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Penetration of a transverse magnetic field by an accelerated
field-reversed configuration

J. T. Slough and A. L. Hoffman
Redmond Plasma Physics Laboratory, University of Washington, Seattle, Washington 98102
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The field-reversed configuration~FRC! is a compact toroid with near unityb that is an ideal
candidate to provide central fueling for large tokamaks. The study of the acceleration and
penetration physics of the FRC into a transverse magnetic field gradient is necessary in order to
evaluate the fueling efficiency of the FRC. To this end, experiments were conducted on the LSX/
mod facility @J. T. Slough and A. L. Hoffman,16th IAEA Fusion Energy Conference 1996
~International Atomic Energy Agency, Vienna, 1997!, Vol. II, p. 237#, where large mass~0.8 mg!
FRCs were accelerated to high velocity (23105 m/s), and then guided into a transverse magnetic
field. Various diagnostics were employed to characterize the penetration process. These included
thermocouple probes, magnetic probes, and emission arrays. A simple analytical model is developed
that explains the basic features of the penetration process. Further modeling with two-dimensional
numerical calculations provided for scaling laws to reach the conditions necessary to penetrate a
large fusion tokamak. ©1999 American Institute of Physics.@S1070-664X~99!04701-1#
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I. INTRODUCTION

The direct fueling of the core of a fusion tokamak h
several advantages. It leads to peaked plasma density
files, which have been shown to increase the average
power density, and provides for an enhanced performanc
tokamaks. Present fueling designs for the International
kamak Engineering Reactor~ITER!1 are pellet injection and
gas puffing. Since neither scheme can penetrate the fu
plasma beyond the edge, fuel can only reach the plasma
by diffusive processes. A large portion of the fuel will thu
be lost before burnup. Central fueling is essential to red
the tritium inventory in the pumps and limiters. It could al
play an important role in profile control for confinement,
well as a reduction in startup ionization losses, and may
essential for optimum ITER operation.

The design points for ignited operation in ITER call f
operating either at or above the ‘‘Greenwald density limit.2

The Greenwald density limit is an empirical limit, which ha
been found to describe the highest line-averaged densit
tainable in edge-fueled diverted tokamak discharges. I
given by n(1020 m23)5I p(MA)/ a2(m). The density must
be high in order to obtain sufficient power density for ign
tion and ultimately for viable reactor economics. In additio
the divertor scenarios chosen by ITER require high scra
off layer ~SOL! and divertor plasma densities in order
exhaust a large fraction of the alpha particle power by rad
tion and charge exchange. Density profiles obtained with
conventional fueling technique of gas puffing are predic
to be very flat in ITER, and this is well documented, f
example, in the Joint European Torus~JET!.3 However, re-
cent theoretical modeling suggests that the confinement q
ity of a reactor-grade tokamak discharge could be sign
cantly enhanced if the density profiles could be peaked
this theory were correct, density peaking would improve
ITER ignition margin substantially. Solid pellets, the cu
2531070-664X/99/6(1)/253/11/$15.00
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rently envisioned fueling method, cannot be accelerated
the velocities necessary to penetrate far into an ITER s
plasma using the standard outside major radius lau
techniques.4

Perkins et al.5 examined the feasibility of accelerate
compact toroids~CTs!, for deep refueling of a large toka
mak. A general rule derived for penetration is that the C
directed pressure,rn2/2, be comparable to the tokamak ce
tral field pressure,Btor

2 /2m0 . Translated CTs have been pro
duced experimentally as low-b, oblate spheromaks6 or
high-b, highly prolate, field-reversed configurations~FRCs!.7

Both CT configurations have been pursued as possible f
ers. The spheromak CT was the first to be employed
fueling a tokamak, and successful nondisruptive fueling
been demonstrated.8 However, several factors limit the suit
ability of the spheromak as a fueler for ITER. The sphe
mak fuelers employ a magnetized Marshall gun that invol
electrodes in the production of the plasma, and constant
contact in the barrel of the injector. Impurity control is thus
major problem, and wall drag puts a severe limit on t
acceleration efficiency~,5% for current injectors!. The ob-
late nature of the spheromak combined with a low-b forma-
tion limit, lead to large port requirements and extremely hi
rep rates due to the low mass load~10–60mg in the tokamak
fueling experiments!. These limitations can be avoided if re
fueling is accomplished using the FRC.

The FRC has been pursued for many years for its po
tial as a fusion plasma. Since the plasma is confined so
by poloidal fields, the equilibrium plasmab is typically quite
high, ;0.9. The linear, cylindrical coil geometry allows fo
easy translation of the FRC from the formation chamber, a
the electrodeless inductive formation produces plasmas
near unityZeff . The physics of the axial translation of FRC
into weaker magnetic fields has been studied in detail.5,9 Ex-
periments at this laboratory have extended these result
© 1999 American Institute of Physics
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accelerating FRCs to directed velocitiesnd@n thi , the FRC
ion thermal velocity.10 The behavior of the FRC as it pass
out of the confining axial field of the accelerator into t
transverse toroidal field of the tokamak is the one un
swered question in the fueling process. To this end, the L
facility was modified to include a smaller formation secti
and a four stage inductive accelerator~see Fig. 1!. A guide
field section and an interaction chamber with a transve
field was also added to complete the device that was use
study tokamak refueling by accelerated plasmoids~TRAP!.
Experiments were conducted to ascertain the behavior of
FRC as it passed into this field. The results of these exp
ments indicated that the behavior of the FRC could be
plained as a simple one-dimensional analysis, where the
fect of the transverse field could be reduced to that o
changing boundary pressure.

The paper is arranged as follows. A description of t
TRAP experimental setup and associated diagnostics is g
in Sec. II. Models of the interaction are developed in Sec.
Two-dimensional~2-D! numerical calculations are present
that support the analytical model and allow for extension
the results to reactor-like regimes. