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Abstract

TILT STABILITY AND COMPRESSION HEATING STUDIES OF FIELD-REVERSED

CON FtGUMTIONS.

The first observations of internal tilt ina[abililics in ticld.rcvcrscd configul aliens (FRCS) urc

rcpor[ed. Detailed comparisons with Iheory establish that data from an array of cstcrrml magnetic

prohcs arc signatures of these dcstruc[ive plasma ins[abilitics, This work rccon ilcs [hcory and

txpcrirncnts and suggests that gTmsslystable FRCS arc rcstric[cd 10 vcry kinetic and elongated

plasmas, Self-consis[cru [hrcc.dimensional numerical simulations dcmonstriuc tilt stabilimliwr by

the addition of a hcanr ion component, High.power compression heating experiments wi[h stable

equilibrium FRCS arc also rcpor[cd. Plasmas [ormcd in a tapered thcm-pinch coil have hccn

transltitcrl along ir guide m~gnctic field into a ncw singIc.[urn compression coil where the cxicrnd

ticld is incrcascd up to 7 times the ini[iul value in 55 ps, Subsum[ial hc~t ing is observed

Jccompurricd by u dccrcasc in confincmcnl time.
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1. TILT STABILITY STUDIES

1.1 In-situ confinement studies

For the last five years, the world’s largest field-reversed configurations

(FRCS) have been studied in the FRX-C/LSM experimental j. The experimental

apparatus (Fig. 1), diagnostics, and FRC formation method are described

elsewhere. [1] FRCS are formed with reverse bias fields, 0,03s Bbs 0.11 T, m-d

fill pressures, 25 p. =S 12.5 mtorr, However, FRCS with good confinement have

been restricted to Bb <0.08- 0.09 T and p. <5 mtorr for unclear reasons. [1]

Detailed confinement studies[2,3] have recently explored the transition from

good to bad FRC confinement. Inferred field null resistivities and electron

thermal diffusivities are higher than classical for the well-confined FRCS by

factors 5-20 and 35-140, respectively, These factors rapidly increase to much

higher values during the transition to bad confinement, suggesting non-local,

non-diffusive transport mechanisms such as formation dynamics or instabilities.

Many studies have attempted to explain the above limitations in terms of some

formation inadequacy, but they have proved inconclqlsive.[4] Other studies,

reported below, have then attempted to identify FRC gross instabilities.

12 Observations of tilt instribilities

A Mirnov loop array consisting of 64 external Be pick-up 100PS(8 axial X ~

toroicid) has been recently installed on FRX-C/LSM,[5] This diagnostic, shown

partially in Fig. 1, allows separation of axially-even and odd components and

toroidal Fourier analysis for the n < 3 components. Several instabilities have

been dete’.ted, including rotational modes[6], transient fll!tes[ 1], and tilt

instabilities[7], The latter (axially-odd, n = 1) ore obsewed whenever the FRC

confinement is poor. The tilt data have been compured with calculated tilt

asymmetries in 3-D resistive-MHD sirnulations[ll]. The 2-D FRC equilibrium in

Fig. 1 was given u 1% tilt perturbation ond the n = 1 tilt insttibility developed GS

shown in Fig, ?(a), Such cornpurisons cleurly huve identified muny fcalurcs of

the duta (time histories, axial dependence) with signoturcs of intcrmd tilt

In:w.hillties. [n particular, calculations show u rupid tronsiti:m from closed 10

open field lines around peak tilt amplitude. The B() d~t~ tr~~~ th~ gl(~b~l

fcu~ures of this transition. m-d other diugnos~ics display sudden changes

consistent with field line opening.
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FIG. 1. lle FRX-C/LSiU qenment, includingjkx contours for a typical FRC equilibrium.
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FIG. 2. Flux contotm at 3 fih growth times @t 3-D simula~iotx showing (a) tilted JIIUsutfaccs

without ion beam (jg - O), and (b) predicted tilt stabiiuatiw~ wit~~UIIion b- ($B “ 6x ln--l).

Finite Larmor Radius (FLR) theory[9] appli :d qualitatively to the FRC tilt

mode suggests stability for s/e e 1/4, wheres is the ratio of FRC minor radius to

average ion gyroradius and e is the FRC separatrix elongation. Recent HiIll-

Cuid[lO] and FLR[ 11] calculations with a variational formalism support
quantitatively the above estimate. [n FRX-C/LSM, values of s = 1-5,

e=3-ll,imds/e=0.1- 1.5 have been achieved, Analysis of the entire duta

base reveals a gradual increase in tilt amplitudes (the best correlation found so

k) and u degradation in FRC confinement as s/e increases.[7] Consistently

large tilt amplitudes and poor confinement are observed for s/e > ().5,

13 Theoretlcnl FRCtilt stablllzntlon with Ion kams

If tilt st:lbility requires s/e c 0.5 while ignition muy require s = 20-40,

FRC fusion reactors woukl be unattractively long. l%i~ illustrutcs the need fur

additional stabilizing ted ‘ques. Tilt stabilization is Uifficult[tl]hut it hus lwcn
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recently demonstrated 12] by adding an ion beam component as a collisionless

Vlasov species in the 3-D simulation of Fig. 2(a). Tilt stability of the resulting

self-consistent equilibria has been studied for several values of fB (beam/total

particle invento~ ratio). The tilt growth rate is reduced by about a factor of two

for f~ = 3 X 103 and no growth is observed (Fig. 2b) for f~ = 6 x 10-3.The
latter corresponds to fractions (beam/total) of 0.5 for energy and 0.25 for

current. Further calculations will explore ways of reducing these fractions by

optimizing the beam ion energy and its spatial distribution.

