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The focus of the field-reversed configurati0RRC) experiment with a liner(FRX-L) is the
formation of a target FRC plasma for magnetized target fusion experiments. An FRC plasma with
density of 18° m™3, total temperature in the range of 150-300 eV, and a lifetime=20 us is
desired. Field-reverseé-pinch technology is used with programed cusp fieldg-abil ends to
achieve non-tearing field line reconnections during FRC formation. Well-formed FRCs with density
between(2—4) X 10?2 m3, lifetime in the range of 15-2@s, and total temperature between 300—
500 eV are reproducibly created. Key FRC parameters have standard deviation in the mean of 10%
during consecutive shots. The FRCs are formed at 50 mTorr deuterium static fill using 2 kG net
reversed bias field inside thé-coil confinement region, with external main field unexpectedly
ranging between 15-30 kG. The high-density FRCs confinement properties are approximately in
agreement with empirical scaling laws obtained from previous experiments with fill pressure mostly
less than 20 mTorr. Analyses in this paper reveal that reducing the external main field modulation
and/or extending the)-coil length in the FRX-L device are critical in achieving higher FRC
parameters for application in magnetized target fusion2@5 American Institute of Physics
[DOI: 10.1063/1.1899648

I. INTRODUCTION line tension or curvature force balances the particle pressure
at the ends(axial direction. Inside the separatrix, closed
Magnetized target fusidrf (MTF) is an alternate fusion magnetic field linestrapped flux are embedded in the com-
energy concept intermediate in density and lifetime to usuabact plasma toroid. This closed-field-line topology makes the
magnetic fusion eneréy(MFE} and inertial confinement ERC robust during translatidhand hopefully during com-
fusion” (ICF) schemes, but which combines features of both, ession. An FRC naturally exhibits two prominent features:

MTF uses a magnetized plasma compressed by an exterrmle plasmag is close to unity, and the open-field lines at

flux_ c?giervirr:_? ST]e” or I“pushler_,” S0 compres_sion i.S ir:\ilr:tsle-coil ends act as divertors to potentially divert the influx of
as mn » while thermal insulation s magnetic as in -impurities from plasma-wall interactions. FRC has been in-
Advantages of this concept include lower system cost due to_ . . .
L . . . . vestigated for decades since the 1960s, and the experimental
a significantly increased compression time scale relative tg . .
: . . results up to 1988 were reviewed by Tuszewski.
ICF (easily achievable by existing pulsed power systems Th h to the FRC-MTE sch includ Gimi
and a much smaller system size relative to MFE. A variety of i e?fhprota_cl ° g 0T i hi ic. emz_lf?c u ?? optimi-
plasmas might be suitable for a target, and there are also%gHon of e triple produchii7, whic |s_aé?|1 fsren ocus
number of compression concepts and methodologies to confompPared to other present FRC experimefits: The first
press the plasm® We have chosen the field-reversed con-OPiective o th(g scheme is to produce FRC plasma with den-
figuration (FRC) plasma as the target plasma along with aSity of 10°° m™, total temperature in the range of 150-300
solid cylindrical liner(pushey to adiabatically compress the €V, and a lifetime of~20 us as a target plasma for MTF.
FRC in the FRC-MTEFE scheme at Los Alamos National Labo-Although none of these individual parameters of the target
ratory_ The reasons for the choice are discusse&RC for MTF is a historic achievement Compared to pl’evi—
elsewherg:% "8 ous FRC experiments,the requirement to produce such an
An FRC formed by traditional field-reverse@ipinch ~ FRC plasma with each parameter in the desired range is
(FRTP (Ref. 9 method is sketched in Fig. 1. The FRC quite a challenge. Especially, the FRC must be highly repro-
plasma is enclosed inside a separatrix volume. External magtucible so that further translation into a liner region and
netic field pressure of open-field lines outside the separatrisubsequent compression does not occur for a badly formed
balances plasma pressure in the radial direction; closed-fieldirget or no target plasma at all. After considering the several
available FRC formation techniqué’swe concluded that the
¥Electronic mail: sy_zhang66@hotmail.com FRTP method is the most promising one and historically
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FIG. 1. The geometry of FRC by FRTP formation technique. FIG. 2. A cutaway view of FRX-L. Thef-coil length and diameter, the

quartz tube diameteg-coil segments, cusp coils, and excluded flux plates
are shown; some of the important diagnostics are also shown.

