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The FRX-C device is a large field-reversed theta pinch experiment, with

linear dimensions twice those of its FRX-A and FRX-B predecessors. It IS used

to form field-reversed configurations (FRCS) , which are high-beta, highly

prolate compact toroids. FRX-C has demonstrated an R2 scaling for particle

confinement in FRCS, ]ndicatIng particles are lost by diffusive processes.

Particle losses were also observed to dominate the energy balance. FRC

lifetimes exceeding 300 P were observed when weak quadruple fields were

nppl i ed to stabilize the n = 2 rotational mode. Detailed studies of the FRC

●quilibrium were performed us]ng multl-chord and holographic lnterferometry,

Measurements of electron temperature by Thomson scattering showed a flat profile

and substantial 10SSCS through the electron channel . The loss rate of the

Internal poloidal flux of the FRC was observed to be anomalous and to scale less

strongly with temperature than predicted from classlcal reslstivity.

F~i lowing a modification to the dev]ce, FRCS were translated from the

theta-pinch Coil into a dc soienold and meta!lic vacuum chamber The

translation process was observed to be In reasonable agreement with adiabat]c

theory FRCS were translated and trapped in a dc soleno]d without active

auxlllary CO1lS. Trapping was a]ded by the lnelast]c reflection of FRCS off a

mngnetlc rnlrror Measurements of the radiated power from translating FRCS

]ndlcated that rad]at]on 1s a small component in the power balance and thus it

appears that electron thermal conduction is more Important

The part.lcle confinement of an FRC ks expected to improve as =, which

measures the ni,mber of local )on gyroradi] b?tween the f~eld null and the

separatrix, increa8es However, a regim~ of increased susceptib~ljty to MHD

modes , notably the Internal tilt, has recently been predicted to have a

threshold in 5 of three to four To address these issues, as well as the issues

of electron enartiy leas ●nd pnloldal flux loss, a three-stage experiment has

been proposed which is predicted to reach ; of about 7 The FRX-D d~vic~ will

consirnt of separate format]on, heating, and confinement reuions, Plasma

translation perm]ts ●eparatlon of these functions in n manner thought to be

desirable for a fusion reactor
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1. Background

m~ The PRC is e type of cumpact

toroid that is formed with purely poloidal magnetic fields. As shown in Fig. i,

]t is a toroidal magnetic configuration in which closed poloidal fje)d ]jnes

surround a field null. A magnetic separatrix located at radius rs separates a

region of closed lines that displays relatively good plasma confinement from e

region of open l~nes that displays relatively poor plasma confinement. ln the

FRC experiments described In this paper, the configuration was formed using a

field-reversed theta pinch. In these experiments the plasiaa was confined in a

separatrix volume that was prolate and ●longated as shown in Fig. 1.

Particular features of the FRC that offer advantages In application to a

fusion reactor are the following.

● The plasma beta is the highest known for any fus]on oriented magnetic
configuration This implies efflc]ent use of magn~tic field energy in a
reactor and high power density using magnets with modest field strength.

● The geometry of the external COIIS (and blanket) is cylindrical, which lends
itself to modular systems and ease of engineering.

s The field line structure results in a natural dlvertor that deposits exhtiust
plasma conveniently at the ends of a cylindrical system.

● The FRC plasma IS read]ly translated as e self-contained structure from one
COII to another by means of a weak gradient in a s~lenojda] gu!de f~e]d,

This permits separating the functions of format~on, heating, ●nd nuclear
burn

The engineering s~mplificat]an~ achieved by this separation of functions

and linear arrangement offers the potek)tial for en economical reactor wjth rmall

unit power and high power density, conceivably using special features such ● s a

liquid metal first wall Small unit power is passible berause the total reactor

volume, 1 even In a ml]t istage linear system, is projected ‘.o be much less than

2 Such projecilons ● re, however,in tokamak reactor designs such as the STARFIRE,

dependent upon FRC confinement physics, and their evalutition will requi re

confinement oceling studies in a regime of parameters closer to reactor-like

conditions

~ For an elongated equilibrium in a cylindrical coil, the

volume averaged pressure within the separatrix relatjve to th~ ●xternal magnetic

field pressure, q>, is gjven by the simple formula fir~t dcrivad by

D, C, Barnas:3’4
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<$> = 1 - x:/2* (1)

where xs is the ratio of the separatrix radius to the coil radius (see Fig, 1),

This result, independent of the pressure profile, IS required by axial force

balance. In the radial direction magnetic field pressure balances plasma

pressure, and in the axial direction field line tension balances the pressure.

The average beta formula requires corrections when one takes into account finite

orbit effects, finite elongation (f~eld-line curvature In the midplane), or

magnetic mirrors (nonuniform coil in the axial direction), 5 Nevertheless, the

formula is a reasonable approximation in many instances, and ]t has provided a

great deal of insight

facilitated by Eq. (1),

contained in the FRC is

with respect to poss]ble

into FRC phenomena. Many useful analytic estimates are

A corollary of th]s result is that the poloidel flux

bounded by two pressure profiles that represent extrema

press’lre

response of the plasma to ad]abat

]n the Soviet Union 8 and Germany 9

started at Los Alamos by R. K. L

6 This is seen, for example, Inprofiles. the

c compression, 7

Follow~ng the report of interesting results

in the early 70s, a series of experiments was

nford In 197@. Typical parameters achieved in

these ●arly Los Alamos exper]ments3 mre summarized In Table 1 and typical

magnetic field wnveforms are shown in Fig. 2. Although the plasma llfetimes

observed were llm]ted to a maximum value of less than 100 ps, the lifetimes were

considerably greater than the characteristic Alfv& transit times (1 + )0 US),

This result is in disagreement with MHD model predictions of an internal tilt

instability, which IS predicted to have o characteristic growth time of an

Alfv& transit time around the longest closed field line.10 Recent calculations

based on a kinetic plasmn model (see Section Xl,) appear to reso

as discussed in the last sect]on of this paper,

~ The issue that emerged as a

experiments on FRX-A and F’RX-B wae the following, Given tha

formed in a hiah-betrn equilibrium that appears experimentally to

ve this peradox

result cIf the

the FRC can be

be MH13 stable,

what fundamental limitations would prevent increasing the confinement time to

the Lawson condition? The most obvious problem obeerved in experiments was that

the plasma lifetime was limited by a rotationally driven n = 2 fluting mode,

The mode repreaento an elliptical distortion that grows so large that the FRc

contacte the vacuum chamber and then rapidly decays. Following a quiescent

period, the mode is observed to grow as the bulk rotational frequency approached
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11 During the quiescent period, one mlco obeervesthe ion diamagnetic frequency.

that particles diffuse across the closed field lines until they rsmch the

separatrix where they rapidly leave at the thermal speed along the ~pen field

lines. Plasma rotation can be caused by ions with angular m~entum antiparallel

to the external field being lost mo,e rapidly than ions with the opposite sign

of angular momentum 12 and this rotation can be cnhnnced by end-shorting of the

open field line plasma. 13,14 TherefOre, the fundamental limitation for FRCs is

particle diffusion and not the rotational mode, and attention should be focused

on the cause of particle diffusion.

