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Scaling Laws for FRC Formation and Prediction of FRX-C Parameters

R. E. Siemon and R. R. Bartsch

A semi-emperical Tethod hos been developed to extrapolate the experimental
results from FRX-B,” a fileld-reversed theta pinch which generates an FRC
(Field-Reversed Configuration--a compact toroid with no toroidal fleld), to the
larger size FRX-C.“ Even though there are many uncertainties about details of
the dynamic processes by which an FRC 1s foirmed, the scaling exercise has
proven useful 1in identifying limitations in the original FRX-C design and the
design has been modified to have a lower voltage and larger capacitance. The
goal of FRX-C remains unchanged: to test the confinement scaling of an FRC in a
larger device over a wider range of temperatures. Of particular interest 1is
the testing of possible MHD stability limits as the ratlio of plasma size to
gyro radius incrcases,

1. Non-adiabatic implosion heating. ‘he high-voltage capacitor bank is
approximated as a capacitor (C) initially charged to voltage V connected to the
coil of radius r, and length L through a source inductance Lg- The total
temperature (Te + Ty) resulting from the implosieon process is

L r. 2 clw
kT _ 8 t pi

where X;; 18 & dimcnsionless emperical constant, L, = uonrﬁlL is the coil
inductance, r, is the discharge tube radius, c/w { 18 a characteriscie length
that can be usced to estimate the sheath thickness at the initial pressure p,,
ond ¢ I8 the clectron charge. This scaling is derived by ignoring the bias
field and assuming that the cnergy s inittnllyqimpagted to the lons cy a
moving sheath described by the snow plow equation pv= = B*/2u, where p, Is the
initial mass density, ! iu the sheath velocity, and B is the externally applicd
riging magnetic field.“ The scaling can be justitied in the presynce of a small
bins field or if the blas is adjustued to bﬁ propurtional to V as discussted
below with regard to the Green=Newton limit. From FRX=-B data, X“ Is found Lo
have the valuc 0.06.

2. Initial equilibrium. Following the ({mplosion, 1t 18 anrsumed that the
currvent continues to rise unti! a compact torofd of length L equal to the cei)
‘langth 18 established in an equilibrium state. The balance between plasma
ptessure and field line Lension in an clongated equilibrium requires

w>=1-zx2. (2)
Here <R » (l/nrs) fa(r) 2rr dr Ix the volume averapod R = p(r)/(BE/Zu“)
defined with respect to the external mapnetice fleld, B, and %, I« the ratio of

the separatrix rudluf to r. A useful analytle Tornm tor A(r) Ix 0
sharp=houndary nvroflle

R(r) = “f> 0<r <ry,, B(r) = 0 r,<r<r, . (3)

The plasma current flows at the separatvix and at the major radfus R = r“//2.



-2-~

3. Trapped flux. The preionized plasma contalns magnetic flux as a result of
the inicial bilas field, By. Prelonization, field reversal, implosion, and
other formation processes result in a fairly small fraction of the initial flux
being trapped in the equilibrium. The fraction X, about 0.13 according to the
FRX-B experiment, is taken as an emperical constraint on the trapped, poloidal
equilibrium flux, ¢:

¢ = XFBIHT% . (4)

It was pointed out by Green and Newton3 that there exists an upper bound, B
on the bias field because of the finite time for fleld reversal,

1/4
1/2 ("opo) ,

max?®

Bpax = Fa
where the electric field at the 1inner wall of the discharge tube 1is
Eg = (V/2nr ) (1, /r,) L./(L +Lg). The value of blas field is taken for scaling
purposes to be E = XyBhax Where Xp 1s a multiplying factor less than unity. A
typical value of Xg used in the FRX~B experiment 1is 0.75, but X, = 1.0 is
assumed for FRX-C.

Given the magnetlc profile implied by Eq. (3), the poloidal flux is
constrained by these arguments to be

s T xdr2pa 2 .1/2 1/4 '
¢ m xs rw B XF L rt XB Le/ (UODO) / . (5)

{. Trapped particles. Of the initial particles 1in the discharge tube, a
fraction X  (0.35 1in FRX-B) 1s cbscrved to be confined in the ecuilibrium
formed. Thns the plasma volume of a compact toroid of length 2 and radius XgTy
determines the density

n xg L = xpn° L (rt/rw)2 . (6)

5. Adiabatic compression. For a piven device and fill pressure Pgs the vilues
of constants X, Xp, Xp, and Xj with Eqs. (1)~(6) specify the value of B = B,
that is required to form a compact torold of lungth £ » L.

To avold end effects and to insure that the compact toroid is compressed to
a lungth 1 w8 than the coll length, it is desirable to use cenouph capacitance
that the fileld increases to a final value B larger than B+ An adiabatie
compression model 1is used to descrlbe the compression phase despiie the fact
‘that the quarter-period rise time in typlcal experimental arrangemunts is
ro' ghly the same as the thermil transit time of particles along the length of
the system. Assuming adiabatic compression pvVY = const., and the sharp
boundary profile of Eq. (3), one finds

. 35
2y = Orlx )3 (1= 3 xBra - L) (7

where 2 5 2/, and x t 1# the value of x, when the compact toroid 1is  first
formed with length ﬁ. The magnitude of current in the cofl at the ond of the
compression phase {s approximatcely given by

I= FCH \'/((Ls+"c)/c)l/2 = Ih]n_q ] (8)

where Foy 18 an inefficleney faccor (~).75) nssociated primarily with crowbar
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switches. Eq. (8) 18 equivalent to assuming that the plasma has no effect on
the coll inductance, an approximation tha: can be justiiled to within a few
percent despite the fact that the final B field between the separatrix and
metal coil does depend on the shape of che compact toroid:

Ho 1
B = (—) . (9)
L7 (1 -2 - 2))

6. Maximum values of x. and p . According to both experiment4 and theory5 it
1s desirable to make x_ as large as possible in order to minimize the pressure
gradients that tend to result from the equilibrium relationship of Eq. (2).
The maximum X i8 xg; (no compression) and is determined by the above equations
to be

1/2 1/2 1/2
st-g-z——((l+16/u)/ -1)/

a - 3.(:5)2 X% x%

n l‘w Xp X“

It is important to note that bank paramecters such as V, C, et.c. do not affect
the result, The small values of Xp sn far observed are not fully understood,
and it may be possible to increase xg; by increasing Xp in future experiments.
The upper limit on X_. corresponding to & = L 1s not directly obscrvahle because
the non-uniform magnetic fieldm at the ends of the coil perturb the assumed
equilibrium when £ ~ L,

There also exists an upper limit cn the iaitial f111 pressure, p, (max),
corresponding to £ » L. For a given capacitor bunk if. is impossible to operate
above p_(max) because the plasma energy cannot bhe ronfined with the available
magnetic fields For p (max) in mTorr using MKS units,

; 4
Po(max) = (1/6.6x1017) (4y /m) (Fel/nicd) (cv/L)? (1701 + B /),

2
B /By = Xp(2/2/xg]) (r /1)

7. FRX=C parameters. Plotted in Fig. 1 are prredictions of FRX=C paramcters
bared on the above cquations, assuming the 3/4-bank parameters listed in Table
I. The mechanical configuration has two fued slotws uiving an effective voltage
of 110 kV from the individual 2.8-uf, 55=kV capucitors. The x; valuc ranges
from 0.4 to 0.5 which {s th: samc as  that cbtained on FRX=B. = The scaling
parameter S = R’”lv where R is the major radius and py 18 the lon gyro radius
in the external field, 1a larger than in FRX=-B as deslred for the scaling

TABLE [« FRX=C Device Purameters

Coil Diametor 0:45 m
Coil Lenpth 2.0 m
Fquivalent Circuit Full bank 3/4=banxr
# 113 uf R4 uf
LH l().a n" 2000 n"
v 110 kv 110 kV

%cvz 678 kJ 508 kJ
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