demonstrated the ability to form clean I&y; FRC plasmas

in a similar density range as desired for an MTF targelzrc shots are analyzed in detail to reveal current FRC con-
plasma(refer to Table Il of Ref. 11 However, optimal FRC  finement properties and problems; and in Sec. IV, statistics
formatlon is always a trl_a_l-and-error process in each specifig, presented to show how well we can reproduce the illus-
device, and some empirical procedures must be formulatef;ieq high-density FRC, which establishes confidence on us-

: 2,16
to get reproducible FRC pIa;mHsl. ing FRC as the target plasma for MTF. The paper concludes
The existing FRC scaling laws such as FRC stablgy summary and brief discussions.

time”™° flux retention, particle inventory, and energy
confinemen?**2°-?2as well as heatinlﬁ due to flux annihi-
lation were obtained from experimental data at low fill pres-
sures (typically fill pressure Po<20 mTorr, yielding ng FRX-L is designed to form, confine, and translate the
~107%-10% m3), yet the target FRC plasma density in MTF target FRC plasm& As shown in Fig. 2, FRX-L has a quartz
is desired to be 7§ m™3. Such high-density FRCs are very tube vacuum chamber with internal diameter of 10.6 cm and
collisional compared to all previous experime?ﬁsThere- a length of 100 cm. The tube is surrounded by an aluminum
fore, the extrapolation of the empirical laws into the high-single turn coil(#-coil) with internal diameter of 12.6 cm and
density FRC regime has to be verified. The situation will betotal length ofl,;=36 cm. The coil is segmented into four
more uncertain when the FRC is further compressed in theections providing three 1 cm slots between coil segments
MTF scheme. for the accessibility of side-on diagnostics. Bias field bank,
FRC stability in the high-density regime is another issue preionization(Pl) ringing field bank, and main field bank are
It has been found that FRC stability and transport behavioconnected in parallel to the-coil. A pair of cusp/mirror coils
are related to the FRC size parame$grFRC elongatiorE, sits at both ends of-coil with stainless steel platéSS flux
and their ratioS/E, where S is the number of ion skin excludey between theg-coil and cusp coils. The bias field,
depths evaluated at volume averaged density inside the sepRl field, main field, cusp field, and the plates define the mag-
ratrix radiug’ (S is approximately related with smadlby  netic configuration at thef-coil ends and determine net
S ~10s, where smalk is defined as the ratio of FRC radial soaked bias field, inside the#-coil region, which affects
scale length to the ion gyroradius at the separktfiy, and ~ FRC formation.
E is the ratio of FRC separatrix length over twice the sepa-  Diagnostic challenges on FRX-L are unique, because of
ratrix radiust' 1310202224250 vever, the exact stability the high-density, short time scale FRC plasma, the strong-
boundaries have not been identified. The field-reversed corpulsed electromagnetic environment around the compact-
figuration experiment with a lingiFRX-L) experiments pro- sized device, and the restricted access to the plééma.
vide a real case of FRC formation in the?4n-10**m™  shown in Fig. 2, the four segments 6éfcoil are labeled as
density regime with well diagnosed data to compare withA, B, C, and D from west to east. Magnetic field pick-up
previous experiments and theoretical work. probes(B-dotg are inserted from the top through 4.6 mm
In this paper, optimum well-formed FRC plasmas with diameter holes, touching the tube outer wall to measure the
high electron density of2—4) X 10?2 m™3, total temperature local axial magnetic field. A total of 16 probes along the
of 300-500 eV, and lifetime of 15-20@s are analyzed to axial direction gives 2 cm axial resolution in excluded flux
compare with previous empirical scaling laws. The achievedadius profile measuremerfts.An eight-channel helium-
FRC density is within a factor of 2-3 from the desired den-neon(A=632.8 nm laser interferometer looks through half
sity in FRC-MTF scheme, the FRC stable time is half theof the tube cross section at midplane, measuring the line
desired value, and the temperature is in the desired range fortegrated densities at the following impact parameter radii:
the MTF target plasma. In Sec. Il, the experimental device =0 cm, 0.7 cm, 1.9 cm, 2.4 cm, 3.0cm, 3.4 cm, 3.6 cm, and
and the diagnostics are briefly described; in Sec. Ill, typical.2 cm. Side-on optical arrays, optical multi channel analyzer