This v:ew influenced the proposal of FRX-C in 197915 and the early portion

of the experimental program. The purpose of FRX-C was to test the particle

confinement In a reg,me of increased size relatlve to an ion gyroradius while

approaching a more MHD-like regime where the possibility of tilt instability

would be greater. Qualitatively the issues facing the FRC program today are

similar, but the quantitative understanding of these issues has improved

markedly. Also, equally important issues have emerged concerning the decay rate

of poloidal flux and electron thermal conduction. The rotationctl mode has

somewhat subsided as an Issue, because numerous experiments have since

demonstrated that the rotational mode can be suppressed by the addition of weak

multlpole fields.16-lg As an example, quadruple stabil~zat]on on the FRX-C

device is reported here in Sec. V

11, Experimental M(thod

~Qf Dev@ The FRX-C theta pinch has a dual-fed,

50-cm-diameter, 200-cm-long coil, The system 1s shown schematically in Fig, 3

20’21 A number of the electrical and mechanicaland has bee~ described elsewhere,

parameters are listed in Table 11, lt is presently the largest field-reversed

theta p]nch In operation and has accordingly displayed the longest FRC

lifetimes.

Onwntlm The gas pressure of deuterium when

the discharge 1s lnitlated is a convenient parameter used to ●djust meveral

important characteristics of the FRC, At low initial fill pressure, the radial

implosion is more rnpid and the resulting ion temperature is higher, At high

initial fill pressure, the temperature is lower, the final density is higher,

●nd because the magnetic field is only weakly dependent on initial pressure

(mainly because of adjustments in the initial bias fie]d), the high pressure
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operation results in the maximum ratio of plasma size to ion gyroradius, which

is found to correspond to the longest plasma confinement time. In most of the

data presented in this paper, a comparison is made between results obtained at

Initial pressures of 5 and 20 mtorr. These fill pressures along with associated

adjustments in preion~zation conditions and bias field represent standard

operating conditions under which xncst diagnostic data runs sllch as holographic

interferoxsetry and Thomson scattering were conducted. Representative plasma

parameters at the beginning of the quiescent phase are listed in Table 111

together witk, the characteristic confinement times.

The two pressures 5 and 20 mtorr also represent approximate boundaries of

operation possible for the FRX-C experiment. At lower pressure the two

available mei.hods of preionlzat]on (Pi) both become marginal (O-pinch discharge

as seen In Fig. 2, and Z discharge). At higher pressure the main problem is

ihat the FRC equilibrium is too long to fit within the length of the theta-pinch

coil. The formation process results In an FRC with Increasing length as a

function of fill pressure.zz Above 20 mtorr the ends of the FRC expand into the

vacuum beyond the coil allowing the plasma to escape. Also, at hikher pressure

the temperature drops below 100 eV and there is concern that the phenomena m]ght

be unduly influenced by collls]onal]ty or lmpurjty ra~lation.

C/T ~. Apart from minor modifications such as the addlt]on

of quadruple current conductors for stabilization of the rotational n = 2 mode,

the FRX-C ●xperiment was operated as shown In Fig. 3 from August 19f31 until the

summer of 19e3 At that time a major modification was installed:23 a dc

solenoid and 6-m-long vacuum chnmber were placed at the end of the FRX-C coil to

permit studies of the tre,nslat]on process. A photograph of the modlfled

facility, which was renamed F’RX-C/T, is shown II-I Fig. 4. The experimental

results are discussed below in Sec. lx.

111 FRC Equil~bria

1 st~, The high-beta nature of FRC equilibria has been the

subject o! detailed studies in FRX-EI ar,d FRX-C, In FRX-B, radial pressure

balance between plasma pressure at the field null and the ~xternal magnetic

pressure has been verifisd through independent measurements of electron and ion

temperatures, density, and rnmknetic field3. In FRX-C, the existence of an FRC

equilibrium was also evident from holographic interferograms (see Section IV,)
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which showed a sharp density gradient at the separatrix persisting throughout

the FRC lifetime. lg

Radial and axial profiles of the line-integral density ~ndl have been

obtained in TRX-C.24 The radial ~ndl profile (Fig, 5) was inconsistent with flat

or parabol~c density profiles within the separatrlx radius, but was In good

agreement with the type of profile expected for an FRC equilibrium. The redial

profile was peaked for finite radius of tangency d (d\rs = 0.3) because of the

density depression near the geometric axis of an FRC. The height of the peak

provided an estimate of the separatrix density n~ which was found to be 50+60%

of the maximum density ~ at the field null. The average density inferred from

the radial profile was (0.90A0.C5)~ which, together with the observation of

flat temperature within the separatrix 3,25 ~d radial pressure balance, was

consistent with the value of +> predicted by Eqn. 1,

Radial Jndl data24 during the growth of the n=2 rotational mode also

provided an estimate of the characteristic density gradient scale length In(rs)

at the separatrix, The quantity w, defined as &(rs)/pie, was found to be 4+5,

in agreement with the data found from end-on holographic interferograms 26 and

18 (here, plo z (kBTimi )simi lar to that of another rotat]orial analysis -1 1/20 –1
1

is ‘“ e ion gyrnradlus evaluated using the external ion gyrofrequency fli and the

average ion temperature, kB is Boltzrnann’s constant, and ni 1s the Ion mass).

The axial profile of ~ndl was found to be approxlrmtely elliptical in

24 (Fl@. 6),;hape The jndl a>d excluded flux radius27 rAW profiles wet-e

similar, implying that the line-averaged dens~ty was fairly constant along the

FRC length. Measurements of the dynamic features of the FRC were seen to

correlate in detail between the two diagnostics,

The computation of FRC equilibria within the

M14Dmodel has proven to be surprisingly difficult ,28 in order to match the axial

variation of ~ndl observed in FRX-C (Fig. 6), it is necessary to compute

equilibria with internal flux surfaces that are elliptical in shape and which

distributed gradually in the axial direction. 5 This type of equilibriumare

appears to be the preferred output of a code 29 using an entropy-like variable in

al 5D formulation of the equ~librium problem In this case specifying a smooth

entropy–like variable (as a function of flux) g]ves rise to a pressure gradient

whi ch is sharply peaked at the separatrix However, in a code28 in which the

prensure profile (138 m functim of f]ux) is specified smoothly, the preferred

output i8 more racetrack ‘L shape, The latter code can also find elliptical
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equilibrla if the pressure gradient 1s sufficiently peaked at the separatrix.5

!t is not understood why the codes tend to generate different equilibria, and it

is not known why or even if such steep pressure gradle.~ts at the separatrix are

required to produce equilibria that match the experimental data.

