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CONFINEMENT AND HEATING STUDIES‘ OF
FIELD-REVERSED CONFIGURATIONS

Robert E. Chrien

i

Los Alamos National Laboratory, Los Alamos, NM, USA -

Abstract

Confinement studies of field-reversed configurations (FRCs) have been actively pur-
sued during the past ten years with the larger and longer-lived FRCs produced in the
FRX-C and FRX-C/LSM devices. Confinement measurements have included the global
FRC quantities and, in some cases, profiles of electron temperature and density. The
inferred confinement times and transport coefficients are used for comparison with
transport models as well as to find the best operating conditions in the experiment.

Global power flow modelling shows that energy confinement during the equilibrium
- phase is usually dominated by particle losses, with a substantial secondary contribution
from electron therma! cor:duction. Particle losses in present kinetic FRCs are strongly
influenced by open field line confinement, which complicates the study of transport
mechanisms. The electron tliermal conduction‘ is observed to be anomalous, as in
other plasma devices. The bulk electrical resistivity is also anomalou.sl and shows no
evidence of classical Spitzer scaling. Recently, the resistive anomaly has been shown
to correlate with tilt-like magnetic perturbations observed with Mirnov coils.

FRC confinement studies have also been extended to a higher temperature regime
during magnetic compression heating. In these experifnents. translated FRCs are com-
pressed by increasing the external magnetic flux up to a factor of seven on a time scale
between the radial Alfvén time and the FRC lifetime. Electron and ion temperacures
up to 0.4 keV and 1.6 keV, respectively, have been obtained. Confinement times scale

roughly as r* during compression.



[. Introduction

Field-reversed configurations are prolate compact toroids which have attracted in-
terest within the magnetic fusion community because of their potential reactor ad-
vantages, including inherently high-3 equilibria. simple cylindrical geometry, ease of
translation, and a natural divertor. Although FRCs have been produced since the ear-
liest days of magnetic fusion research, confinement studies have mainly been pursued
during the past ten years a.ffer FRCS, free from various gross instabilities, began to be
formed in the mid-1070’s. An excellent review of FRC research was recently published;!

a complete list of references can be found therein.

A schematic view of the FRC is shown in Figure 1. FRCs are formed within a theta
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Figure 1: The field-reversed configuration (FRC).

pinch coil, which can be shaped to provide end mirrors for axial centering or constructed
with a small cone angle to translate the plasma into an adjoining chamber. The vacuum
vessel is an insulating quartz tube which allows penetration of the fast-rising magnetic
feld. The FRC itself is axially elongated (prolate); its field lines are primarily straight
(axial) with their curvature concentrated near the ends. In the absence of toroidal
field, there exists a magnetic fleld null at radius R = r,/\/i, where r, is the separatrix
radius at the midplane. Qutside the separatrix the FRC is surrounded by an open field
line sheath. which is several ion gyroradii in radial thickness, formed by the axially
escaping plasma.

The combination of radial and axial equilibrium for the simple prelate geometry



of the TRC vields a profile-independent relation for the plasma 3 averaged over the
FRC cross section. This average 3 relation is < 3> = | — x%/2 where z, = r,/r. is the
separatrix radius normalized by the coil radius. [rom this relation. one can see that

3 = 0.8 — 1 for typical values of z, (§ is defined in terms of the excluded magnetic

pressure near the coil).

The parameter s is 5 measure of the MHD-like character of the FRC. It cau be
expressed as s = a/< p;>, where @ = r,/4 is the effective radial scale length and <p; >
is the gyroradius of a thermal ion in the average internal field. Most FRCs studied
so far have s in the ‘rzmge 1-2 in the regime where ion kinetic effects are important.
while s values of 10-40 are needed for an FRC reactor.!® The need to increase s in

order to improve confinement forces the FRC into the MHD regime in which numerous

instabilities are predicted.!

II. Global Power Flow in FRCs

The elongated High- 3 equilibrium of the FRC gréatly simplifies the measurements
required to éssess gross confinement behavior. As a result, the global power flow of the
FRC is rather well characterized. On the other hand, the relatively thick plasma layer
on the open field lines controls the particle outflow in present FRCs and obscures the
physics of particle confinement in the closed field region.

An illustration of the data used to assess the global power flow is shown in rigure
2 for a series of 3 mtorr FRCs, representing the best operating condition in the Large
Source Modification* of the FRX-C device at Los Alamos, herein denoted as LSM.
These FRCs were formed with initial bias field B, = 650-750 G and crowbarred mag-
netic fleld B = 4.2-4.6 kG. The radius and volume are obtained from a spline fit to
the excluded flux radius profile at each time step. The particle inventory is estimated
as NV = aV where A = [rdl/2r, and V s the separatrix volume; measurements of
the radial density profile show that 7 is an excellent approximation to the average
density within the separatrix when the FRC is cylindrically symmetric. The symmetry
assumption is violated after 80 ps by the growth of the n = 2 rotational instability,
hence there are erroneous oscillations in .V cansed by variations in interferometer path

lensth through the FRC as the mode rotates. The influence of residual asymmetries
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Figure 2: Time evolution of a series of 3 mtorr, reduced-field FRCs.

during the equilibrium evolution (arising from, for example, the n =1 wobble mode™?)
is reduced by averaging an ensemble of similar FRCs. The ion temperature is estimated
from the radial pressure relation T; + T, = <f8>B%/(2u,71) together with Thomson
scattering measurements which indicate a constant T, = 14030 eV for this condition.
The po_loidal Aux of the FRC is estimated using a typical diffuse profile model'* for the
internal magnetic profile (¢ = wrgB(z,/ﬁ)3'25). The flux estimate is subject to uncer-
tainties due to the profile model as well as nonequilibrium effects (séen as oscillations
in $ during formation).

After FRCs are heated during formation by a combination of shock, magnetic com-
pression and flux dissipation heating, they evolve during the equilibrium phase with
losses which greatly exceed the power inputs from adiabatic compression and ohmic
heating. A plasma energy decay time which neglects the equilibrium heating terms is
occasionally quoted in the FRC literature. The more fundamental energy confinement
time is defined as Tg = E,/(Pc, + Pa - E',,) where P, and Pq are the compression and
ohmic heating power, respectively, and E, is the plasma energy within the separatrx.

[n most magnetic confinement systems, determination of 75 requires time-dependent



prolile information in order to accurately agsess the power inputs. However it has heen
- shown?® that the combination of compression and ohmic power inputs is insensitive to
profile changes because of equilibrium constraints in the FRC. As a result, 75 can be
obtained solely from time-dependent external measurements of the separatrix radius

profile and the magnetic field by the expression®

1 5/3 2 l - > 1 2/3

R E

where Ty, Tg, and . are the exponential decay times for V, B, and 1"5,' respectively.
The decay times needed to determine 75 are evaluated during the FRC equilibrium
(20-80 us in Figure 2); little error is introduced by using a time-averaged value for .
<fB>. Thﬁs T can be accurately determined and is routinely available on every FRC
discharge. |

The zero-dimensional power flow can be established® from the energy equations:
Epc = Pce'+PQe+Peq_LC’c—LNCe

Ep = Pei + Py; = Poy — Loy — Line

)

where P, is the compression heating power, Py is the ohmic heating power, Py is
the equilibration power flowing from the ions to the electrons, Lg is the power loss
associated with particle transport, Lyc is the power loss associate with all other loss
processes (thermal conduction; charge exchange, and radiation), and the subscripts
denote electrons or ions. The compression heating terms are related to the change
in volume (Pyeiy = (2/3)(Epe.iy/7v)). The ohmic heating is given by Pq = E,/mq
where 7q = (3/4)(<3>/(1 — <3>))7s and 74 is the flux confinement time. A fraction
e =0.7—=0.3(T./T)) of P is estimated to be deposited to the ions based on classical
plus lower-hybrid-drift resistivity. The equilibrdtion power is given by P, = (T —
T.)/(T; + T.))E,p/7eq) where 7, is the electron-ion équilibmtion time. The convective
power loss term, Le(eq = (5/3)(Ep(e.iy/Tn), 13 based on an energy loss of (3/2)kgT
per particle. The choice of 5/2 as the particle (:onvect;i(_;n coefficient seems appropriate
for the FRC. since one can identify kgT of compressional work on the FRC for each
particle lost.® This model is ased to evaluate the nonconvective loss tcrms based on

measurements of the other quantities.