II. EXPERIMENTAL FACILITY AND DIAGNOSTICS
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TABLE I. Basic diagnostics in FRX-L.

Measured and deduced
plasma parameters

Diagnostics

description Installation

Laser interferometefHe—Ne,
A=632.8 nm

Local axial external magnetic fields,
magnetic fluxes

Two-dimensional magnetic field mapping

Eight channels; impact parameters at 0, 0.7, 1.9, 2.4, 3.0, 3.4,Eight line integrated densitie$s),
3.6, and 4.2 cm; Abel inversion for density radial profile ready particle retention;; FRC stable timerg

16 axial magnetic probes spaced 2 cm apart; B.(2), rs, X, (B), 79, FRC volume,
four flux loops at eacl#-coil section particle retentiong,

Three pairs of radial and axial prob@sait ends located in ~ Tracking cusp point locations a@kcoil
the slots among@-coil end, excluded flux plate, and cusp coil ends during FRC formation

Optical multichannel analyz®MA) spectroscopy viewing Characteristic spectral lines of impurities
plasma through end-on on-axis and side-on centerline, gated, 6@, Si, O, indication of impurity varieties
continuous mode, 400—700 nm and contents

DIGIKROM 240 Time history of impurity line

Framing camera IMACON 775; end-on, 8 frames,ifdterval, Plasma asymmetry, macroinstability
0.2 us exposure

Two optical array fans, each consists of 8 channels. Visible lIBRC shape, instability,
intensity and movement

Two to six locations alaraxis. Te(r,t,2)

Plasma impurity monitoring
Temporal evolution of impurity line
Plasma macrodynamics

Plasma macroinstability

Multipoint Thomson scattering system

spectrometer$OMA), and various monochromators are fed 1 us(26.5-27.6us) plateau immediately after the FRC is

via optic fibers accessing through either slots betw@enil
segments or holes on tlecoil segments. The basic diagnos-
tics on FRX-L are summarized in Table |.

The axial profile of separatrix radii of an FRC is ap-
proximated by the measured excluded flux radiisf. 29,

formed, the middle of the equilibrium, and the development
of n=2 rotational instability. The FRC has high parameters
immediately after its formation: electron density maintains at
about 4x 10?2 m™3 and total temperature reaches about 550
eV. These are almost twice the values measured during the

re=ryp=(-A®/7B)Y2 whereAd andB, are directly mea-
sured by flux loops and local magnetic probes. The volum
average betdp) is then derived by(8)=1-x2/2 x=r/r,
wherer, is the 6-coil inner radius:* An estimation of total Time evolution of half the separatrix lengthis shown
FRC temperature is based on the FRC radial pressure equit Fig. 4(b). I is defined as the length from the end-to-end of
librium n(Te+T,)=(B)B2/ 210, Wheren=[ndr/2rgis volume the FRC separatrix volume wheng decreases from maxi-
averaged density, i.e, the center chord-line-density divided

middle of the equilibrium around 3@s.

eB. FRC dimensions and particle confinement

; ; ; shot 3074
by twice the separatrix radius. T ?:g r w
IIl. TYPICAL HIGH-DENSITY FRC PLASMA IN FRX-L E 06 -
) ) TE 3.0 fne densi —00cm

A. Evolution of FRC basic parameters % 15b T _[‘f___e“s"y ..... 07cm | -

Figure 3 shows the time histories of typical high-density 7 “°F - — © 1
FRC plasma parameters at 50 mTorr deuterium static fill in zf, 3of ° .
FRX-L. The net reversed bias fieB} is about 2 kG by the = ook
time when the main field is switched on at 24%. Key $ 30 :_/\/‘ V\diﬁ;,/’\/\/‘\/\gd) .
plasma parameters are summarized in Table Il. Atu30 0 ]
which is 5 us after FRC formation, and during the middle of & 0,90 booproermns P> e 0.3
the FRC equilibrium, the average volume density is 2 Y .80
X 107 m™3, total temperature is 270 eV, and internal poloidal ~ 10 AD (f) 3
flux trapped in FRC is about 0.5 mWb, when estimated by E 5 E
CDp:wrgBe(xS/\fE)?’*a, taking e=0.25 consistent with FRX- o6l

. »n 0.4F -1
series data”'®**These numbers represent the present capa- X o,f Xs @3
bility for FRX-L to produce and confine an FRC plasma. 0.0 :

Due to the large inductance in the transmission (ine g o8 W"
cluding crowbar rail-gap switchgsthe crowbarred main £ 8:3 [ 3
field experiences strong ringing, which trims the FRC plasma 2 0 time. (u9) 35 40

performance in FRX-L all the time. As shown in Fig.eB
the modulation is as high a8y -B,)/(By—By) ~50%, FIG. 3. Temporal evolutions of FRC parametdes.External field measured
whereB,, is the peak field in the first cycle after the main at mi_dplane,(b) line density at center chor_(d;olid line) and off-center chord
field is switched on aan is the minimum in the first cycle. with impact parameter of 0.7 cidashed ling (c) volume average density,
. . . . (d) total temperature(e) volume averages, (f) excluded flux measured at
The FRC performance can easily be distinguished into thref=:'nidplane,(g) normalized separatrix radius at midplane, &hyl estimated

stages in  the  equilibrium: the  approximate trapped poloidal flux in FRC.
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TABLE II. Key FRC parameters in typical FRC shot in FRX-L. escaped from either ends of tiecoil at speed up te-10%

of the Alfvén velocity. FRC elongatio& changes from 2.9
Key FRC parameters At 26s AL 30 ps immediately after axial contraction to 3.6 when the FRC ex-
Volume density(10% m™3) 4 2 pands to maximum volume due By, decreasing as a result
Total temperaturéeV) 550 270 of ringing of the main field.
Averagef 0.92 0.90 The FRC separatrix volum&/ggc=[ld(7r2) in shot
Xe 0.38 0.45 3074 is 2.0 104 m® at 27 us and 3.%X 104 m® at 30 us.
Ploidal flux (mWh) 0.55 0.50 They are 6% and 11%, respectively, of the cylindrical vol-
External field(kG) 30 15 ume confined by th&-coil sections. Early experiments such

as LSX* TRX-2, and FRX-C! had ratios between 7%—18
% with fill pressures below 10 mTorr. The FRC particle in-
ventory [Fig. 4(d)] is subsequently estimated biXNp
mum at midplane t@,q~1 cm at each end. We choose the =V ndr/2r,, where the integral is the center chord-line-
1 cm truncation value becausgq, is bigger thanrg at the  density measured by side-on interferometry at the midplane
ends of an FRC plasnfd,and increased error arises from (z=0). The FRC particle inventory just after axial contrac-
noise in excluded flux measurements when calculatiggat  tion is 8.9x 108, which indicates that 85% of the total par-
FRC ends. This truncation may lead to underestimation oficles contained inside the quartz tube in the lengtt#-abil
FRC plasma volume and particle inventory compared to theé, are trapped. Previous experiments showed fractions rang-
definitions adopted by Steinhau8lIso shown in Fig. 40),  ing between 35%—10098:>' Here the FRC volume is calcu-
the axial location and movement of the centroid of the FRQated based on real time excluded flux radii axial profiles.
is indicated by comparing the displacements of FRC ends |t is obvious in Fig. 4d) that the good particle confine-
from geometric centez=0. In shot 3074, the FRC center ment was maintained between 26.5-3a%and deteriorated
was about 0.7 cm west from-coil midplane initially and  significantly whenB, increased again from minimum due to
drifted to ~1.7 cm west oz=0 at the middle of equilibrium  ringing. Defining particle confinement tim@fetime) as 7
phase. The center moved toward the west end obitbeil at ~ =-Np/(dNp/dt),®**> we obtain 7 =40pus during
a speed of~0.6 cm/us, which is several percent of the local 26.5-30.5us andy=~ 16 us afterwards. Since the observa-
Alfven velocity. In poorly formed FRC shots, FRCs often tion time is shorter than the particle lifetime, an estimate of
error of £10% can arise in obtaining the confinement time
when adjusting the time range in the exponential fitting pro-
Shet 3074 cedure; this is also true in the process of obtaining flux con-