IV. Particle Confinement

~torv Deca~. The rate et which particles diffuse out

of the closed-field line region of the FRC appears to be the dominant 103s

process in the FRX-C experiment. The 10ss rate 1s approxlmate]y ten times

faster than classical even when the pronounced density gradients associated with

the high–beta equilibrium of the FRC are taken into account. 30 The loss rate is

determined by measuring the total inventory of par~lcles as a function of time

during the quiescent phase. It is assumed that no significant source of

particles exists within the separatrix. This assumption is supported by plasma

particle inventory measurements which account for > EIOZ of the fill gas within

the COI1 length during formation. 26 Further support is obtained from

calculations31 that show that the deuterium influx level is small. In addition,

any ionization of this infiux occurs almost eni]rely on tile open field llnes.

The plasma on these field llnes 1s diverted toward the end of the vacuum vessel

~ Two complementary methods of lnterferometry have

been used to determine the particle inventory as a function of t~me.25 In the

side-on method a 3.39-micron laser measures the line–integrated density along a

path perpendicular to the cy)lndrical axis. D~amagnetlsm of the FRC is measured

by means of a magnetic probe array along the coil 27,32 The separatrix volume

determined by the probe array, and the density determ~ned as a function of time

by the interferometer provide enough information to estimate the particle

inventory as a function of time given the high-be’s equll]brlum mode 1 for the

FRC

In the end-on method a holographic interferogram IS formed during a 30 ns

Interval at one time during each discharge. A typical interferogram is shown in

Fig i’. The fringe shift relative to the straight background fringe pattern 1s

a measure of the line-integrated electron density at each position in the

interferogrem. The area integral of the fringe shift thus yields the total

electron inventory in the field of view. The density profjle deduced from the

interferogram is found to be azimuthally symnetric. Except for corrections that

33 the holographic method providesare needed to account for the exhaust plasma,
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the most accurate measurement of electron inventory because it is insensitive to

axial d~amics, raultiple field nulls, changing density profiles, s i deways

shifts, and other effects which can cause errors in the side-on method.

sc~. 2 The measurements of ‘N obtained on FRX-C are

summarized in Fig. 8. The confinement times are plotted vs. R2/pio where R is

the radius of the magnetic field null (r9\#2). This scaling as discussed below

is suggested by theoretical models for particle confinement that use a

34 form of resistivity.lower-hybrid-drift (LHD) The holographic interferometer

determinations were done at 5 and 20 ratorr using the data shown in Fig. 9.

After correction for the exhaust plasma, 33 the confinement time at 20 mtorr was

154 ? 25 #.S. These data correspond to the points at R2/pio equal to about 90 cm

and 240 cm, respectively. The FRX-B point was obtained with the side-on method

using data combined from several experimental runs.a The FRX-B experiments at

17 mtorr provided similar plasma parameters (densjty, temperature, magnetic

field, Plo, and x~) as in tk.e FRX-C 20 mtorr data. The comparison of FRX-B at

17 mtorr and FRX-C at 20 mtorr provides stronR ●violence that conflnerrrent scales

approximately as the square of radius in the present experimental regime. An

increase in TN from 39 to 154 MS resulting from an increase in R by a factor of

two IS characteristic of diffusive losses out of a toroidal configuration and

implies that gross magnetohydrodynamic instabilities are not dominating the loss

process.

W1t ~s The variation of confinement for fixed size

and xs is predicted by LHD models to be approximately a I/pio dependence.30 The

data in Fig. El support this prediction in that FM-C data points obtained with

various operating parameters have similar plasma radii but different ion

gyroradii, and the points tend tc follow the R2/pio scaling The intermediate

FRX-C points were obtained using 5 mtorr with reduced magnetic field, and the

side-on method of interferometry. The 5-rntorr full-field point (‘N = 67

t 25 ps), which corresponds to the largest ion gyroradlus, was obtained with the

end-on holographic interferometry method (Fig. 9). Insufficient data on the

exhaust plasma at 5 mtorr conditions was available to permit correction of this

point, The side-on method gave a somewhat larger value (TN E 100 Ms). For both

methods the uncertainty In the analysis was increased for this conditior~ because

the period of observation wrus limited by the relatively early onset of the n = 2

rotation,
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Additional confinement seal ing data have been ~btained in the modified

FRX-C/T35 and in the TRX experiment at Spectra Technology 36 using the side-on

method. in these experiments, the predictions of LHD seem to depart somewhat

from experimental trends, although the magnitude of the LHD prediction is

usual ly within a factor of 2. The temperature dependence in particular appears

to be more favorable as determined empirically than is given by the I/pio

dependence of LHD. Thus additional experiments are needed to determine ihe

scaling of particle confinement with temperature.

ln summary, the LHD model provides a better estimate of particle

confinement i~ FRCS than any other theoretical model so far developed. Attempts

to measure MD turbulence by means such as collective 1 ight scattering are

presently in progress at Osaka University and the L!niversity of Washington.

Some experimental data indicate scallng laws which differ from the predictions

of LHD. Thus the understanding of particle confinement in FRCS is far from

complete and much more work i s needed in th]s important area.

v. Quadruple Stabilization

tal D~ lt was reported by the FRC group at Osaka

University 16’17 that the application of relatively weak quadruple fields,

applied during the quiescent phase after the FRC ]s formed, results in a grossly

stable FRC with no rotational n = 2 mode. ‘J’he group at Spectra Technology

reported a similar effect using octupole fields. 18 Data are reported here that

show the stabilizing effect of quadruples or, the FRX-C experiment. 19

~ The quadruple field waveform was similar to that of the main

field with a risetime of 5 ps and a crowbarred decay time of 350 @s. Its

magn]tude was adjusted by varying the voltage on the quadruple capacitors and

the ~lme at which the quadruple current was crowbarred.

In initial experiments, irreproducible FRC formation and stabilization w&s

assoclate4 with current induced in the quadruple COIIS by the theta-pinch

current . The quadruple circuit was modified to reduce the induced current, and

thereafter reproducible FRCS could be formed and stabilized, The stabilization

is illustrated (F!g. 10) by end-viewing holographic interferograms, The severe

n = 2 distortion was completely ats.ppressed and the FRC shape asaumed four–fold

symmetry when the qttadrupole fields were applied, However, the FRC show-d a

tendency to shift when the quadrupolc fields were applied, Data from the

holographic interferograms indicated that th- FF?C tended to shift vertically
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toward the co] lector plate feedslots by 2.1 * 1.9 cm, possibly because of

asymmetries in the quadruple fields.

The stabilization was insensitive to the time of quadruple field

initiation over the range -2 MS to 40 PS relative to the main bank time. Th~

threshold field required for stabilization was observed to be 15 + 25% of the

threshold predicted by the MHD model of Ishlmura. 37 The time histories of the

main field, plasma separatrix radius, separatrix iength, average density, end

pressure-belance temperature are shown in Fig. 11 for 20 mtorr fill pressure.

