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The focus of the field-reversed configurationsFRCd experiment with a linersFRX-Ld is the
formation of a target FRC plasma for magnetized target fusion experiments. An FRC plasma with
density of 1023 m−3, total temperature in the range of 150–300 eV, and a lifetime of<20 ms is
desired. Field-reversedu-pinch technology is used with programed cusp fields atu-coil ends to
achieve non-tearing field line reconnections during FRC formation. Well-formed FRCs with density
betweens2–4d31022 m−3, lifetime in the range of 15–20ms, 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 theu-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 theu-coil length in the FRX-L device are critical in achieving higher FRC
parameters for application in magnetized target fusion. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1899648g

I. INTRODUCTION

Magnetized target fusion1,2 sMTFd is an alternate fusion
energy concept intermediate in density and lifetime to usual
magnetic fusion energy3 sMFEd and inertial confinement
fusion4 sICFd schemes, but which combines features of both.
MTF uses a magnetized plasma compressed by an external
flux conserving shell or “pusher,” so compression is inertial
as in ICF, while thermal insulation is magnetic as in MFE.
Advantages of this concept include lower system cost due to
a significantly increased compression time scale relative to
ICF seasily achievable by existing pulsed power systemsd,
and a much smaller system size relative to MFE. A variety of
plasmas might be suitable for a target, and there are also a
number of compression concepts and methodologies to com-
press the plasma.5,6 We have chosen the field-reversed con-
figuration sFRCd plasma as the target plasma along with a
solid cylindrical linerspusherd to adiabatically compress the
FRC in the FRC-MTF scheme at Los Alamos National Labo-
ratory. The reasons for the choice are discussed
elsewhere.1,2,7,8

An FRC formed by traditional field-reversedu-pinch
sFRTPd sRef. 9d method is sketched in Fig. 1. The FRC
plasma is enclosed inside a separatrix volume. External mag-
netic field pressure of open-field lines outside the separatrix
balances plasma pressure in the radial direction; closed-field

line tension or curvature force balances the particle pressure
at the endssaxial directiond. Inside the separatrix, closed
magnetic field linesstrapped fluxd are embedded in the com-
pact plasma toroid. This closed-field-line topology makes the
FRC robust during translation10 and hopefully during com-
pression. An FRC naturally exhibits two prominent features:
the plasmab is close to unity, and the open-field lines at
u-coil ends act as divertors to potentially divert the influx of
impurities from plasma-wall interactions. FRC has been in-
vestigated for decades since the 1960s, and the experimental
results up to 1988 were reviewed by Tuszewski.11

The approach to the FRC-MTF scheme includes optimi-
zation of the triple productnTt, which is a different focus
compared to other present FRC experiments.12–15 The first
objective in the scheme is to produce FRC plasma with den-
sity of 1023 m−3, total temperature in the range of 150–300
eV, and a lifetime of<20 ms as a target plasma for MTF.
Although none of these individual parameters of the target
FRC for MTF is a historic achievement compared to previ-
ous FRC experiments,11 the requirement to produce such an
FRC plasma with each parameter in the desired range is
quite a challenge. Especially, the FRC must be highly repro-
ducible so that further translation into a liner region and
subsequent compression does not occur for a badly formed
target or no target plasma at all. After considering the several
available FRC formation techniques,11 we concluded that the
FRTP method is the most promising one and historicallyadElectronic mail: sy_zhang66@hotmail.com
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demonstrated the ability to form clean lowZeff FRC plasmas
in a similar density range as desired for an MTF target
plasmasrefer to Table II of Ref. 11d. However, optimal FRC
formation is always a trial-and-error process in each specific
device, and some empirical procedures must be formulated
to get reproducible FRC plasmas.11,12,16

The existing FRC scaling laws such as FRC stable
time,17–19 flux retention, particle inventory, and energy
confinement12,13,20–22as well as heating16 due to flux annihi-
lation were obtained from experimental data at low fill pres-
sures stypically fill pressure P0,20 mTorr, yielding ne

,1020–1021 m−3d, yet the target FRC plasma density in MTF
is desired to be 1023 m−3. Such high-density FRCs are very
collisional compared to all previous experiments.23 There-
fore, the extrapolation of the empirical laws into the high-
density FRC regime has to be verified. The situation will be
more uncertain when the FRC is further compressed in the
MTF scheme.