— 3.0 T finement time in the following discussions. However, it will
-g 20 i (8) be shown in Sec. IV that most FRC parameters can be repro-
2 L duced with standard deviations in the mean of less than 10%,
> 1.0F when consecutive shots were discharged in a restricted opti-
m mum operational parameter window to form the typical
0.0 IS shekefelebsbdeed bl bbbt/ ke FRCs such as shown in Fig. 3. This implies that the analyses
i performed here in one typical shot can appropriately repre-

-
(&)

sent the set of well formed FRCs at 50 mTorr in FRX-L. As
shown in Fig. 5, the obtained particle confinement time
~40 us during 26.5-30.%s in the shot is plotted into the
Fig. 8 of Ref. 12. The value is slightly above the fitting curve
(empirical scaling'? while the valuery=~16 us is much
lower than the fitting curve when external field starts increas-
ing again.

5.00

YIS A T = w1

o
a]

C. FRC flux trapping and confinement properties

The FRC shown in Fig. 3 also has good initial flux trap-
ping and retention efficiency. Lift-off field, o is estimated
during the radial compression phase by excluded flux mea-
surementgFig. 3(g)].16 BLozAtl)a/(Zwrfv)z 1.7 kG, where
. . . Ad, is the average of excluded flux during the radial com-
25 30 35 pression phase ang,=5.32 cm is the quartz tube inner ra-

time (us) dius. B, is about 84% of the applied net bi&s~2 kG in

the shot. The final flux retention factdrs/® 5~0.33 is in

FIG. 4. 'I_'ime historigs o_(a) external field measured at midplamb) half of very good agreement with empirical scaling./®, o
separatrix length(solid line), west vertex of FRC separatrix volume from :O.BErW(cm) Pé’z(mTorr), WhereCI>e is an equilibrium value

midplane(thin dashed ling and east vertex of FRC separatrix volume from . _ LN .
midplane(thick dashed ling (c) FRC separatrix volume; arid) FRC par-  Of the trapped internal flux and o =By (y) is the lift-off

ticle inventory. flux.3!

-
n O

Np(10'5) VFRC“O.‘ms) Is/2(cm)
N
(8]

paaatae s glansg

o

B

8
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FIG. 5. Comparing particle confinement timg of typical high-density ~ FIG. 6. Comparing flux confinement timg, of typical high-density FRC in
FRC in FRX-L with previous experiments and empirical scaling. FR¥sL ~ FRX-L with previous experiments and empirical scaling. FRX},. ob-
obtained during 26.5-30 s immediately after formation is added in Fig. 8 tained during 26.5-30.as immediately after formation is plotted in Fig. 6
of Ref. 12. The experiments afex, TRX-1, r;=12 cm, (O, FRX-B, r, of Ref. 12. The experiments afe<, TRX-1, r,.=12 cm), (O, FRX-B, r
=12.5 cm, (+, TRX-2,r,=12.5 cm), (A, FRX-C,r.=25 cm), (O, FRX-C/ =12.5 cm, (+, TRX-2,r.=12.5 cn), (A, FRX-C,r.=25 cm), (O, FRX-C/
LSM, r.=35 cm), (%, LSX, r,=45 cm, (®, LSM/COMP,r.=23 cn), and LSM, r.=35cm), (<, FIX, r.=40 cm, (%, LSX, r,=45 cm), (@, LSM/
(¥, FRX-L, r,=6.29 cm. COMP, r.=23 cm), and(V, FRX-L, r,.=6.29 cn).