Without quadruples, the FRC stable period was about 100 #s. With quadruple

fields the plasma llfetlme was extended to over 300 AM (comparable to the decay

time of the magnetic field). Similar stabilization results were obtained at 5

mtorr fill pressure as shown In Fig. 12. The decay times of the particle

inventory, energy, and internal flux were similar in boti~ the stabilized and

unstabilized FRCS for each fiil pressure case.

The effect of quadruple fields on plasma fluid rotation was studied by

observing the doppler shift of CV emission (227.1 rim). The CV doppler shift was

observed us ]ng a six channel polychromator with channel spacing and resolution

of 0.01 nm which viewed the FRC through a chord tangent to the radius (7 cm) of

the field null. in order to obtain adequate CV intensity, it was necessary to

reduce the magnetic field to 6 kG and to increase the carbon-to-deuter ium

concentration to 0.03 by adding methane to the fill gas. The parameter a

: -ii/f-l;, where f) is C+4 rotational frequency and O; is the deuterium diamagnetic

frequenzy 3calculated using a rigid rotor model, are shown in Fig, 13 for the

same discharges illustrated in Fig. 12. ln the absence of quadruple fields, a

increased during the stable period but began to decrease when the n = 2 mode

neared its ma..iimum deformation. When the quadruple fields were applied, a

fluctuated about zero throughout the FRC lifetime. This result differs from

reports of a perslstc?nt rotating deformation in partl~lly stabilized FRCS 16,18

and the absence of variation in the measured \ J doppler shift in another

38experiment This difference remains to be resolved.

~ti Foil owing the demonstrations of multipole

stabilization of the n = 2 mode, an interesting experiment was reported from

Nihon UrI

and the

Ithasa

surfaces

38’39 The multiples were twisted to form aversity. helical structure

magnitude of current needed for stabilization was found to be reduced.

so been noted that whereas straight quadruples tend to destroy flux

as the external fields penetrate the FRC structure, helical quadruples
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have the potential of providing nested flux surfaces even on a long time scale

where the fields penetrate into the (possibly) spinning FRC field structure.40

An experiment planned for FRX-C/T will investigate the use of stabilizing

helical quadruple ilelds In the translation chamber where the plasma is trapped

ix? dc fields.

~ The rotational instability in the presence of

been studied with a 2-D hybrid code 41 and by means o! the

models predict a threshold for stability of the n = 2 mode

field strength is i n~ . -ased . lt is difficult to compare

multipole fields nas

MHD model .37’42 Both

as the quadruple

the two calculations

because the models UPOX?which they are based are quite different, but when their

results are appiierl to 6pecific experin.ents , the hybrid code threshold is

smaller than th~ MHD threshold by about a factor of two. The MD threshold is

computed assuming that the plasme is circular and that the n = 4 modulation of

the quadruple magnetic pressure can be neglected.37 Both of these asswnptions

are unrealistic. Relaxi~ig the second one, while retaining the first one, gives

the result that there is no stabilization threshold for the quadruple case. 37

(The threshold is unchanged for hexapoles, octupoles, etc. . 37) l%en the first

assumption is relaxed, it can be shown that the ideal MI-ID equilibrium is

cusp-shaped, 42 in rough agreement wi th experiments and with the hybrid

41 Stability is much hardersimulation. to analyze for the cusp-shaped

equilibrium, but simple estimates indicate that stability is obtained and that

the threshold might even be lower then the one predicted in Ref. 37 using a

circular plasma and no n = 4 var]ation in the quadruple magnetic pressure.

This might bring the MKO calculation and the hybrid ~imulntio.. into agreement.

It should be noted, however, that the exp~riments cul.s]stently show thresholds

that are factors of two or more below the hybrid simulation th, ,;shold.

VI. Energy Confinement

Muu As the first step in invest]gatlng the

characteristics of energy confinement in FRCS, the plasma can be treated as an

elongated equilibrium with separate electrons and Ion temperatures but with no

rad~al variations (as observed experimental ly3’25), Compressional work in such

mbdels ia estimated using formulas like those of Sec VIII, and other processes

such me thermal conduction, radiation, and ohmic heating are treatid as

43-45 More real isti. models are underperturbations on the adiabatic assumption
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developraent ,46-49 but at the present time, our understanding of energy

confinement in FRCS is based on the zero-dirsensional approach.

~. The time histories of a number of experimentally measured

quantities for the standard 20-mtorr conditions are shown in Fig. 14, Similar

quantities for the 5-mtorr conditions are shown in Fig. 15. Table IV lists

definitions of the various quantities, and how they are measured experimentally.

Also shown on these figures are dashed lines representing the results of

zero-dimensional model irig in which the values of various confinement times sre

determined by specific transport models described in Ref. 43, ArI example of

electron temperature measured as a function of radius with Thomson scettering25

is shown in F]g. 16. Each point was obtained on a separate discharge. Also

shown in Fig. 16 is the result of a one-dimensional energy transport calculation

49 In addition to theseincluding lHO and m:crotealing transport, data,

calorimeter measurements of radiated power 35’5051 were made on full field 5

mtorr translated FRCS but without measurements of the electron teraperriture. The

calorimeter measurements indicated that the radiated power fractioa was about

10Z of the total power loss from the plasma, which was about 200 Mw,

Based on these results and the arguments presented in the

references cited, the following points have been deduced with regard to energy

confinement

● The n’rE product for 20 mtorr is 4 1011 cm-3s at T =
-5

100 eV and the n7E
product for 5 mTorr is 7x1010 cm s at Ti b= 600 e ,

● The major loss of energy ia by mear,s of particle transport,

9 The second most important channel appears to be anomalous electron thermal
conduction,

● Impurities do not appear to radiate enough energy to influence the overall
power balance,

The global energy confinement time TE, the fraction of losses that are due

to particle transport, and the relatfve megnitude of electron thermal conduction

are inferences that depend to some extent, upon the assumptions of the

zero-dimensional model , The interpretat~on of radiated puwer ia only weakly

dependent o). model assumptiuna , but the measurements are avnilablc for

r~letively few ope~~ting condition~ and were not done simultaneous ly with

Thomson scattering, in general, our underst~nding with regnrd to energy

confinement of FRCS is less developed than our underst~nding of part~c]e

}
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eonfinement, and again it must be emphasized that a great deal more work is

needed on the subject.

VII, Flux LOSS

UmmLM@mn.mrl ~ For l?RCs in equilibrium, loss of internal poloidal flux

is thought to occur by resistive annihilation at a single field null. The

characteristic flux 10ZS time scale T
P

is difficult to measure experimentally

because the flux depends on the magnetic field profile within the separatrix.

