,betweentheory

and experiment in all feasures and establishes that the r_= l, axially odd components

observed bv the array are signatures of the tilt instability. °'1[n light of this observation,

i_ is no_ surprising _ha_ r,he regime of relatively good confinemen_ has been restricted

to low values of ,s (s < 2), in the regime where _he tilt is suppressed by kinenc effects.

More precisely, finite larmor radius t,heory :'* applied to the FRC tilt mode predicts

stabilitv for .s/e ! 1./_, where e is the FRC elongacior_. -I'l_ispre_.lict,ion agrees fairly

',veil with the meas_tred peak _,ilt amplitudes, whict_ ;_re li_rfiu._dto less t,h an .5 (3 for

.s/e < 0.3 b_ which increase t.o several tens of gauss al: higher ,s/e.

The correlation between confinement degradation and maximum t_ilt amplitude is



bess si_own by the \'aria_ion of the resistivity ;mornMv ;_ t.lle iield null qt R)/q,:i (Figure

8). The resistivity anomaly is observed to grow with tilt ,:Lmplitude until the amplitude
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Figure 8' Variation of q(R)/q_ with ma_mum tilt amplitude for 2-5 mtorr FI_Cs in

LSM.

reaches abou_ 15 G. At the higheramplitudesthe fluxdoes not decay smoo_klybut

decreasesabruptlyafterthe ma_mum tiltgTowth;the dia_'nosticssuggestthatclosed

fieldcon_nemen_ islostsoon afterthattime.Thus the r_ valuesused to calculatethe

resistivkyanommlv are not meaningfulforlargetiltevents.

The evidenceforthe tiltinstabilky_nd itsdependenceon s/e areconsistentwi_h

the correlation between confinemen_ and axial dynamics. [n the low s regime, the

norma, lized _rowr, h ra_e :"/"/MHD for, the tilt increases with s. ''s wi_ile ."MZfD _ 2u./l_

varies inversely wish e. Raising the bias field increases s : a/< Pi > bv incre_ing ,_

and the average inr, ernal _, and drives axial shocks resulting in a transiently small e by

increasin_ the field line tension: viscosity can a.lso keep those FI'{Cs short after forme-

r,ion. Raisin_ the Fill pressure increases s by reducing Y,; in addition, axial dynamics

are difficui_ to _void for po > 4 m_orr in LSS'[ for reasons _,ha_ remain unclear. In

either ,:ns(-. r.he !arEer values of .s/c lead r.o more ),[IID-like bei_;,vior, greaa_.r pn'dicred
,1

,growth race for the tilt ins_abilitG, and enhanced t,ilt amplisudes which are delet,erious

_

r



t,oco_1_nement.

VI. 3,,[agnetic, Compression Hear, ing Exp,, '.r:ments.' '

Tile relatively low maia fields which have been characteristic of FRC formation in

modern experiments have also limited the temperatures to Ti+T,. < 1 keV. Confinement

at higher temperr. :"arecan been studi,.,d by exploitin_ the translation capability of FR.Cs

to perform relatively efficient magnetic com,_ression heating in an adjacent, smaller

radius, and lower-voltage theta pinch coil. This program has been carried out in the

FRX-C/LS_[ facility at Los Alamos. Results from these compression experiments '_

indeed show substantial heating to T_+ T_ _<2 keV, but with confinement decreasing

commensurate with the reduction in r=,

The experimental arrangement is shown schematically in Figure 9. FP_Csare formed

theta

pinch
,-O,I cOr_DI__ S sion
- _"\ c_U:<i[ orv _,4,-' ,-,.,
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Figure 9" Schematic diagram of the LSM device modified for high-power FRC com-

pression heating experiments.

in a tapered theta pinch coil using a 3 mtorr-equivalent puffed deuterium fill, translated

throu.gh a dc coil transition region, enter the compression region, reflect from a dc

mirror field, and are trapped in the compressor. The compression coil is 0.46 m in

: • ,.vi_hin it llas n. diameter of 0. i m. The ([etaiisdiameter and .) m long; the quartz t,u,)c

of the i0 k\"..5 El.\ ignitron-swi_ched compression system power supply are a,'aiiable

else,,vhere. :_' ,,

D_lring compression, B is raised from the _guidelie[d value to lS kG in 5,5#s, Two
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modes of operation have been employed. Tlm higher t;emperatllre, mode is obt,;zinedl)v

forming F1ZCs with the full [)-pinch main bank, translating into a 0..I:T guide field,

and compressing as soon as the FRC has fully entered the compressor (abo_it, 30/.as).

In this case, the plasma energy is tripled (from ,5 to t5 kJ), with neutron yields up to

109, and rz_= 3 x 10Is cm-a; however rz is limited to _bout 30 #s or less. For these

high-temperature condieions, quadrupole stabilization field of up to 4% B is found to

be in_afficient to control the n = 2 rotational mode; this mode often terminates the

FRC prior to peak compression. Ion temperatures (Figure 10(a)) are estimated from

absolutely calibrated neutron rate measurements assuming Maxwellian fusion reactiv-

ity, and Mso from radial pressure after subtracting t;he measured T,(0) (Figure 10(b)).

The T,. measurements agree well for the highest fields obtained, indicating Ti = 1.5

keV. However the neutron Ti estimate is significantly higher than the pressure balance

Ti (which measures the perpendicular temperature) at lower field. This difference is

especially pronounced for full compression voltage, and represents an enhancement in

neutron rate of about a factor of ten which is much larger than the calibration uncer-

tainty of about 50%. The apparent enhancement in parallel over perpendicular heating

is consistent with with the relatively long equipartition time (> 20#s) and suggests the

presence of nonadiabatic (or double adiabatic 's) heating effects. The Thomson scatter-

ing measurements show substantial electron heating up to TC = 0.4 keV with a scaling
i

close to the B 4/s adiabatic prediction.

A second series of compression experimen'cs were performed on FRCs formed with

somewhat reduced main field (similar to the best 3 mtorr conditions), translated into

a reduced guide field (0.2 T), and allowed to settle (to permit more accurate confine-

ment measurements) prior to initiating compression at L00 #s. Significant heating is

again observed, similar to adiabatic scaling, in spit,e of substantial particle loss. The

inferred rx and r_, remain approximately equal during compression, decreasing roughly

in agreement with r _ scaling from about 140to 33 #s. The confinement times for the

compressed FRCs are similar to those obtainect on smaller devices with cOral)arable

plasma parameters. _9
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