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There is a resurgence of interest in high density FRC’s as part of a path to fusion relevant plasmas.
All theta pinch formed FRCs have some shock heating during formation, but ohmic heating from
magnetic flux annihilation is also desirable to heat the ( n > 5x1022 m−3 ), plasma. At the field
null, anomalous resistivity is typically invoked to characterize the resistive like flux dissipation
process. The flux dissipation process is both a key issue for MTF and an important underlying
physics question We show that the high density FRXL FRC is extremely collisional in the sense
that the mean free path for Coulomb collisions can be much smaller than the scale size of this
FRC. On the other hand, the Lundquist number is large, and the evaluation of resistivity seems to
be amenable to semi empirical scaling laws, which were primarily developed and benchmarked for
collisionless Field Reversed Configurations (FRC). We show similarities and differences between
the high density FRC data and a database that includes many other FRC experimental data
worldwide. The FRXL data extend the known FRC database an order of magnitude or more in
density, collisionality, and other dimensionless parameters. Commonly accepted FRC transport
and scaling models can then be tested for a wide range of conditions, and then be useful for
extrapolation to future plasma compression experiments.

PACS numbers:

I. INTRODUCTION

A compact toroid (Es’kov et al. , 1979) (Furth, 1979)
(CT) is ideally an axisymmetric magnetic field configuration with currents and magnetic fields that have toroidal
symmetry and closed magnetic flux surfaces. One common feature is that these are simply connected geometries, i.e. neither coils, vacuum vessel, nor other objects
link the plasma toroid. The CT offers intriguing potential for containing a fusion reactor relevant plasma, due
to compact size and efficient confinement of plasma pressure that is nearly equal to the externally applied magnetic field pressure. The taxonomy of CT’s encompasses
a broad spectrum of possible magnetic configurations including the Field Reversed Configuration (FRC) (Armstrong et al. , 1981; Tuszewski, 1988) with magnetic field
that is entirely toroidal, the spheromak with equivalent
magnitudes of toroidal and poloidal magnetic field (Bussac et al. , 1978; Rosenbluth & Bussac, 1979), (Bellan,
2000) the astron (Christofilas, 1959) which has a large ratio of ion gyro radius to plasma dimension, and the field
reversed mirror (Pearlstein, 1978) which might be realized as either FRC or spheromak. It has become apparent
that at least the FRC and spheromak rely on relaxation
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processes that involve annihilation of magnetic flux and
dissipation of magnetic energy. These processes can include magnetic reconnection and ohmic like dissipation,
but are only beginning to be understood.
The FRXL experiment creates a very large density and
pressure FRC. Data from FRXL extends the known FRC
database an order of magnitude or more in density, collisionality, and other dimensionless parameters. Commonly accepted FRC transport and scaling models can
then be tested for a wide range of conditions, and then
be useful for extrapolation to future plasma compression
experiments.

II. RESISTIVITY

In the context of resistive magnetohydrodynamics
(MHD), resistivity η defines a relation between the current density J and the electric field E. A generalized
Ohm’s Law can include the following terms (and more
we omit)
ηJ = E + v × B +

J ×B
∇p
−
+ ...
en
en

(1)

where v is the bulk fluid flow, e is electric charge, n is
density, and p is a scalar pressure.
Magnetic flux diffusion in space and perpendicular to
the local magnetic field lines can be characterized with a
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diffusion coefficient
Dη = η⊥ /µ0

(2)

where we have used the Braginskii estimate for perpendicular and parallel resistivities η⊥ = 1.96η|| . Flux dissipation can be accounted for by a dissipated power density P = ηJ 2 . Resistivity can be written in terms of a
collision frequency ν
η=

ν

(3)

2 
ωpe
0

where ωpe is the electron plasma frequency. One might
expect ν to correspond to the coulomb collision scattering
for charged particle collisions ν = νC However in many
interesting plasmas, including experiments (?) space, astro and solar physics plasmas, the coulomb collisionality
is far less than would be required to explain the inferred
large apparent resistivities. In this sense these plasmas
can be regarded as collisionless which exhibit a resistivity
η ∗ that is anomalously large.
Recently, experiments have demonstrated that it is
possible to vary the Coulomb collisionality over a wide
range, and estimate the apparent anomalousness of the
resistivity (Trintchouk et al. , 2003) (Intrator et al. ,
2004). The microphysics origin of the anomalous collisionality has been the subject of extensive speculation
over the last 50 years. In the MRX magnetic reconnection experiment, an electromagnetic branch of the Lower
Hybrid Drift instability (LHDI) has been implicated but
it is not known if this a general conclusion for any other
examples in nature or laboratory. (Kulsrud et al. , 2005)
(Ji et al. , 2005). Other estimates of η ∗ for FRC’s have
shown an anomalous factor η ∗ /η⊥ of 1-20 for a wide range
of FRC parameters (Tuszewski, 1988) and for spheromaks (Bellan, 2000). The Lundquist number is a useful
figure of merit that compares the collisionality is the ratio of resistive diffusion time τR to Alfven transit time τA
.
S=

τR
LvA
=
τA
η⊥ /µ0

(4)

where L is the length scale of interest, vA is the Alfven
speed, and τA = L/vA .
III. FRC EXPERIMENT WITH A WIDE RANGE OF
COLLISIONALITY

It would be useful if one could separately vary the
Coulomb collisionality and the Lundquist number. The
FRX-L experiment at LANL is a small, high density experiment that relies on a moderate energy but high voltage main capacitor bank and small size to operate with
a large toroidal electric field. FRX-L (Taccetti et al. ,
2002) (Intrator et al. , 2004) (Zhang et al. , 2005) is a
high density FRC intended to create a robust plasma target for Magnetized Target Fusion (?) (Intrator et al. ,
Intrator

2004) (Kirkpatrick et al. , 1995). that has both a large
range of experimentally accessible density and electron
temperature Te so that a wide range of coulomb collisionalities can be experimentally accessed.
The FRC parameter space including high density was
only briefly explored in the early days of fusion research,
which focused on the theta pinch. In the 1960’s and
1970’s it was shown that (Eberhagen & Grossmann,
1971) (McLean et al. , 1967) (Kaleck et al. , 1967) high
density theta pinches and FRC’s were possible. But subsequent interest in tokamaks diverted interest from these
concepts. Today with more sophisticated diagnostics and
appreciation for CT’s, we are attempting to improve the
physics understanding of these plasmas, rediscover how
they were formed, and improve upon them for applications that include MTF.
For the FRC data we show here, we will refer to a
cylindrical (r, θ, z) geometry as shown in figure 1. The
axis of symmetry is ẑ, the toroidal direction is θ̂, and
r̂ is radial. The√ radial location of the magnetic null is
at r = R = rs / 2, the separatrix radius is rs . A single
turn theta coil forms a flux conserving boundary at inner
radius at r = rc .

FIG. 1 Geometry of a typical FRC

Time history data from a representative shot is shown
in figure 2, where the plasma pressure p = nT is shown in
figure 2(a), chord averaged density in figure 2(b), chord
averaged total temperature T = Te + Ti in figure 2(c),
volume averaged beta in figure 2(d), local magnetic field
at the midplane in figure 2(e), and separatrix radius at
the midplane in figure 2(f). These data were obtained
with a static D2 prefill of p0 = 50mT . Figure 2 shows a
typical recent shot, with large plasma pressure of nkB T ≈
2 − 3M P a compared to other fusion devices.
The Coulomb mean free path for electron scattering
off of ions λei is approximately equal to the ion-ion scattering mean free path λii . If the FRX-L plasma is to be
collisional, the plasma size which we deem to be the separatrix radius must be large rs /λii >> 1 compared to the
scattering length. A survey of many (i.e. 85) shots for a
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pendence than linear on this fit parameter

τ φ [µsec] ≈ aφ,F RXL

R[cm]2
ρie [cm]

bφ
(6)

where the coefficient bφ ≈ 2.

FIG. 3 Plot of flux confinement time vs the usual scaling
parameter R2 /ρi . The scaling is approximately linear for the
lower density FRC’s and worse for high density FRC’s.