The global power flow for the 3 mtorr FRCs in LEM, evalnated at the middle of

the equilibrium. is shown in Figure 3. The dominant loss term is particle convection.
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Figure 3: Zero-dimensional power flow analysis of 3 mtorr FRCs shown in Figure 2.

accounting for 70% of the losses. The remaining 30% of the power loss appears in the
electron nonconvective channel. Of these electron losses, radiation is expected to be
small in view of the moderately high plasma density (= 10'® ¢m™?) and brief period
~ of wall contact (= 1 us during formation); this expectation has been verified in cases
where radiation losses have been measured.” The power flow analysis suggests that
the nonconvective ion losses are negligible. This result is consistent with the absence
of particle refueling in FRCs (except possibly during FRC translation into a static
gas fill) and the absence of a cold boundary near the separatrix to drive ion thermal
conduction. Unlike other magnetic confinement systems. the ratio of plasma energy
to magnetic energy within the FRC separatrix (E,/Eg = (3/2)<3>/(1 = <J3>))is
much greater than unity; thus Ohmic dissipation must be a small heating term in
equilibrium. The energy confinement time for this condition is 100 ps. while 7, and 7y
are 225 us and 250 us. respectively. Compared with R?/p;. scaling” (where p;, is the
thermal ion gvroradius in the external field), an often-used benchmark similar to the
predictions of a transport theory'? based (.m lower hvbrid drift resistivity, ry exceeds

the scaling prediction by about 30%.



[II. Profile Measurements and Local Transport Coefficients

A limited number bf [RC profile measurements have been perfor‘med and used to
estimate local transport coefficients. An electron temperature profile was measured for
5 mtorr FRCs in FRX-C,' and two point profiles (field null and symmetry axis) were
obtained in LSM.!? These proﬁleé were obtained from single point and time Thom-
son scattering measurements. Electron density profiles have been more frequently
reported. 17 These profiles have been obtained by unfolding line-integral density pro-
files from interferometer arrays consisting of 2 to 7 chords. This profile determination
ﬁas been aided in some cases by exploiting the n = 1 wobble motion of the FRC.%

The available electron temperature profile information shows that T,(r) is rela-
tively flat inside the separatrix, with T, dropping by 10-20% between R and r,. The
temperature gradients measured in LSM, for 2-4 mtorr FRC with medium bias field
(B, = 600 G), have been interpreted in terms of electron thermal diffusivities,'? using
a simple linear profile and assuming T, (‘rs) = T.(0). The results are shown in Table 1,

together with calculated values for classical and Bolm diffusivities. This comparison

Table 1: Rough estimates of electron thermal diffusivities.

Po S XLle X Lel X Bohm
(mtorr) (m*/s)  (m*/s)  (m?/s)
2 1.3 350 3.4 7
3 1.2 295 5.3 $9
4 1.9 770 5.1 67

shows that the yi. values, while high, represent transport anomalies with respect to
classical dif‘fusivit‘y which are no more than those present in tokamak discharges. On
the other hand, the estimated diffusivities are several times worse than Bohm. The
thermal diffusivity is observed to double as the fll pressure is raised {rom 3 to -+ mtorr.

A line-integral density profile and the deduced radial density prefile!” are illustrated
in igure 4 for a 3 mtorr FRC in LSM similar to those in Tigure 2. The data are

obtained from + six chord 3.39 um HeNe interferometer array. The density profile is
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Figure L (a) Composite line-integral density profile for a 3 mtorr FRC as a function of

impact parameter. (b) Inferred radial density profile obtained [rom fit to data in ta).



inferred by fitting a‘model.proﬁle consisting of a trum:qted tigid-rotor i)t'oﬁle inside
the separatrix and an exponential decay outside. An offset parameter is included
in the fitting procedure to account for rigid motions of the FRC perpendicular to
the interferometer chords. The composite pfoﬁle shown 'in vF‘igure Ha) is formed by
adjusting the nominal impact parameters of the interferometer array to reflect the offset
each time step during the FRC equilibrium. The profile (Figure 4(b)) shows fairly high
density on the separatrix (60% of the density at the field null) and a gradual falloff
outside the separatrix (density scale length a, ~ 2 cm).

Considerable information can be extracted when the density profile is combined
with a model for the temperature profiles.'!® For this purpose, T.(r) is taken to be flat
for » < r, and drop outside the separatrix with a scale length similar to the density
(consistent witﬁ the measured T,(r) profile). Ti(r) is taken to be flat everywhere, as
expected for s < 2 FRCs and in agreement with 13 — D transport calculations.'® Using
this model, one can estimate < 8>, the separatrix 3 (B,), and the scale length for 8
at 7 > r, (ag). In addition, one can estimate the separatrix resistivity n(r,) (from
the measured 7y and ag) and the lower hybrid drift resistivity at r;. The resistivities
(based on the profile) are shown in Table 2 for 3-4 mtorr medium bias FRCs in LSM."

This comparison indicates, for the 3 mtorr case, that n(r,) exceeds 1. by a factor 14

Table 2: FRC resistivities deduced from line-integral density profile modelling.

Po 8 n(rs) n(R) NLHD el
(mtorr) (p2m)  (pQm)  (uOm)  (pQm)

3 14 1345 7.9 5.1 0.9

4 2.1 20410 18.1 1.9 0.9

and npupp by a factor 2.5. For the 4 mtorr case, the expected improvement in particle
confinement from a reduction in npyp is not observed: instead ry drops and n(r,)/nLap
increases to 15. One should note that the standard transport model'® predicts that
w = /[ pie should be about unity; n77p based on the measured protile with w = -t is
much lower than the one predicted within the transport model. The table also includes

estimates for n(R) based on a rigid-rotor profile for the magnetic field; this estimate



indicates that g A) is 9 and 20 times classical for the 3 and  mtorr vases, respectively,

[V. Confinement Limitations and Axial Dynamics

Although the smaller FRC machines have been able to operate over a wide range
of fill préssure and initial bias field, it has been observed that the operating range
in which relatively good confinement can be achieved becomes more restricted—and
little overall improvement in confinement is obtained—as the machine size increases.
This trend is especially clear in the results from the LSM device at Los Alamos. The

dependence of 7, on fill pressure in LSV is illustrated in Figure 3. It is observed that
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Figure 5: Dependence of ,; on fill pressure in LSM.

the available operating range is only 2-4 myorr, with some degradation in confinement
already occuring at the upper end of that range. The 5 mtorr case is discussed in detail
in a companion lecture presented at this school® and shows clear evidence of the tilt

) lectu esented at this school” and shows clear evid [ the tilt
instability. The flux confinement shown for 3 mtorr is somewhat misleading, because
most of Aux is lost abruptly just after the time of the instability.

For a siven fll pressure. a further limitation on conlinement is imposed by the bias



Held strength used to lorm rhe FRC. This limitation is illustrated. again in terms ot =,
for 3 mtorr FRCs in LSM (Figure 6). The flux confinement initially increases with bias
field. but then drops as the bias feld is raised above about 300 G. This transition has
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Figure 6: Dependence of 4 on bias field for 3 mtorr FRCs in LSM.

been examined in detail for another experimental run in which Thomson scattering
T. data is available;*® the results are summarized in Table 3. The poloidal flux oy,
rs, and T.(R) all increase with bias field, suggesting no discontinuity in the formation
characteristics. The fleld null resistivity remains constant at low and medium bias
fields. but increases abruptly at high bias. The resistivity anomaly n{ R)/nq 1s 10 to 13
at low and medium bias, increasing to about 30 at high bias. No evidence of classical
resistivity scaling is present.

The degradation in confinement with increasing bias field has been correlated with
the presence of strong axial dynamics during formation. Axial dynamics occur when
the bias Aeld is large enongh that the field line tension at the ends of the FRC exceeds
the plasma pressure at the time of field line connection: lor nontearing formation -as
in LSM) this time occurs when the plasma lifts off the wall during radial implosion.