Another important formation related factor i®.0  formed and 4.5 times longer thag, from the middle of the
=Byo/Ban, WhereBgy is the Green-Newton fieltiG o is a equilibrium phase. Figure 6 compareg obtained during
heating related indication factor during FRC formation by26_\:.-,_30.5'uS with data from previous experiments and em-
FRTP method. HigheG, o would allow more prominent re- pirical scaling. The FRX-L data are plotted in Fig. 6 of Ref.
sistive and axial contraction he_atmg that favqrs ourintentiony s . and n, scaling laws derived by Hoffmah approxi-
to produce ~a high-density FRC with adequatemately describe the FRX-L FRC's confinement times at 50
temperaturé:> At 50 mTorr in FRX-L, Bey~3.2 kG and  mTorr until FRC properties deteriorate due to external field
GLo~0.5. According to Tuszewsk, the ratio of the total  odulation.
temperaturerl over ;ero—bias temperature linily observes The major differences between scaling laws and experi-
the scalingT/T=(v3/2)(1+1.7G{3)*+2.7G{4. The mea- mental data in the middle of the equilibrium phasenen
suredT/T, in the typical shot is estimated as 2.7 if taking external field starts increasingre due to the severe main
temperature data immediately after FRC formation, andield ringing. Figure 7 shows the excluded radius axial pro-
T/Ty=1.4 if using temperature at 3@s. These numbers fije at 27us and 30us in the same shot as Fig. 3. The
show that FRX-L observes the scaling that was already Veriseparatrix length is almost as long as theoil length around
fied by experimental results from FRX-series, TRX-series;=30 us. We suspect that the ringing caused rapid internal
and LSM experiment$! flux loss by opening the closed-field lingsoloidal flux) in

The flux time history is similar to the particle inventory, he FRC when the FRC expanded axially and got close to the
as seen in the plot of FRC internal fliiig. 3()]. Applying  g.cojl ends, and particles that found themselves on open-field
an exponential fit to FRC internal flux, a flux confinement|jnes were rapidly lost. Here are the two proposed mecha-

. _ : : 022 _
time 74,=-®p/ (ddp/dY) is obtained™* 7, is about 20us  nisms that are responsible for the process. First, the FRC
during 26.5-30.5«s and 6.7us as the FRC is compressed

again by external field. The values ef, and 74, during
26.5-30.5us are intrinsic to FRX-L FRC properties, and we
expect they should apply to the entire FRC equilibrium when 6F T T T T T T T T T T T T fc=62cm
we considerably improve the crowbar switch operation inthe~ |~~~ Y W Py
near future. g

Q
S~
[

4
| = 2_
0

D. Comparing FRX-L to FRC empirical scaling laws

Many attempts have been made to establish scaling law:

or theoretical models to describg and 7y,.'%*1718:20.21.32 t -10 0 10 a;t

e
Using the 7, scaling® of 7, (m9=9Trs )/ coll end Z (cm) coll end
X\pi (cm)]%14 wherep; is ion gyroradius at external fiefd,
the instantaneousq) are estimated asq,(t=27 ,U«S)=28 uS FIG. 7. Meagured excluded_ﬂux radius axial_prqfile at %/ (the squares
and 74(t=30 ws) =30 us, respectively. The flux confinement and dashed lineand at the middle of FRC equilibriug30 us, the triangles
. . . . and solid ling. Markers on the line represent measurements from each probe
time 74 calculated from the scaling is 40% higher than the|gcation along axisz=0 at midplane of-coil. The lines are spline interpo-

experimental data obtained immediately after the FRC igated to the measured data points.