IV. RESISTIVITY
FIG. 2 shot 3688

variety of gas prefill levels, main bank voltage was taken.
A comparison is possible among many FRC experiments
for different geometry.
The path to interesting fusion relevant parameters
many CT plasma devices including FRC’s is likely to lead
to large densities. On the other hand most of the existing FRC database has been developed for experiments
at substantially smaller densities than FRXL. We would
like to test the extrapolation of existing scaling laws and
physics understanding to much higher density regimes,
and see whether new physics enters into play.
The flux confinement time is one measure of the magnetic confinement of the FRC configuration. Magnetic
flux is thought to be dissipated at the O-point, and its
decay is usually parameterized using a resistivity and diffusivity as in equation 2. The flux confinement time is
traditionally scaled against a parameter that is a useful yardstick R2 /ρie (Tuszewski, 1988), where ρie is the
ion gyro radius referenced to the external magnetic field.
This parameter can be used to compare different experiments with different sizes and other plasma parameters.
The relationship is usually taken to be
τ φ [µsec] ≈ aφ

R[cm]2
ρie [cm]

(5)

where the coefficient aφ ≈ 0.5. We plot the FRC
database and the higher density FRXL data against this
parameter. This seems to fit the world FRC database approximately. On the other hand, the although the slope
corresponding the FRXL data is indicates a stronger deIntrator

Theta pinch formed FRC’s are initially heated during formation by a shock, but later during the decay
phase substantial ohmic heating is expected to sustain
the plasma temperature. This could be increased by
anomalously enhanced resistivity
2
η ∗ = ν ∗ /(ωpe
0 )

(7)

over the Spitzer value
2
η⊥ ≈ 2η|| = νei /(ωpe
0 )

(8)

where ν ∗ (νei ) is the anomalous (electron-ion) collision
frequency and ωpe is the electron plasma frequency. The
anomaly factor for FRC’s has traditionally been reported
to be in the range of η ∗ /η⊥ ≈ 2 − 20 (Tuszewski, 1988).
The resistivity at the magnetic null can be evaluated
for a rigid rotor type profile model. In the spirit of equation 2
η ∗ (R)
R2 ln[cosh(k)]
=
µ0
4τφ
k2

(9)

we √
experimentally determine rs , and τφ , assume R =
rs / 2 and use these to infer η ∗ . The parameter k is
a rigid rotor shape factor where the model Bpol (r) =
tanh[k(r2 /R2 − 1)].
A survey of the normalized resistivities for a wide range
of FRC experiments is displayed in figure 4
FRXL anomaly factor η ∗ /η⊥ data show substantial
scatter, decreasing to small η ∗ /η⊥ with Coulomb collisionality for rs /λei > 10 in Fig. 4(a) and increasing
with Lundquist number S = rs vA /(η⊥ /µ0 )  1 in Fig.
4(b). For a range of densities and total temperature
Ttot = Te + Ti , we have assumed Te ≈ Ttot /2, and Te (Ti )
are respectively the electron and ion temperatures. We
note that MRX (Trintchouk et al. , 2003) reconnection
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FIG. 4 Comparison of inferred anomalous resistivity normalized to the perpendicular Spitzer resistivity as a function of
(a) the coulomb collisionality figure of merit rs /λii and (b)
the Lundquist number as shown on the horizontal axis.

experiments showed η ∗ /η⊥ > 5 − 10 for δ/λei > 1, where
δ was a reconnection layer width.
When the FRC is much larger than the Coulomb collision mean free path, the anomalous factor gradually decreases to a factor of 1 to 2. For the FRX data the resistivity anomaly increases with Lundquist number. Figure
4(b) shows that for the rest of the world FRC database,
there is a lot of scatter in the data.
V. MODELS FOR ANOMALOUS COLLISIONALITY
A. Phenomological model

One can compare the anomalous collision frequency
ν ∗ to a phenomenological reference collision frequency
(Milroy & Brackbill, 1986)
∗
νph


= Cph ωpi

veD
vi

2
(10)

for a wide range of FRC data. This comparison is shown
in figure 5 When this quantity is plotted against the colli-

ν*/νph

2
η ∗ = ν ∗ /(ωpe
0 )

(11)

over the Spitzer value

Lundquist
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FIG. 5 Comparison of inferred anomalous collision frequency
with a phenomenological collision frequency that scales with
the ion plasma frequency and an electron drift parameter.
The data from the world FRC database (diamonds) and
FRXL (squares) span a large range in coulomb collisionality
figure of merit rs /λii shown on the horizontal axis.

sionality figure of merit, there is not much correlation for
Intrator
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(12)