FRC stability in the high-density regime is another issue.
It has been found that FRC stability and transport behavior
are related to the FRC size parameterS* , FRC elongationE,
and their ratioS* /E, where S* is the number of ion skin
depths evaluated at volume averaged density inside the sepa-
ratrix radius20 sS* is approximately related with smalls by
S* ,10s, where smalls is defined as the ratio of FRC radial
scale length to the ion gyroradius at the separatrix12,13d, and
E is the ratio of FRC separatrix length over twice the sepa-
ratrix radius.11–13,16,20,22,24,25However, the exact stability
boundaries have not been identified. The field-reversed con-
figuration experiment with a linersFRX-Ld experiments pro-
vide a real case of FRC formation in the 1022 m−3–1023 m−3

density regime with well diagnosed data to compare with
previous experiments and theoretical work.

In this paper, optimum well-formed FRC plasmas with
high electron density ofs2–4d31022 m−3, total temperature
of 300–500 eV, and lifetime of 15–20ms are analyzed to
compare with previous empirical scaling laws. The achieved
FRC density is within a factor of 2–3 from the desired den-
sity in FRC-MTF scheme, the FRC stable time is half the
desired value, and the temperature is in the desired range for
the MTF target plasma. In Sec. II, the experimental device
and the diagnostics are briefly described; in Sec. III, typical

FRC shots are analyzed in detail to reveal current FRC con-
finement properties and problems; and in Sec. IV, statistics
are presented to show how well we can reproduce the illus-
trated high-density FRC, which establishes confidence on us-
ing FRC as the target plasma for MTF. The paper concludes
with summary and brief discussions.

II. EXPERIMENTAL FACILITY AND DIAGNOSTICS

FRX-L is designed to form, confine, and translate the
target FRC plasma.26As shown in Fig. 2, FRX-L has a quartz
tube vacuum chamber with internal diameter of 10.6 cm and
a length of 100 cm. The tube is surrounded by an aluminum
single turn coilsu-coild with internal diameter of 12.6 cm and
total length of lc=36 cm. The coil is segmented into four
sections providing three 1 cm slots between coil segments
for the accessibility of side-on diagnostics. Bias field bank,
preionizationsPId ringing field bank, and main field bank are
connected in parallel to theu-coil. A pair of cusp/mirror coils
sits at both ends ofu-coil with stainless steel platessSS flux
excluderd between theu-coil and cusp coils. The bias field,
PI field, main field, cusp field, and the plates define the mag-
netic configuration at theu-coil ends and determine net
soaked bias fieldB0 inside theu-coil region, which affects
FRC formation.

Diagnostic challenges on FRX-L are unique, because of
the high-density, short time scale FRC plasma, the strong-
pulsed electromagnetic environment around the compact-
sized device, and the restricted access to the plasma.27 As
shown in Fig. 2, the four segments ofu-coil are labeled as
A, B, C, and D from west to east. Magnetic field pick-up
probessB-dotsd are inserted from the top through 4.6 mm
diameter holes, touching the tube outer wall to measure the
local axial magnetic field. A total of 16 probes along the
axial direction gives 2 cm axial resolution in excluded flux
radius profile measurements.28 An eight-channel helium-
neon sl=632.8 nmd laser interferometer looks through half
of the tube cross section at midplane, measuring the line
integrated densities at the following impact parameter radii:
r =0 cm, 0.7 cm, 1.9 cm, 2.4 cm, 3.0 cm, 3.4 cm, 3.6 cm, and
4.2 cm. Side-on optical arrays, optical multi channel analyzer

FIG. 1. The geometry of FRC by FRTP formation technique. FIG. 2. A cutaway view of FRX-L. Theu-coil length and diameter, the
quartz tube diameter,u-coil segments, cusp coils, and excluded flux plates
are shown; some of the important diagnostics are also shown.
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spectrometerssOMAd, and various monochromators are fed
via optic fibers accessing through either slots betweenu-coil
segments or holes on theu-coil segments. The basic diagnos-
tics on FRX-L are summarized in Table I.