Therefore, ~W is commoniy lmferred “52 from FRC equilibrium models that link w

to external measurements of and B. The
‘s velues of 7V obtained ~n most

experiments correspond to values of resiativity at the field null, q(R), that

exceed Spitzer transverse resistivity by factors of 3 + 10, assuming a rigid

rotor profile. lt is unlikely that these anomalies can be explained by

impurities. 25,35,50,51 Furthermore, present models for LHD resisti”~ity predict a

n~gligible contribution to q(R). Thus the physics of flux loss 1s unknown at

the present time.

cal =!- Recently empirical seal ing 1aws for have been
‘v

obtained from FRX-C/T53 and also from TRX-136 These scaling laws and the

classical scaling based on Spitzer resistiv~ty are given in Table V. Note that

the classlcal flux loss depends on Te, whereas the empirical seal ings use the

pressure balance temperature Ti + Te which weakens the comparison of the

Classlcal and emp]rlcal scalings The most significant departures from

class)cal scaling were the wfiak scaling with temperature and the inverse scaling

with length

Further evidence of non-classical T@ scaling was obtained from comparison

of 5 and 20 mtorr f]ll pressure cases in FRX–C where Thomson scattering

determination of Te was available, This data comparison again indicated a flux

10ss seal ing with temperature (7W u TeO’6 t 0’2 ) which was weaker thnn the

class~cal scaling lt was ala~ noted In FRX-C that departures from the optimum

formation c0ndit~on8 (P] timing and PI and bias field amplitudes) resulted in

decreases in TV by factors of 1/2 to 1/3,

v]]], Adiabatic Compre&s!on

IIUllLX The response of a high-beta FRC equilibrium to changes in the

external magnetic field can be determined approximately by analytic formulas

7 The change in field canb~sed on the MHD model for elongated equilibria occur
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as e result of either changing the flux in a roil of fixed djssmsion (flux

compression) , or as e result of changing the radius of the coil (rw) with a

fixed amount of flux (wall compression). in the case of flux compression the

value of x9 can be taken as the independent variable. For wall couprerneion, the

plasma response is independent of the pressure profile, but for flux ctwpression

the response of the plasma ie dependent to some extent on the pressure profile,

The results of the theory for adiabatic compression are summarized in Table Vl,

where a parameter c (defined in Ref. 7) is !ntroduced to represent the

variations possible resulting from various d~ffuee profilee. The value of c

varieq from -1, foi- the extreme profile representing the minimum possible flux,

to zero for the other extreme representing the maximum possible flux. Typically

in present experiments, the value of c that correspond to tne observed profiles

is about -1/4 ~ As discussed in Secl IX, these formulas have been found to

predict reasonably well the FRC expans]on during translat~on, which resuits from

a change in both wall radius and externml flux, The formulas have also been

used to predict plasma heating in the proposed FRX-D device described in S:c X.

The magnetic field in FRX-C is limited by the size oi the

avnilable capacitor bank ~ There!ore, it was not possible to teet the

predictions of adiabatic compression over a si~n~ficant range of magnetic field

values However, in the case of full-field 5 mtorr operation, the FRC length

tended to be significantly shorter than the ceil length, and so it was possible

to investigate the adiabatic (flux compression) response of the plasma over a

limlted rance of field values by reducing the final magnetic field. The minimum

possible field was determined by the value that reeulted in an FRC which

●xpanded beyond the ends of the 2 m coil, In Fi84 17 the results of adiabatic

decompression are plotted as a function cf final field strnngth, The formation

conditions of preionization, bmnk voltage, and bias field were held constant,

while the final field was adjusted by dieconnectlng part of the capacitor bank,

The adiabatic formulas for the two extreme profiles are also plotted with the

axperlmental data pc~intu, and the theory is seen to be in reasonable agreement

with the experiment

lx, Trane]ation

~~t In the eunsner of 1980, the FRX< ●xporiment was

modified to permit a~udy of the tran~lation procees 23$35,54 other translation

experiments have also been reported 3’3g’65’68 As ehown in Fig, 15, the
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thete-pinch coil was modified to provide a small gradient in the raagrietic field.

The coil waa ‘affectively a conical theta pinch with a cone angle of 1,4 degrees.