The anomalous physics has never been explained, but
ν ∗ is typically attributed to particle scattering from a
wave energy density proportional to the internal poloidal
magnetic field energy density. Here we calculate the resistivity using a rigid rotor model (Hoffman et al. , 1982)
that was benchmarked on FRXL using a multi chord interferometer (Intrator et al. , 2004).
Errors in the drift correction to the anomalous collision
frequency from equation 10 may be substantial, since one
must estimate the current density and infer the electron
drift speed. Figure 6 shows a plot of ν ∗ dependence on
the ion plasma frequency and a significant correlation.
B. Two point transport model

Consideration of the 2PT requires separate measurements of the particle τN and flux τ φ confinement times.
FRX-L is one of the few experiments that has measured
them both, so that a comparison with the global FRC
database does not have that many data points besides
FRXL at high density.
Also indicated are the calculated anomalous collision
frequencies based on the Two Point Transport model
(2PT) that assumes self similar decay of the FRC and
its gradients in magnetic field and particle density. 2PT
predicts enhanced ν ∗ (rs ) and reduced ν ∗ (R0 ). For these
data the ν ∗ (rs ) follows from a particle confinement time
and edge gradient length Ln ≈ 2ρie where ρie is the ion
gyro radius referenced to the external magnetic field Be .
At the O-point, ν ∗ (R0 ) is inferred in the usual way from
flux confinement time, but constrained so that the flux
and density gradients are consistent with self similar decay.
C. Wave energy bound model

If the resistivity is due to particle scattering off waves,
then a force density that could account for the scattering
may be written in terms of a gradient of some energy
density
eEn = η ∗ Jen
η ∗ Jen = −∇⊥ W (r)

(13)
(14)

Invoking equation 11 the collision frequency can be written in terms of Bpol
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FIG. 6 FRXL shot data (squares) and a survey of many other
lower density FRC experiments (diamonds, courtesy L. Steinhauer) comparing anomalous collision frequency ν ∗ with ion
plasma frequency. Also shown are the 2PT predictions for
∗
∗
0
ν2P
T (rs ) (triangles) and ν2P T (R0 )(x s).

ν∗ = −

eµ0 ∇⊥ W (r)
me ∇ × Bpol

(15)

The scattering could be from waves driven by magnetic
energy density where
2
Bpol
(r)
WB (r) =
2µ0

(17)

For the magnetic energy density WB the perpendicular
gradient can be approximated as
2
Bpol
(r)
2µ0 (rs − R)
2
(r)
Bext
≈
2µ0 (rs − R)

∇⊥ W (r) =

(18)
(19)

Equation 19 can be estimated by evaluating a volume
2
averaged < Bpol
>, which follows from the Barnes relation < β >=√1 − x2s /2 where xs = rs /rc is the separatrix
radius rs = 2R0 normalized to the coil radius rc , and
the magnetic null radius is R0 .
2

2
< Bpol
>
=
Bext



R0
rc

φpol =


< Bpol > = Bext

3+
R0
rc
1+

(21)
(22)

Here  ≈ 0.25 is an edge shape factor. At the crude
Intrator
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FIG. 7 FRXL shot data (squares) and a survey of many
other lower density FRC experiments (diamonds, courtesy L.
Steinhauer) comparing anomalous resistivity η ∗ with a wave
scattering electric force proportional to a gradient of internal poloidal magnetic field energy. Also shown are the 2PT
∗
∗
0
predictions for ν2P
T (rs ) (triangles) and ν2P T (R0 )(x s).

level of this estimate, the differential operators for equations 15 can √
be approximated using the FRC scale length
rs − R0 = ( 2 − 1)R0 . Therefore the volume averaged
anomalous collision frequency should scale as an electron
2
gyro frequency with effective magnetic field < Bpol
>
/ < Bpol >
< ν ∗ >=

2
>
e < Bpol
2me < Bpol >

(23)

Figure 7 data indicates reduced scatter when plotted
against a wave scattering ν ∗ proportional to internal
poloidal magnetic field Bpol energy W . This is reminiscent of lower hybrid drift wave scaling (Milroy & Brackbill, 1982) (Tuszewski, 1988) and more general than the
result shown by (Winske & Liewer, 1978) and requires
that η ∗ ≈ Cwave Bext x1+
s /n,  ≈ 0.25 is an edge shape
factor, and n is average density. Error bars for η ∗ /η⊥ may
be sensitive to impurities(Tuszewski, 1988) Zef f ≤ 1.5,
FRC profile deviation from the rigid rotor model, and
whether Te ≈ Ttot /2. High density plasmas are expected
to exhibit low Zef f (Matthews et al. , 1997).
∗
Also shown are the 2PT predictions for ν2P
T (rs ) (tri0
∗
angles) and ν2P T (R0 )(x s). The inferred values for sep∗
aratrix ν2P
T (rs ) are consistent with the wave energy
bound model described above.