Downloaded 05 May 2005 to 128.165.101.75. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



052513-6 Zhang et al. Phys. Plasmas 12, 052513 (2005)

TABLE llI. Characteristic dimensions and collisional scale lengths of FRCsstability analyses have defined the exact boundaries of FRC
in FRX-L, FRX-B (Ref. 18, TRX-1 (Ref. 20, and LSX(Ref. 12 experi- stable regimes. The typical FRX-L FRCs haSdE~5 (or

ments. s/IE~0.55, where S =15s=1.6), E~2.9 at time of
Parameters ERX-L TRX-1 FRX-B Lsx  26.5us, andS/E~3.4 (or s/E~0.46), where S ~12(s
~1.66), E=~3.6 during the middle of equilibrium phase.
Po(mTorr) 50 20 17 2.5 These numbers put FRX-L FRCs into the margins of stability
re(cm) 6.29 12,5 12,5 45 limits suggested by previous experiménts and
ro(cm) 2.9 2.7 5 158 theories**?°Nevertheless, in Sec. IV, we will show that very
A (cm) 2.2 6.5 10 68 good reproducibility can be achieved in forming such high-
pgi(cm) 0.09 03 0.3 0.5 density FRCs in FRX-L.
rs/ pgi 32 ° 17 32 The FRC stable time is of particular interest in FRX-L
rs/\ 13 0.4 0.5 0.2 for the intention of using FRC as a target for MTF. Given the

funding and time constraints in the current FRC-MTF pro-

experiences stronger interactions with neutral gas at its pédram, as well as the obvious increased complexity in the
ripheries (separatrix when the FRC moves towards the Possible system design, applying multipole fiéld® sup-
¢-coil ends. Second, the axial balanced equilibrium betweeRress then=2 instability in the FRC-MTF scheme is not
the FRC and the open-field line magnetic pressure could ndbvestigated experimentally; therefore we are concerned how
be maintained due to the suddenly reduced open-line fields iS related to other parameters as in the early days of FRC
pressure at thé-coil ends, the FRC must reduce its pressureesearctt/*®**This is a topic that has not been addressed
by opening closed-field lines accordingly. These possibilitiegnuch since complete suppression of tire2 instability by
suggest that extending FRX4-coil length should be helpful ~€xternal multipole fields was demonstrated. As shown in Fig.
to confine FRCs better. 3(a) the FRC is usually terminated as time=2 rotational

It is observed thatry~ 27 in the typical FRC in instability grows. The stable time; is about 8.5us for the
FRX-L. We suspect that the temperature profile and resistivPlasma shown in Fig. 3. The FRC lifetime is about 1p5
ity profile may not be uniform inside the separatrix radius,determined from the excluded flux measureniéfig. 3(g)]
which differs from previous FRCs if it is true. Historically, at the midplangz=0).
most of the experimental data under 20 mTorr gave From FRX-A and FRX-B data, Lipsdhformulated the
N~ 79221233 The few attempts that actually measured FRCscaling 7;=0.6R?/ pi(us), whereR=y2/2r is the FRC ma-
internal temperature profiles by Thomson scattering diagnodor radius. This formula would lead ta~21 us in the FRC
tics also suggested an almost uniform temperature profilghown in Fig. 3. As plasma spin-up is mostly caused by
inside the FRC separatri{3* With the assumption of flat Pparticle loss and end shorting, TuszewSkok into account
temperature profile together with other assumptions, it ighe contributions of these two factors and proposed an em-
found that most resistivity profiles are approximately uni-pirical scaling law onr to relate both the particle loss char-
form in the FRCs withry~ 7¢.2%?***However, the FRC in  acteristic timery and the end shorting parameteggV,,
FRX-L is fairly collisional compared with previous Wherel.is the 6-coil length andv, is the Alfvén velocity in
experiment$® Table Il lists characteristic dimensions and the FRC open-field line. The derived scaling7d#1/7p
collisional scale lengths of FRCs in FRX-L, FRX!}8, +1/7, wherer, and 7, are proportional tory and lc/Va,
TRX-1% and the LSX(Ref. 12 experiments. FRX-L is respectively, was claimed to be consistent with all then avail-
compact in size, but has the highest density and collisionalitpble FRC data. This scaling would givg~14-18us in the
among all the experiments. As an example, taking FRX-Ltypical FRX-L FRC based on the measureg after axial
FRC data at 3Qus, the ion mean free path ~2.2 cm, ion  contraction and in the middle of equilibrium. The measured
gyroradius at separatripg~0.09 cm, the FRC separatrix 7s=~8.5us in FRX-L is 2-2.5 times less than either of the
radiusrs~ 2.9 cm, and thusg/\, ~ 1.3, andrg/ pgi~32. It is predictions. Since the two formulas worked well with previ-
conceivable that a nonuniform temperature profile may exisfus experimental data, and FRX4, and 7y are in fairly
inside the separatrix enclosure in this relatively collisionalgood agreement with previous experiments, we would again
FRC. ascribe the discrepancy to the main field modulation that

FRC energy confinemerit?is not analyzed in this pa- causes abrupt confinement deterioration in the FRC equilib-
per due to two reasons. First, the complexity of including the'lum, as shown previously in the;, and 7y analyses. There-
effects of FRC shape and volume changes during the extefore, reducing the main field modulation and/or extending
nal field modulation, which is severe in this case; second, théhe length of thes-coil will likely extend the good FRX-L
lack of independent measurements of FRC temperature timeonfinement properties promptly after formation throughout
history and spatial profile. Without addressing these two isthe whole equilibrium phase.
sues, an FRC energy confinement analysis in FRX-L may not

be meaningful to compare to empirical scaling. IV. REPRODUCIBLE HIGH-DENSITY FRC PLASMAS IN
E. FRC stability and stable time FRX-L

FRCs in FRX-L have sma#l value between 1.5-1.7 that An optimum parameter window that includes fill pres-
falls into the established FRC good confinement Isw sure, reversed bias field inside theoil, impurity content in
regime*?%?? However, neither experiments nor theoreticalthe preionization plasma, control of cusp locationg-&pil
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The FRCs are formed at 50 mTorr deuterium static fill at
2 kG net reversed bias field inside tl#lecoil confinement
region. During a set of consecutive discharges, major FRC
parameters are shown to be within 10% deviations from their
mean values. The data validated the extrapolation of previ-
L ous scaling laws to the fairly collisional FRCs in FRX-L.
However, it will be very important to watch for the develop-
ment of possible growing discrepancies with empirical scal-
ing laws as we explore even higher density FRCs.
- Large differences exist in the FRC stable time, which is
{ . - 2-2.5 times less than scaling. They are believed to be result-
ing from external main field modulation, which caused
abrupt confinement deterioration due to opening trapped field
lines in the FRC. Therefore, either reducing external field
modulation considerably or extending tlfecoil length to
u accommodate FRCs inside tl#ecoil will hopefully extend
5 { . s " the good confinement properties which showed agreement
* . with scaling laws to the rest of the FRC equilibrium phase.
This could eventually lead to much longer FRC stable time
and higher density during the equilibrium phase if the good
confinement and transport properties will be retained in high-
. ! A 1 density regime.
0 2 4 6 8 10 Lack of independent temperature profile measurements
. prevents us from further understanding the naturerf
consecutive shots ~ 27¢, Which is different from most previous experimental
FIG. 8. Statistics on FRC average density during middle of FRC equilib-resunS of 7y~ 7¢. This could be a clue that shows differ-
rium (top), the estimated poloidal flugmiddle), and the FRC stable time ences in high-density collisonal FRCs, and that fine structure
(bott(_)m) in the‘ trial set of consecutive eight discharges to repr(_)duce highof resistivity and temperature profiles may exist in very col-
density FRCs in FRX-L at 50 mTorr. Rectangles represent data in each shofis s | FRCs, Fill pressure scans into higher density regimes
triangles are mean values over the shots. Error bars are standard deviations. . ] . .
at higher bias field levels are needed to further clarify these
issues.
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ends, and precise timing of initiating main external field to

avoid asymmetries in preionization plasma has been identPCKNOWLEDGMENTS
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