After the FRC was formed it moved under the influence of a net axial force,

which trnnslnted the FRC Into an adjacent flux conserver and dc solenoid.

~~~ Plotted in Fig. 19 IS the time evolution of the

excluded flux rad]us profile ‘AV(Z), The FRC was formed within 10 PS after

initi&tion of the main theta-pinch capacitor bank. Because of inertia, It took

approximately another 20 MS for the plasma to be ejected out of the source, The

plasma entered the translation region with negl~gible flux und particle losses

and propagated 6 m at maximum speed Vz a 17 cm/@ before it reflected from the

downstream mirror. The speed of the FRC was observed to be less (vz w 12 cm/#s)

following reflection The last translational k~net]c energy was observed to be

rtithermalized into the plasma when the mirror rat]o was strongest (~ = 5.3) but

could not be ac~mnted for when the mirror ratio was weaker. Particle, thermal

energy, and flux losses appeared to be unaffected by the reflection. The FRC

translated back tow~rds the source and underwent another reflection from the

mirror formed by the crowbarred theta-p~nch CO1l The plasma eventually settled

down near the center of the translation reg]on and It ultimately decayed away

after 200 #sl The onset of the n = 2 rotational mode occurred later and the

mode grew more slowly dllring these translation experiments

An important independent variable of the experiment was the strength of the

vacuum dc guide field Do in the translation region By reducing the guide f]eld

the plasma was observed to expand, cool, and accelerate, Plotted in Fig 20 ere

the maximum plesmu density nM and pressure balance temperature, T=Te+T1,

observed during the first transit through the translation region These dat~

are normalized to their respective values in the source and they are plotted

against the ratio of th~ mngnitude of th? external confining field,

Bw - Bo/(l-x;) These data are compared with the predictions of the adiabatic

theory7 (da-bed lines) The experiment! ecal ingn of n and T with Bw were

aimilat to that of theory; howev~r, the plaama cooled somewhat less in the

experiment , For an elongated equilibrium one can ahow57 that the total magn-tic

and pla~ma energy in a flux conserving region In

Etotal = ~ Nmiv$ + ~ NkRT + EDV ,
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where N is the particle inventory inside the FRC separatrix volme and ~ i~

the total magnetic energy in the region in the abaence of plasma. Assuming that

EBV is constant in each region and ignoring losses , it follows that the

translation speed for an FRC iaitially at rest can be expressed by the

relationship:

5kBAT ]/2

‘z = l—l 1
‘1

(3)

where AT is the change in the plasma temperature resulting from adiabatic

expansion.

As seen from the Vz data in Fig. 21, FRCS moved faster when translated into

weaker guide !ields. The expected values of Vz given from Eq. (3) and adiabatic

theory are shown by the dashed curve, Reasonably good agreement between theory

and experiment was obtained for larger Bo, however, at sm~ller Boo Vz appeared

limited to approximately the ion thermal speed and it was about 25% smaller than

that predicted,

~ FRC translation in FRX-C/T has been numerically

modeled using a 2-D MHD code58 The simulation shown in Fig, 22 has been

computed for 5 mtorr puff, B. = 25 kG, and mirror ratio %=2,5 conditions

Axial asymmetries in magnetic reconnection during formation result in a brief

acceleration towards the upstream The FRC is eventually accelerated downstream

to peak speeds, Vz m 19 cm/ps, over a time scale comparable to that observed

experimental ly At the t~me of the reflection the plasma density is strongly

peaked at the downstream end to values 2 to 3 times larger than the average

densjty Following th~ reflection the code predicts a speed Vz m 14 cm/#~a,

which iU uim~lar to the experimentrnl oh~ervat Ion that upon reflection the

transl~t]on speed is reduced by about 30%

~E.M.lJl Internal magnetic probing measurements of translating FRCa

35,5f3 60 The Bd component
raV(J13]e(f the presence of a toroidnl field component

showed a non-reproducible fluctuating otructurc with peak amplitude of 1,/3 + 1/2

of the ext~rnal field and a volume-averaaed rms value of (0.16 i 0,08)BW This

range represented toroidal field energy which was 1 ~ 7 % of the plawsa energy

nnd 3 + 30 % of tiie tnternal poloidal field energy The net toroidal flux waa

typically four t\raeo the poloidal flux of ttie FRC (this maflnitude in part
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represents a geometrical effect of the elongated FRC). The sense of the

toroidal flux was almost always left-handed with respect to the direction Of

translation out of the theta pinch coil, suggesting a connection with the

translation process.

FRC equilibria have been cornputed5 with comparable magnitude of Bti as that

observed experimentally. These equilibria show a minor reduction in <IS> but

almost no change in the equilibrium structure (axiul distribution of flux

surfaces) However, it seems unlikely that the observed BO was an equilibrium

quantity in view of its fluctuating character,

During the process of translation, FRCS appeared to maintain

a relatively robust structure which efficiently moved particles, flux, and

energy from one coi! to another. These are encouraging results for the proposed

FRX-D experiment as well as for eventual reactor applications,

x. Formation

Yield-Rev~rg@J@ta P~, The sequence of stages that occur during
.

formation of an FRC have been described elsewhere, ‘] Useful analytic models and

numerical methods have been developed to describe the process
22,58,61 Despite

quantitatively the research carried out in the nreei of

formation nnd relatively good success in the laboratory at forming FRC

configurations, the experimental approach still tends to be an empirical process

of trial and error with strong dependence on the details of preionizatlon in

ways that have yet to be clarified,

The pulsed high-voltage power needed to ●xtrapolate the theta pinch to E

fusion reactor has generally been regarded as a drawback for the FRC concept,

Alternatively, the rotating magnetic field method62 of FRC formation and the

slow coaxial theta pinch63”64 have potential for development as methods that

require lower voltaues. These are issues that will be resolved by further

reeearch, Regardless of the reactor relevance of the field-reversed theta

pinch, this formation method is a proven and affective means for producing PRCS

in the laboratory for the purpose of experimental investigations,

$
~~ An important aspect of the

field-reversed theta pinch formation process is the trapping of poloidal flux

Increas@d flux increase6 the value of ‘s in a given experiment, and the

reduction of average beta associated with larger x~ is expected to improve

30 Furthermore, theparticle confinement @e e renult of reduced density gradients,
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linntation that results from flux loss itself is also of concern as discussed in

Sec. VII. Experimental methods to maintain the poloidal flux after the FFtC is

formed in a theta pinch (neutral beams and rotating magnetic fie~ds or other

forms of rf current drive) have been considered but have not yet been

implemented experimentally. Thus, the lifetime determined by flux loss in

pulsed theta-pinch experiments at this time is primarily determined by the

amount of flux that can be trapped in the formation process.

In FRX-C the formation process has received relatively little attention

until recently when a series of experiments was initiated to investigate

z-discharge preionization, 65 This work is not yet complete, but indications so

far are that the limitation of trapping flux in FRX-C is not directly related to

preionization details. The problem is rather related to the strength of axial

contraction, whi ch Increases in intensity as the amount of trapped flux

increases Above a certain level in trapped flux the axial contraction becomes

so strong that the FRC fails to remain intact during the peak of the axial

contraction.

It is readily seen in the analysis of the dynamic

process that a characteristic flux, often termed the Green-Newton

defined by the initial experimental parameters:

4*(kG-cm2) = 7.1[Eo(kV/cm)] 1/2[po(mtorr) ]1/4[rt]2

formation

f1ux,66 is

(4)

where EO 1s the electric field initially appl~ed to the theta-pinch coil, p. is

the init]al fill pressure, and rt is the discharge tube radius, In Fig 23 the

poloidal flux trapped in various experiments is compared to this characteristic

flux. It 1s readily seen that the trapped flux tends to increase with increases

in the characteristic flux and indeed this tendency can be seen in all models of

formation. The solld line depictn a linear dependence, The points labeled LSM

(a proposed upgrade to FRX-C) and FRX-D are predicted using the Steinhauer

mode161 assuming that the ntrnngth of axial contraction, ● s monitored by the

minimum elongation, is held fixed, These data also show that the balloon or

progranuned-format ion method87’68 results in increased trapped flux ~n devices of
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relatively small size and thus small characteristic flux. A critical issue to

be resolved by future experiments and theoretical studies i$ how the trapped

flux scales with increased size, and whether or not the scaling is dependent or.

the use of programmed formation, particular methods of preionization, or other

details of the formation method.

xl . tt~re plans - FR)(-~

LJMiQd—wwss ~ Based on the results obtained on FRY-C as well as other

FRC experiments around the world, a number of well defined issues have emerged

for future investigations. The most critical of these are the following;

● Particle Confinement

● Stability

● Flux 10SSeS

● Electron thermal conduction

The goal of experimental work should be to address these issues in a regime of

plasma parameters that resembles the reactor regime to as great an extent as

possibie, An important parameter that has recently been identified68 is ;, the

effective number of ion gyroradii b~tween the field null and the separatrix,

~. In the FRC, rAs in any magnetic confinement configuration,

a useful characteristic is the number of ion gyroradil that exist between the

peak of the plasma pressure profile and the outer boundary of the confined

plasma. In most toroidal conflturations the minor radius is an obvious

dimension and the characteristic gyroradius is easily defined. In the FRC the

characteristic dimensions and gyroradius are influenced by the nigh-beta nature

of the equilibrium Near the field null the gyroradius approaches infinity, and

the effective number of gyrorrndii depends in detail upon the internal

distribution of magnetic field between the field null and the separatrix, When

these high-beta effects are taken into account, 68 onr finds that an appropriate

●rtimate of the effective number of gyroradii 1s given by the formula:

(5)
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where Pi is evaluated at ihe local magnetic field within the FRC. In thase

cases where the ion temperature can be &pproximated as uniform in radius, the

value of

:=

where v

E can equally

~..
Zn r~ pio Bw’

well be expressed:

(6)

1s the poloidal fl~:{ I,, other words, the integral that allows

estimation of the number of gyroradli is just the flux integral As mentioned

earner, the flux can be shown to be bounded by limits for the elongated type of

equilibria that characterize present experiments. These limits give the

following range of E values in t~~i ,. of easily measured quantities:

2
‘s R

Emin = — —
442 plo

(c=-l) (7)

(6)

To obtain a better estimate within these limits, one must d~termine the internal

distribution of B(r) by measulernents or by theoretical models such as

one-dimensional transport cal?~llatlons, Notice thut the high-beta magnetic

structure in an FRC has the conskqwnce of ruduc~ng the effective number of ion

orbits by one order of magn~tudr compared with the ratio of characteristic size

to gyrorad)us (R/Pie)

Although the parameter k i~ rather diff)cult to determln~ experimentally,

it is emerging as an extremely important character~stic which can bc used to

distinguish between qualitatively different regimes o! FRC phenomena. Present

5 Y!hereas tranoport modelsexperlfheht~ have values of E which are less than two,

predict that adequate confinement to meet the Lawson condition will require E of

3(I 30’69 The improvement In particle confinement as k increases70about , is seen

explicitly in an analytical tran~port model ‘g bheed on LHD reaistivity I Ii
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Fig. 24 the prediction of particle confinement time TN based on Ref. 69 is

plotted vs. ~ for parameters that would be representative of the next generation

of experiments. It is apparent that with ~ in the range of 6 to 7, the particle

confinement time would approach one millisecond.

The prediction of a fast-growing internal t’,lt mode

(n = 1 ballooning mode) seems to be unavoidable with n the context Gf the Ml-ID

71 The conjecture for many years that the stabiliT.~ ion mi~ntmodel . be due to

strong kinetic effects associated with the lon motion in the hig~. beta FRC has

been substantiated by recent theoret]c~l results .72 In calculations that use the

Vlaaov model for i ons tind cold, massless electrons, it is found that the

dominant stabilizing effect comes from the superthermal portion of the

Maxwell ian distribution. At small ~ these high energy particles have orbits

large enough to sample the open Inagnet]c field llnes whose average curvature IS

good for stability. As = increases the effect dimin:,shes. Thus the growth rate

from the kinetic calculation normalized to the MI-D growth rate (Fig. 25)

increases with ~. The growth r~te in the present regime of E (E < 2) IS

suppressed by more than an order of magnitude from the MHD value. It would

appear from this theory that the mode has not been seen experimentally because

the mode IS only weakly unstable for small 3. In any case the assumptions that

go into the stability analysis are no longer valid when the growth time of the

instability becomes comparable to transport time sceles. Collisions and plasma

rotation are neglected, the electron temperature is zero, and the eigenfunction

for the unstable mode needs to be determined more accurately, Only one

equilibrium has been examined, and it d]ffers is some respects with the

equilibrium determined experimentally Finally, the stability theory is only

linear, and the nonllnear consequences of the instability will have to be

determined either from experiment or 3-D particle simulation (no su:tablc code

exists at this time).

A new experiment has been proposed recently by Los

to address the critical issues of confinement and stability in the new

regime of increased =, To investigate flux loss and thermal conduction at

increased temperatures, the FRX-D facility also includes significant plasma

heating by adiabatic compression, The propo8ed experiment, shown in Fig, 26,

eccomp]ishee the formation, heating, and final trapping of the FRC in three

independent Coils. Formation is done in a large diameter (1,3 m) high-voltage

coil with four feed plates arranged similarly to FRX-C, The purpoee of the high
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voltage is to ensure trapping adequate flux. The energy of the high-voltage

capacitor bank (about 1 MJ) and the rsagnetic field in the formation region

(about 4 kG) are kept small, because after formation the plasma is translated

into the compression coil where the FRC is then heated by adiabatic compression

us lng a lower-voltage capacitor bank (ignitron-switched 10-kV capacitors). The

process of translation improves the efficiency of adiabatic compression, because

the bias field and dimensions of the compression coil are chosen so that the FRC

nearly fills the entire coil before compression. After compression the FRC is

translated a second time into the th~rd coil, which consists of a dc solenoid

with a metal vacuum chamber. The tic fields in the third chamber, which is

actually the existing FRX-C/T translation vessel, eliminate the need for an

expensive and complicated power crowbar system in the compression coil. Such a

system would be required for the plasma lifetimes expected in the compressor.

The second translation into the third coil also permits adjustment of the final