The axial profile of separatrix radiirs of an FRC is ap-
proximated by the measured excluded flux radiussRef. 29d,
rs< rDF=s−DF /pBed1/2, whereDF andBe are directly mea-
sured by flux loops and local magnetic probes. The volume
average betakbl is then derived bykbl=1−xs

2/2 ,xs=rs/ rc,
where rc is the u-coil inner radius.11 An estimation of total
FRC temperature is based on the FRC radial pressure equi-
librium nsTe+Tid=kblBe

2/2m0, wheren=endr/2rs is volume
averaged density, i.e, the center chord-line-density divided
by twice the separatrix radiusrs.

III. TYPICAL HIGH-DENSITY FRC PLASMA IN FRX-L

A. Evolution of FRC basic parameters

Figure 3 shows the time histories of typical high-density
FRC plasma parameters at 50 mTorr deuterium static fill in
FRX-L. The net reversed bias fieldB0 is about 2 kG by the
time when the main field is switched on at 24.1ms. Key
plasma parameters are summarized in Table II. At 30ms,
which is 5ms after FRC formation, and during the middle of
the FRC equilibrium, the average volume density is 2
31022 m−3, total temperature is 270 eV, and internal poloidal
flux trapped in FRC is about 0.5 mWb, when estimated by
Fp=prc

2Besxs/Î2d3+«, taking «=0.25 consistent with FRX-
series data.10,18,23These numbers represent the present capa-
bility for FRX-L to produce and confine an FRC plasma.

Due to the large inductance in the transmission linesin-
cluding crowbar rail-gap switchesd, the crowbarred main
field experiences strong ringing, which trims the FRC plasma
performance in FRX-L all the time. As shown in Fig. 3sed,
the modulation is as high assBM −Bmd / sBM −B0d,50%,
whereBM is the peak field in the first cycle after the main
field is switched on andBm is the minimum in the first cycle.
The FRC performance can easily be distinguished into three
stages in the equilibrium: the approximate

1 mss26.5–27.6msd plateau immediately after the FRC is
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 431022 m−3 and total temperature reaches about 550
eV. These are almost twice the values measured during the
middle of the equilibrium around 30ms.

B. FRC dimensions and particle confinement

Time evolution of half the separatrix lengthls is shown
in Fig. 4sbd. ls is defined as the length from the end-to-end of
the FRC separatrix volume whenrDF decreases from maxi-

TABLE I. Basic diagnostics in FRX-L.

Diagnostics
description Installation

Measured and deduced
plasma parameters

Laser interferometersHe–Ned,
l=632.8 nm

Eight channels; impact parameters at 0, 0.7, 1.9, 2.4, 3.0, 3.4,
3.6, and 4.2 cm; Abel inversion for density radial profile ready

Eight line integrated densities;kbl,
particle retention,tN; FRC stable timets

Local axial external magnetic fields,
magnetic fluxes

16 axial magnetic probes spaced 2 cm apart;
four flux loops at eachu-coil section

Beszd , rs, xs, kbl , tF, FRC volume,
particle retention,tp

Two-dimensional magnetic field mapping Three pairs of radial and axial probes atu-coil ends located in
the slots amongu-coil end, excluded flux plate, and cusp coil

Tracking cusp point locations atu-coil
ends during FRC formation

Plasma impurity monitoring Optical multichannel analyzersOMAd spectroscopy viewing
plasma through end-on on-axis and side-on centerline, gated, or
continuous mode, 400–700 nm

Characteristic spectral lines of impurities
sO, Si, Cd, indication of impurity varieties
and contents

Temporal evolution of impurity line DIGIKROM 240 Time history of impurity line

Plasma macrodynamics Framing camera IMACON 775; end-on, 8 frames, 1ms interval,
0.2 ms exposure

Plasma asymmetry, macroinstability

Plasma macroinstability Two optical array fans, each consists of 8 channels. Visible light
intensity

FRC shape, instability,
and movement

Multipoint Thomson scattering system Two to six locations alongz axis. Tesr ,t ,zd