Further increase in bias field leads to axial shock and o transiently short FRC.



Table 3: Bias scan for 3 mtorr FRCs 1n LM,

Parameter Units ‘Low bias Medium Bias High Bias
By G 440 £ 50 650 =+ 30 360 420
B - kG 3.9+£0.1 4.1+£0.2 4.1£0.1
Ts cm 11.1+0.9 15.4 £0.9 18.6 £ 0.6
|72 liter 599 107 £ 10 o 1438
@y mWhb 1.1£0.4 3.0 £0.7 6.3+0.8
s 0.6+0.1 1.3+0.2 1.9£0.2
n 101 cm™* 8.3£0.6 7.22:0.6 6.0+ 0.5
T.(R) eV 120 £20 158 £ 20 194 =4 42
T LS 120+ 50 214 + 68 130 = 60
n(R) plm 9+4 9£3 25+ 14
Nel pm 0.9+0.3 0.6 £0.2 0.5+£0.2

The best correlation found between confinement and axial dynamics®®?? is illus-
trated in Figure 7 which includes 2-4 mtorr LSM data with bias field exceeding 600
G and also 5 mtorr FRX-C data with a reduced 7,4 scale to account for their small.c
radius. Since the axial dynamics should be related to the change in FRC elongation,
we define an inverse shock strength enq/ey where eny and ey are the minimum and
maximum elongations, respectively. The excluded flux array is ineffective in measuring
the length of short FRCs, so the minimum length used in eny is measured using an
axial interferometer array; eyr is estimated by l.,:/2r;,. One sees a clear trend in all

the data sets for 7, to decrease when e,,4 becomes small.

Many studies were conducted in an attempt to relate the confinement degradation
to some formation problem. but no conclusive connection could be established.”* The
outcome of these formation studies motivated a search for signatures of various MHD
modes which have been predicted to be unstable in the FRC, especially the n = 1.

m = | internal tilt mode.
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inverse shock strength.

V. Confinement and Tilt Amplitudes

The experimental search for tilt modes was conducted using a Mirnov loop array
consisting of 64 external By pickup loops (8 axial x 8 toroidal) located just inside the
coil.”™® Some of the results obtained with this diagnostic. and a detailed comparison
between experimental data for 5 wntorr FRCs in LSM and MHD calculations, are dis-
cussed in a companion lecture.” This comparison shows good agreernent between theory
and experiment in all features and establishes that the n = 1., axially odd components
observed by the array are signatures of the tilt instability.?! In light of this observation,
it is not surprising that the regime of relatively gcod confinement has been restricted
to low values of 5 (s < 2), in the regime where the tilt is suppressed by kinetic effects.
More precisely, finite larmor radius theory®! applied to the FRC tilt mode predicts
stabilivy for /e < 1/ 1 where ¢ is the FRC elongation. This prediction agrees fairly
well with the measured peak tilt amplitudes. which are limited to less than 3 G for

s/e < 0.3 but which increase to several tens of gauss at higher s/e.

The correlation between confinement degradation and maximum tilt amplitude is



best shown by the variation of the resisuvity anomaly at the field null gt 8)/n, (Figure

8). The resistivity anomaly is observed to grow with tilt amplitude until the amplitude
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Figure 8: Variation of n(R)/ny with maximum tilt amplitude for 2-3 mtorr FRCs in
LSM.

reaches about 15 G. At the higher amplitudes the flux does not decay smoothly but
decreases abruptly after the maximum tilt growth; the diagnostics suggest that closed
field confinement is lost soon after that time. Thus the 7, values used to calculate the
resistivity anomaly are not meaningful for large tilt events.