The above results suggest the feasibility cf FRC tilt stabilization studies in
FRX-C/NM. Available technologies are now being considered to assess

whether an ion beam can be introduced during FRC formation. In particular, the
required ion beam could perhaps be obtained by plasma capture of iI neutral

hydrogen pulse from an intense ion diode.[13] Studies are also undenvay to find

practical techniques in future large-size FRC devices. Partial loss of fusion

products may naturally produce some beam ion component in ignited FRCS.[14]

2. COMPRESSION HEATING STUDIES

2.1 FRC trnnsltition

Preparatory translation experiments wore performed on FRX-C/LSM prior

m the installation of the magnetic compression hardware. FRCS were movrd

axially through a sharp transition and trapped inside a flux-conseming chamber

(6.7-m length, 0.40-m id.). Ile confinement properties of translated FRCS are

not very different from their in siru, non-translated, counterparts. An applied

helical qm.lrupole field of 3% of the external field B stabilizes the destructive

n= 2 mm.ieand FRC lifetimes of up to 400 ps have been obsemed.[ 15] Interred

magnetic field measurements in these translating p!asmas revenl a Iurgely fwce-

free stntcture (J IIB) with a significant toroidtil field component,[ 1(]]

2,2 Hlgh=powercompression hent!ng

The FRX-C/USM device has recently been modified (Fig. 3) to UIIOWhigh-

power magnetic compression heating experiments. Kincticdly-stabilized FRCS

(s= 1,2, e - 5) formed in u deutcrium puff inside iI tapered O.pinch coil arc

trunsluted ukmg u guide field into a new single-turn rnqyctic compassion coil.
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FIG. 3 Schematic diagmm oj the FRX-C/LSM &vice modijied jor high-powwrFRC compmsion

hea[i~g erphnenls.

The plasma enters the compressor approximately 30 PS after formation, reflects

from a clcwnstream mirror, and becomes trapped nca.r the center of the

compression coi! at 100 Ps. At that time B is mised from 0.2 T up to 1.8 T in

55 ~s. Significant heatin~ consistent with the B4i5 adiabatic scaling, is measured

(see Table I) even though a sizeable fraction of the particle inventory is lost.

These observations are consistent with an energy confinement that is dominated

by particle diffusion, as found in in-situ experiments[3]. The significant electron

heating suggests that there is no fundamental thermal conductivity limit,

although it may simply be a consequence of open field line confinement. The
inferred poloic.kd flux and particle confinement times, ~0 and TN, remain

approximately equal during compression, scaling roughly with the square of the

separatrix radius r~.The confinement times for :he compressed FRCSare similar

to those obtained on smaller devices with comparable plasmu purumeters.[ 17]

Higher energy densities are achieved with hotter initial conditions in the fJ-

pinch and earlier compression during the first FRC transit through the

compression coil. For this case, the total FRC plusma energy is tripled (5 - 15

kl) with total neutron yields up to 1 x 10’),TC = 0.4 keV, Ti = 1.5- 2,0 keV,
nc = 3 X 1021m-3,EP/V = I X I@ Jm-3, WK!nTE ~ 1017m”3s.However, in

contrast to the colder initial conditions, the qumkupole stabilization field (of up

to 4% B) is insufficient to control the n =2 rotational mode which often

terminates the FRC before petik compression. Volume-averaged measurements

.5.



TABLE L FRX-C/LSM DATA

Parameters Units O-pinch Before Ness peak

source t compression compression

time

B

‘s
cn>

Te + Ti

Tc(r =0)

poloidal flux

s

c

‘+
TN

‘E

ps

T

~021m-3

eV

eV

mWb

3(I

0.41 A 0.02

Hz& 11

0.6 * 0.0

516 = 34

B2* ~

3.4 + 0.8

1.2 * 0.2

4.7 t 0.4

210 * 67

175 * 4a

79515

100

0.2350.01

145 * 5

fj6 & 0.1

189 = 49

80* O

2.7 + 0.3

1.9 & 0,3

5.7 * 0,5

147246

129 * G6

513f)

lso

1.5650.04

54*6

6.4 * 1.5

970=23

0,7 = 0.3

43* 0.8

33* 16

33= 21

2157

t Data from WNSCe are for non-translated FRCS from itwim exprimcnls.[3]
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of neutron emission with absolutely calibrated instruments support the peak

compression ion temperatures determined from pressure balance (Fig. 4a),

while Thomson scattering ipeamrements near the geometric axis reveal

substantial electron heating (Fig. 4b).
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