FIG. 3. Temporal evolutions of FRC parameters.sad External field measured
at midplane,sbd line density at center chordssolid lined and off-center chord
with impact parameter of 0.7 cmsdashed lined, scd volume average density,
sdd total temperature,sed volume averageb, sfd excluded flux measured at
midplane,sgd normalized separatrix radius at midplane, andshd estimated
trapped poloidal flux in FRC.
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mum at midplane torDF,1 cm at each end. We choose the
1 cm truncation value becauserDF is bigger thanrs at the
ends of an FRC plasma,29 and increased error arises from
noise in excluded flux measurements when calculatingrDF at
FRC ends. This truncation may lead to underestimation of
FRC plasma volume and particle inventory compared to the
definitions adopted by Steinhauer.30 Also shown in Fig. 4sbd,
the axial location and movement of the centroid of the FRC
is indicated by comparing the displacements of FRC ends
from geometric centerz=0. In shot 3074, the FRC center
was about 0.7 cm west fromu-coil midplane initially and
drifted to,1.7 cm west ofz=0 at the middle of equilibrium
phase. The center moved toward the west end of theu-coil at
a speed of,0.6 cm/ms, which is several percent of the local
Alfvén velocity. In poorly formed FRC shots, FRCs often

escaped from either ends of theu-coil at speed up to,10%
of the Alfvén velocity. FRC elongationE changes from 2.9
immediately after axial contraction to 3.6 when the FRC ex-
pands to maximum volume due toBe decreasing as a result
of ringing of the main field.

The FRC separatrix volumeVFRC=elsdsprs
2d in shot

3074 is 2.0310−4 m3 at 27ms and 3.7310−4 m3 at 30ms.
They are 6% and 11%, respectively, of the cylindrical vol-
ume confined by theu-coil sections. Early experiments such
as LSX,12 TRX-2, and FRX-C,31 had ratios between 7%–18
% with fill pressures below 10 mTorr. The FRC particle in-
ventory fFig. 4sddg is subsequently estimated byNP

=VFRCendr/2rs, where the integral is the center chord-line-
density measured by side-on interferometry at the midplane
sz=0d. The FRC particle inventory just after axial contrac-
tion is 8.931018, which indicates that 85% of the total par-
ticles contained inside the quartz tube in the length ofu-coil
lc are trapped. Previous experiments showed fractions rang-
ing between 35%–100%.30,31Here the FRC volume is calcu-
lated based on real time excluded flux radii axial profiles.

It is obvious in Fig. 4sdd that the good particle confine-
ment was maintained between 26.5–30.5ms and deteriorated
significantly whenBe increased again from minimum due to
ringing. Defining particle confinement timeslifetimed as tN

=−NP/ sdNP/dtd,20,22 we obtain tN<40 ms during
26.5–30.5ms andtN<16 ms afterwards. Since the observa-
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-
cedure; this is also true in the process of obtaining flux con-
finement time in the following discussions. However, it will
be shown in Sec. IV that most FRC parameters can be repro-
duced with standard deviations in the mean of less than 10%,
when consecutive shots were discharged in a restricted opti-
mum operational parameter window to form the typical
FRCs such as shown in Fig. 3. This implies that the analyses
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 timetN

<40 ms during 26.5–30.5ms in the shot is plotted into the
Fig. 8 of Ref. 12. The value is slightly above the fitting curve
sempirical scalingd,12 while the valuetN<16 ms is much
lower than the fitting curve when external field starts increas-
ing again.

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 fieldBLO is estimated
during the radial compression phase by excluded flux mea-
surementsfFig. 3sgdg.16 BLO<DFa/ s2prw

2d<1.7 kG, where
DFa is the average of excluded flux during the radial com-
pression phase andrw=5.32 cm is the quartz tube inner ra-
dius. BLO is about 84% of the applied net biasB0<2 kG in
the shot. The final flux retention factorFe/FLO<0.33 is in
very good agreement with empirical scalingFe/FLO

=0.85rwscmdP0
1/2smTorrd, whereFe is an equilibrium value

of the trapped internal flux andFLO=BLOsprw
2d is the lift-off

flux.31

TABLE II. Key FRC parameters in typical FRC shot in FRX-L.