value of the X5, which allows some increese of the value of ~. Parameters

projected for the FRX-D dev~ce are l~sted in Table VII.

The results of research on FRX+ along with the substantial

progress on FRCS from elsewhere around the world have clearly defined the issues

that need to be addressed in a new generation of experiments. The research to

date has been carried out in relatively small devices that are far from the

regime of relevance to a fusion reactor. Although the uncertainties are

numerous , as one would expect given the limited resources that have so far been

devoted to FRC research, the prospects for a qualitatively different and

improved type of fusion reactor give strong motivation for constructing new

facilities capable of addressing the various critical issues,
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Machine.
Coil radius
Magnetic field
Electric field
Coil length
Fill pressure
Bias f)eld

TABLE 1; Representative FRX-B Parameters
17 mtorr

Plasma:
Separatrlx radius

‘s
Ion at.ure
Electruu temperature
Densi ty
Stable period
Particle 10ss time

‘w 125 Cm
Bw 6.5 kG

p 0.41 kV/cm
l.Om

PO 17 mtorr

‘1 2.2 kG

‘s
‘s
T
T;
n

5 cm
0,4 + 0,5
200 eV
110 eV
35x1015 cm-3

‘ohs 30 @s

‘N 39 ps
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TABLE 11: FRX-C Device Parameters

Central coil Radius (1.6 m long) 0.25 m

M~rror Region Radius (0.2 m each end) oq221n

Magnetic mirror ratio 1,17

Coil length 2,0m

Discharge tube ID 0,40 m

MuwLLQw
Main Field (vacuum, no bias) lC.5 kG

Rise time (T/4) 4,5ps

Decay time (L/R in vacuum) 300 @

Electrlc field, E
?

0.41 kV/cm

Bias field (adjus able) 0.4kG

Eauuu!m.QuLt
Main bank (140 2.8-#f caps) 397 kJ 45 kV

B1a~ bank (10.2 mF) 326 kJ 6 kV
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TABLE 111: Representative FRX-C Plasma Parameters

Magnetic field(kG)
Bias f~eld(kG)
Separatrix radius(cm)

‘s
Separatrix length(cm~.
Ion temperature

;;;;;;;;l:?v:;h;re ‘ev)

Stable perlod(ws)
Particle 10ss tlme(ps)
Energy loss time(~s)
Flux loss time(ps)

Bw 8

‘1 0.’7

‘s 9

‘s 0.36
Is 130
Ti 825
T

e 175
n 1.9X1015

‘oils 30 + 70

‘N 67225

‘“E 35

‘v
250

?
1.6
10
0.40
150
150
100
5xlc115
55 -0 110
154225
80
160
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T

Te

Tl

v

n

‘s

N
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TABLE IV: Quantities used in O-D Model

External field

Te + Ti

Electron temperatures

Ion temperature

Volume

Separatrix radius

Electrons contained in

separatrix

Magnetic obes

Pressure balance

Thomson scattering

Pressure balance

Magnetic probes

Side on interferometer;

rs from magnetic probes

Magnetic probes

Two methods - see text
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TABLE V. Flux Confinement Scaling TV - @ax~~cTd

a b ‘~ d

Class lcal O 2 0 1.5 (Te)

FRX-c/T -ltO.6 2.0to. e G,2~0.4 0.2f0.3 (Tl + Te)

TRX-I’ - 2.0 0<3 -01 (Tl +Te)

‘each exponent 1s the average of those of good and bad PI data.
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TABLE VI: Adiabatic compression laws

Adiab~tic scallng’

2
2(3-?-7)/7 (]—1s ‘s

‘~)-(l+c-yC)/y ~w2/5
2

~2
-2(3-c)(f-1)/7 (~—

‘M Xs f$l+’)(7-’)’y %-8’5

2
-2(3-c),’Y (l_..—

nM ‘s
‘S)-(I+C)(7-I)IY ~w-12/5
~

BW -3+& -2
‘s ‘w

‘In these laws 7 = 5/3



rw(cm)

‘s

l~(m)

nM(1015 cm-b)

T= = Tj (eV)

B (kG)

E (MD)

Ep (kJ)

Coil Voltage (kV)

Fill (mtorr)

Bias Field (kG)
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TABLE VII: FRX-D Parameters

64

0.55

2.6

1,0

188

4<0

4.2

80

200

5.5

1

37

0.6+0,52

5,7+1.9

o.8+4.7

150+521

3.2+14.1

5.6+4.6

64+221

10

17.5

0.8

4.2

5.0

500

14.1

6,5

212

dc
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Fig. 1 Field reversed configuration geometry in a theta pinch coil,
showing the closed field lines of the FRC within the separetrix radius rs,
the open field line region outs~de the separatrix, the quartz vacuum
vessel , and the coil with its passive mirrors.

Fig. 2 Comparison of the external B field measured in FRX-A and FRX-B
between the quartz tube and the coil at the axial raidplane. Traces are
shown for both vacuum and a static 5 mtorr D2 fill Pressure.

Fig. 3 Schematic of the FRX-C Yield reversed theta pinch.

Fig. 4 Photograph of the FRX-C/T confinement region showing dc coils and a
portion of the theta pinch coil.

Fig. 5 Itadlal Jndl profile at z=O for 20 mtorr. The sOlid circles are

experimental data. The curves correspond to (a) parabolic, (b) uniform,
and (c) modeled FRC density profiles.

F~g> 6 Axial profiles of Jndl and rAW at 20 mtorr in the middle of the
equilibrium phase. The open and solid circles a-e experimental data for
r /rA (0) and jndl/~ndl (0), respectively. The dashed curves are
e~~~pt~cal and racetra;k cent.curs ~

Fig 7 End–on lnterfe, ogram of an FRC formed with 20 mtorr fill pressure
shown within the quartz

Fig. 8 Scaling of part
from end-on holography,
profile; and solld circ
model The solld line

Flg 9 Time evolutiol

v&;uum vessel and theta pinch coil

cle confinement time TN with R2/Plo; open circles
triangles from side-on interferometry and rhp axial
es from Tuszewski-Linford lower hybrid transport
s an empirical fit to the data

of the total electron inventory measured with the
holographic Interferometer for (a) 20 mtorr and (b) 5 mtorr The lines
lnd)cate the best fit to the exponential decay.

F]g 10 End-on holographic interferograms of the FRC at two times show)ng
th- stabilizing effect of the quadruple Yleld&,

Fig 11 Time evolutlon of the magnetic field, separatrix radius and length,
average density, and pressure-balance temperature, w~th and without
quadruple f~elds, for the 20 mtorr fill pressure case,

Fig, 12 Time evolution of the magnetic f:eld, separatrlx radius and length,
av,~rage dengity, and ~res~ure-balance temperature , with and w
quadruple fields, for the 5 mtorr fill pressure ca8e.

Fig 13 Time evolution of the line-integrated density and rota’
parameter a with and without quadruple fields The arrows indica<
time at which the quadruple fields were applied,

thout

i ona 1
e the
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Fig. 14 Time evolution of the magnetic field, separatrix radius and volume,
average density, pressure-balance temperature, electron temperature from
Thomson scattering, neutron emission, and electron inventory from side-on

and end-on interferometry for the 5 mtorr fill pressure case, together with
the zero dimensional modeling (dashed llnes) of the data.

Fig. 15 Time evolut]on of the magnetic field, separatrix volume and radius,
pressure-balance and Thomson scattering temperatures, average density, and
●lectron inventory for the 20 mtorr fill pressure case, together with zero
dimensional modeling (dashed lines) of the data.

Fig. 16 Radial profile of electron temperature measured by Thomson
scattering, together with the prediction of a one dlmensioual energy

transport model

Fig, 17 Variation of xs, separatrix length, and pressure-balance and
electron tersperatures with magnetic field, together with the predictions of
adiabatic theory for the high (dashed line) ar.d low (solid line) flux
profiles.

Fig. 18 Schematic of the FRX-C\T translation experiment.

F~g. 19 Axial profile of the FRC separatrix radius at var~ous times.

Fig. 20 Ratio of final - to - initial mnximum dens i ty (0) and
pressure-balance temperature (b) as a function of magnetic field ratio
The dashed lines are the predictions from adlabatlc theory.

Fig, 21 Variation of the axial velocity of the translating plasma w~th the
dc guide field in the translation vessels.

Fig. 22 Calculated pololdal flux surf~ces from a 2-D MHD code used to model
the FRX-C/T translation experiment, The time in rnlcroseconds lS shown at
the upper right corner of each frame

Fig, 23 Variation of trapped flux with Green-Newton flux for various FRC
experiments together with predictions for future experiments,

Fig, 24 Variation of particle confinement time with ~, predicted from the
Hoffman-Ml lroy model based on lower hybrid drift transport.

Fig. 25 Variation of the growth rate for the Internal tilt mode predicted
by kinetic theory, normalized by the MH.Drate, with E. The dashed line IS
the approximate threshold for the mode to be observable during the FRC
lifetime in FRX-C.

Fig. 26 Coil system for the proposed FRX-D experiment
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