The evidence for the tili instability and its dependence on s/e are consistent with
the correlation between confinement and axial dynamics. In the low s regime. the
normalized growth rate v/~yyp for the tilt increases with s.** while vy rp = 2vi/l,
varies inversely with e. Raising the bias fleld increases s = a/< p; > by increasing
and the average internal B. and drives axial shocks resulting in a transiently small e by
increasing the field line tension: viscosity can also keep those FRCs short after forma-
rion. Raising the fll pressure increases s bv reducing T; if) addition. axial dynamics
are difficult to avoid for p, > 4 mtorr in LSM for reasons that remain unclear. In
either case the larger values of s/e lead to more MIID-like hehavior. greater predicred

growth rate for the tilt instability, and enhanced tilt amplitudes which are deleterious



to confinement.

VI. Magnetic Compression Heafing Experiments

The relatively low main fields which have been characteristic of FRC formation in
modern experiments havé also limited the temperatures to T;+7T, < 1 keV. Confinement
ar higher temper:. ure can been studiced by exploiting the translation capability of FRCs
to perform relatively efficient magnetic comnression heating in an adjacent, smaller
radius. and lower-voltage theta pinch coil. This program has been carried out in the
FRX-C/LSM facility at Los Alamos. Results from these cofnpression experiments-®
indeed show substantial heating to T; + T, < 2 keV, but with confinement decreasing

commensurate with the reduction in r2.

The experimental arrangement is shown schematically in Figure 9. FRCs are formed
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Figure 9: Schematic diagram of the LSM device modified for high-power FRC com-

ression heating experiments.
>

in a tapered theiva pinch coil using a 3 mtorr-equivalent putfed deuterium fill, translated
through a dc coil transition region. enter the compression region, rcflect from a de
mirror fleld, and are trapped in the compressor. The compression coil is 0.46 m in
diameter and 3 m long; the quartz tube within it has a diameter of 0.1 m. The details
of rhe 10 kV, 3 M.\ ignitron-switched compression svstem power supply are available

elsewhere,*”

During compression. B is raised from the guide feld value to 18 kG in 55 ps. Two



modes of operation have been employed. The higher temperature mode is obtained by
forming FRCs with the full #-pinch main bank, translating into a 0.+ T guide field,
and compressing as soon as the FRC has fully entered the compressor (about 30 us).
In this case, the plasma energy is tripled (from 5 to 15 kJ), with neutron yields up to
10%, and n, = 3 x 10'% cm™?; however 7 is limited to about 30 s or less. For these
high-temperature conditions, quadrupole stabilization field of up to 4% B is found to
be i‘uaufﬁcient to control the n = 2 rotational mode; this mode often terminates the
FRC prior to peak compression. lon temperatures (Figure 10(a)) are estimated from
absolutely calibrated neutron rate measurements assuming Maxwellian fusion reactiv-
ity, and also from radial pressure after s‘ubbtracting the measured T,(0) (F.igure 10(h)).
The T; measurements agree well for the highest fields obtained, indicating T; = 1.5
keV. However the neutron T} estimate is significantly higher than the pressure balance
T; (which measures the perpendicular temperature) at lower field. This difference is
especially pronounced for full compression voltage, and represents an enhancement in
neutron rate of about a factor of ten which is much larger than the calibration uncer-
tainty of about 50%. The apparent enhancement in parallel over perpendicular heating
is consistent with with the relatively long equipartition time (> 20us) and suggests the
presence of nonadiabatic (or double adiabatic®®) heating effects. The Thomson scatter-
ing measurements show substantial electron heating up to T, = 0.4 keV with a scaling

close to the B*/% adiabatic prediétion.

A second series of compression experiments were performed on FRCs formed with
somewhat reduced main field (similar to the best 3 mtorr conditions), translated into
a reduced guide field (0.2 T'), and allowed to settle (to permit more accurate confine-
ment measurements) prior to initiating compression at 100 us. Significant heating is
again observed, similar to adiabatic scaling, in spite of substantial particle loss. The
inferred 7y and 7, remain approximately equal during compression, decreasing roughly
in agreement with r? scaling from about 140 to 33 us. The confinement times for the
compressed FRCs are similar to those obtained on smaller devices with comparable
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plasma parameters.
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Fignre 10: Variation of (a) T; and (b) T, with compression Held. The T, data are
averages from pressure balance and the neutron rate. The T. data represent single-

oint Thomson scatterine measurements at r = 0 for 64 separate discharges.
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