Key FRC parameters At 26.5ms At 30 ms

Volume densitys1022 m−3d 4 2

Total temperatureseVd 550 270

Averageb 0.92 0.90

Xs 0.38 0.45

Ploidal flux smWbd 0.55 0.50

External fieldskGd 30 15

FIG. 4. Time histories ofsad external field measured at midplane;sbd half of
separatrix lengthssolid lined, west vertex of FRC separatrix volume from
midplanesthin dashed lined, and east vertex of FRC separatrix volume from
midplanesthick dashed lined; scd FRC separatrix volume; andsdd FRC par-
ticle inventory.
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Another important formation related factor isGLO

=BLO/BGN, whereBGN is the Green–Newton field.9 GLO is a
heating related indication factor during FRC formation by
FRTP method. HigherGLO would allow more prominent re-
sistive and axial contraction heating that favors our intention
to produce a high-density FRC with adequate
temperature.9,31 At 50 mTorr in FRX-L, BGN<3.2 kG and
GLO<0.5. According to Tuszewski,31 the ratio of the total
temperatureT over zero-bias temperature limitTI observes
the scalingT/TI =sÎ3/2ds1+1.7GLO

1.5d−1+2.7GLO
1.2. The mea-

suredT/TI in the typical shot is estimated as 2.7 if taking
temperature data immediately after FRC formation, and
T/TI <1.4 if using temperature at 30ms. These numbers
show that FRX-L observes the scaling that was already veri-
fied by experimental results from FRX-series, TRX-series,
and LSM experiments.31

The flux time history is similar to the particle inventory,
as seen in the plot of FRC internal fluxfFig. 3shdg. Applying
an exponential fit to FRC internal flux, a flux confinement
time tF=−FP/ sdFP/dtd is obtained.20,22 tF is about 20ms
during 26.5–30.5ms and 6.7ms as the FRC is compressed
again by external field. The values oftN and tF during
26.5–30.5ms are intrinsic to FRX-L FRC properties, and we
expect they should apply to the entire FRC equilibrium when
we considerably improve the crowbar switch operation in the
near future.

D. Comparing FRX-L to FRC empirical scaling laws

Many attempts have been made to establish scaling laws
or theoretical models to describetN and tF.10,11,17,18,20,21,32

Using the tF scaling12 of tF smsd=9x.s
0.5frs smd /

3Îri scmdg2.14, whereri is ion gyroradius at external field,12

the instantaneoustF are estimated astFst=27 msd=28 ms
andtFst=30 msd=30 ms, respectively. The flux confinement
time tF calculated from the scaling is 40% higher than the
experimental data obtained immediately after the FRC is

formed and 4.5 times longer thantF from the middle of the
equilibrium phase. Figure 6 comparestF obtained during
26.5–30.5ms with data from previous experiments and em-
pirical scaling. The FRX-L data are plotted in Fig. 6 of Ref.
12. tF and tN scaling laws derived by Hoffman12 approxi-
mately describe the FRX-L FRC’s confinement times at 50
mTorr until FRC properties deteriorate due to external field
modulation.

The major differences between scaling laws and experi-
mental data in the middle of the equilibrium phaseswhen
external field starts increasingd are due to the severe main
field ringing. Figure 7 shows the excluded radius axial pro-
file at 27ms and 30ms in the same shot as Fig. 3. The
separatrix length is almost as long as theu-coil length around
t=30 ms. We suspect that the ringing caused rapid internal
flux loss by opening the closed-field linesspoloidal fluxd in
the FRC when the FRC expanded axially and got close to the
u-coil ends, and particles that found themselves on open-field
lines were rapidly lost. Here are the two proposed mecha-
nisms that are responsible for the process. First, the FRC

FIG. 5. Comparing particle confinement timetN of typical high-density
FRC in FRX-L with previous experiments and empirical scaling. FRX-LtN

obtained during 26.5–30.5ms immediately after formation is added in Fig. 8
of Ref. 12. The experiments ares3, TRX-1, rc=12 cmd, sh, FRX-B, rc

=12.5 cmd, s+, TRX-2, rc=12.5 cmd, sn, FRX-C, rc=25 cmd, ss, FRX-C/
LSM, rc=35 cmd, s., LSX, rc=45 cmd, sP, LSM/COMP, rc=23 cmd, and
s., FRX-L, rc=6.29 cmd.

FIG. 6. Comparing flux confinement timetF of typical high-density FRC in
FRX-L with previous experiments and empirical scaling. FRX-LtF ob-
tained during 26.5–30.5ms immediately after formation is plotted in Fig. 6
of Ref. 12. The experiments ares3, TRX-1, rc=12 cmd, sh, FRX-B, rc

=12.5 cmd, s+, TRX-2, rc=12.5 cmd, sn, FRX-C, rc=25 cmd, ss, FRX-C/
LSM, rc=35 cmd, sL, FIX, rc=40 cmd, s., LSX, rc=45 cmd, sP, LSM/
COMP, rc=23 cmd, ands., FRX-L, rc=6.29 cmd.