(20)
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D. Does FRC reconnection resemble Sweet-Parker?

2

The volume averaged poloidal field we define using the
poloidal flux φpol = πR02 < Bpol > is approximated using
the scaling relations (Tuszewski, 1988)
πrc2 Bext

10.00

(16)

or particle pressure where
Wp (r) = p(r) = n(r)T (r)

MODELS FOR ANOMALOUS COLLISIONALITY

ν*/1e10(s-1)

Wave energy bound model

ν*/1e10(s-1)

C

We believe that magnetic flux annihilation that is part
of a magnetic reconnection process at the O-point drives
ohmic heating of the plasma. The prevalent model invokes a modified Sweet-Parker model with fluid inflow
driven by vin = E × B/B 2 drift. The E is is the reconnection electric field and the B is the reconnecting
magnetic field that has oppositely directed components
in the reconnection region. The Alfven Mach number
MA = vin /vA is proportional to the presumed reconnection rate, where vA is the Alfven speed referenced to
the asymptotic magnetic field outside the reconnection
region and is analogous to Be in the FRC case.
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FIG. 8 FRXL shot data showing the inferred normalized reconnection rate as the ratio of the inflow short dash line corresponds to S∗−1/2 and the red long dash line corresponds to
0.2S∗−0.7 .
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FIG. 9 FRXL shot data showing the inferred inflow Mach
number plotted against the modified Lundquist number S ∗
including compessibility and finite downstream pressure. The
red dashed line corresponds to S∗−1/2 and the dash-dot line
corresponds to S∗−0.7 .

The usual picture of reconnection requires an anomalously large Lundquist number S ∗ that follows from
anomalously large resistivity. In the MRX experiment
(Trintchouk et al. , 2003) , (Ji et al. , 1998), the reconnection rate was shown fit this model and to be proportional to the inverse square root of the anomalous
Lundquist number MA ≈ 0.2S∗−0.7 ∝ 1/S ∗1/2 . The predicted S∗−1/2 dependence results in a fit that is two orders of magnitude too large. Nevertheless, there is some
evidence in figure 8 that FRX-L data does fit some model
where Lundquist number collapses much of the data to a
line.
Another plot 9 invokes a modified Lundquist number
that includes compressibility and finite downstream pressure. The modified S∗−0.7 slope seems to represent an
upper bound for the data, but with substantially more
scatter than when the same plot is referenced to the unmodified S∗.

VI. DISCUSSION

There is a resurgence of interest in high density FRC’s
as part of a path to fusion relevant plasmas. All theta
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pinch formed FRCs have some shock heating during formation, but ohmic heating from magnetic flux annihilation is also desirable to heat the ( n > 5x1022 m−3 ),
plasma. At the field null, anomalous resistivity is typically invoked to characterize the resistive like flux dissipation process.
The flux dissipation process is both a key issue for
MTF and an important underlying physics question We
show that the high density FRXL FRC is extremely collisional in the sense that the mean free path for Coulomb
collisions is much smaller than the scale size of this FRC.
On the other hand, the Lundquist number is large, and
the evaluation of resistivity seems to be amenable to semi
empirical scaling laws, which were primarily developed
and benchmarked for collisionless Field Reversed Configurations (FRC).
We show similarities and differences between the high
density FRC data and a database that includes many
other FRC experimental data worldwide. It is useful
that the range of Lundquist number S that is available
for theoretical modeling now spans 4 decades, and the
anomalous Lundquist number S now spans 3 decades.
This can help constrain theoretical models and significantly expands the existing experimental data base both
for FRC’s and other laboratory experiments. These data
may be useful for extrapolation from existing FRC’s to
future plasma compression experiments.
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