FIG. 7. Measured excluded flux radius axial profile at 27ms sthe squares
and dashed lined and at the middle of FRC equilibriums30 ms, the triangles
and solid lined. Markers on the line represent measurements from each probe
location along axis;z=0 at midplane ofu-coil. The lines are spline interpo-
lated to the measured data points.
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experiences stronger interactions with neutral gas at its pe-
ripheries sseparatrixd when the FRC moves towards the
u-coil ends. Second, the axial balanced equilibrium between
the FRC and the open-field line magnetic pressure could not
be maintained due to the suddenly reduced open-line field
pressure at theu-coil ends, the FRC must reduce its pressure
by opening closed-field lines accordingly. These possibilities
suggest that extending FRX-Lu-coil length should be helpful
to confine FRCs better.

It is observed thattN,2tF in the typical FRC in
FRX-L. We suspect that the temperature profile and resistiv-
ity profile may not be uniform inside the separatrix radius,
which differs from previous FRCs if it is true. Historically,
most of the experimental data under 20 mTorr gave
tN,tF.22,12,33The few attempts that actually measured FRC
internal temperature profiles by Thomson scattering diagnos-
tics also suggested an almost uniform temperature profile
inside the FRC separatrix.18,34 With the assumption of flat
temperature profile together with other assumptions, it is
found that most resistivity profiles are approximately uni-
form in the FRCs withtN,tF.20,21,33However, the FRC in
FRX-L is fairly collisional compared with previous
experiments.23 Table III lists characteristic dimensions and
collisional scale lengths of FRCs in FRX-L, FRX-B,18

TRX-1,20 and the LSX sRef. 12d experiments. FRX-L is
compact in size, but has the highest density and collisionality
among all the experiments. As an example, taking FRX-L
FRC data at 30ms, the ion mean free pathlI ,2.2 cm, ion
gyroradius at separatrixrgi,0.09 cm, the FRC separatrix
radiusrs,2.9 cm, and thusrs/lI ,1.3, andrs/rgi,32. It is
conceivable that a nonuniform temperature profile may exist
inside the separatrix enclosure in this relatively collisional
FRC.

FRC energy confinement13,22 is not analyzed in this pa-
per due to two reasons. First, the complexity of including the
effects of FRC shape and volume changes during the exter-
nal field modulation, which is severe in this case; second, the
lack of independent measurements of FRC temperature time
history and spatial profile. Without addressing these two is-
sues, an FRC energy confinement analysis in FRX-L may not
be meaningful to compare to empirical scaling.

E. FRC stability and stable time

FRCs in FRX-L have smalls value between 1.5–1.7 that
falls into the established FRC good confinement lows
regime.13,20,22 However, neither experiments nor theoretical

stability analyses have defined the exact boundaries of FRC
stable regimes. The typical FRX-L FRCs haveS* /E<5 sor
s/E<0.55d, where S* <15ss<1.6d , E<2.9 at time of
26.5ms, and S* /E<3.4 sor s/E<0.46d, where S* <12ss
<1.66d , E<3.6 during the middle of equilibrium phase.
These numbers put FRX-L FRCs into the margins of stability
limits suggested by previous experiments35,36 and
theories.24,25Nevertheless, in Sec. IV, we will show that very
good reproducibility can be achieved in forming such high-
density FRCs in FRX-L.

The FRC stable timets is of particular interest in FRX-L
for the intention of using FRC as a target for MTF. Given the
funding and time constraints in the current FRC-MTF pro-
gram, as well as the obvious increased complexity in the
possible system design, applying multipole fields37 to sup-
press then=2 instability in the FRC-MTF scheme is not
investigated experimentally; therefore we are concerned how
ts is related to other parameters as in the early days of FRC
research.17,18,38 This is a topic that has not been addressed
much since complete suppression of then=2 instability by
external multipole fields was demonstrated. As shown in Fig.
3sad the FRC is usually terminated as then=2 rotational
instability grows. The stable timets is about 8.5ms for the
plasma shown in Fig. 3. The FRC lifetime is about 15.5ms
determined from the excluded flux measurementfFig. 3sgdg
at the midplanesz=0d.

From FRX-A and FRX-B data, Lipson17 formulated the
scalingts<0.6R2/rismsd, whereR=Î2/2rs is the FRC ma-
jor radius. This formula would lead tots<21 ms in the FRC
shown in Fig. 3. As plasma spin-up is mostly caused by
particle loss and end shorting, Tuszewski19 took into account
the contributions of these two factors and proposed an em-
pirical scaling law onts to relate both the particle loss char-
acteristic timetN and the end shorting parameterslc/VA,
wherelc is theu-coil length andVA is the Alfvén velocity in
the FRC open-field line. The derived scaling 1/ts=1/tP

+1/tv, where tP and tv are proportional totN and lc/VA,
respectively, was claimed to be consistent with all then avail-
able FRC data. This scaling would givets<14–18ms in the
typical FRX-L FRC based on the measuredtN after axial
contraction and in the middle of equilibrium. The measured
ts<8.5 ms in FRX-L is 2–2.5 times less than either of the
predictions. Since the two formulas worked well with previ-
ous experimental data, and FRX-LtF and tN are in fairly
good agreement with previous experiments, we would again
ascribe the discrepancy to the main field modulation that
causes abrupt confinement deterioration in the FRC equilib-
rium, as shown previously in thetF andtN analyses. There-
fore, reducing the main field modulation and/or extending
the length of theu-coil will likely extend the good FRX-L
confinement properties promptly after formation throughout
the whole equilibrium phase.

IV. REPRODUCIBLE HIGH-DENSITY FRC PLASMAS IN
FRX-L

An optimum parameter window that includes fill pres-
sure, reversed bias field inside theu-coil, impurity content in
the preionization plasma, control of cusp locations atu-coil

TABLE III. Characteristic dimensions and collisional scale lengths of FRCs
in FRX-L, FRX-B sRef. 18d, TRX-1 sRef. 20d, and LSX sRef. 12d experi-
ments.

Parameters FRX-L TRX-1 FRX-B LSX

P0smTorrd 50 20 17 2.5

rcscmd 6.29 12.5 12.5 45

rsscmd 2.9 2.7 5 15.8

lIscmd 2.2 6.5 10 68

rgiscmd 0.09 0.3 0.3 0.5

rs/rgi 32 9 17 32

rs/lI 1.3 0.4 0.5 0.2
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ends, and precise timing of initiating main external field to
avoid asymmetries in preionization plasma has been identi-
fied in FRX-L. As a demonstration, eight consecutive shots
were fired at the same engineered parameter settings in the
parameter window to check how well FRX-L may reproduce
key FRC parameters. Figure 8stopd shows statistics of the
volume density around 30ms during the FRC equilibrium.
The averaged density is 1.831022 m−3, with standard devia-
tion in the mean of 7%. Figure 8smiddled shows the statis-
tics of trapped flux immediately after axial contraction, the
average is 0.5 mWb, with standard deviation in the mean of
3%. Figure 8sbottomd shows FRC stable timets:6.4–7.4ms,
which has the largest variation among all parameters sur-
veyed. The reason is that FRC stable times counted on the
details of FRC evolution histories, and we know that the
FRC confinement properties changed dramatically during the
FRC equilibrium.

V. SUMMARY

Typical high-density FRC data in FRX-L are presented
and analyzed. The FRCs have a density ofs2–4d
31022 m−3, lifetime of 15–20ms, and total temperature of
300–500 eV. The achieved FRC density is within a factor of
2–3 from the desired density in the FRC-MTF scheme, the
FRC stable time is half the desired value, and the total tem-
perature is in the desired range for the MTF target plasma.

The FRCs are formed at 50 mTorr deuterium static fill at
2 kG net reversed bias field inside theu-coil 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-
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 theu-coil length to
accommodate FRCs inside theu-coil will hopefully extend
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-
density regime.

Lack of independent temperature profile measurements
prevents us from further understanding the nature oftN

,2tF, which is different from most previous experimental
results oftN,tF. This could be a clue that shows differ-
ences in high-density collisonal FRCs, and that fine structure
of resistivity and temperature profiles may exist in very col-
lisonal FRCs. Fill pressure scans into higher density regimes
at higher bias field levels are needed to further clarify these
issues.
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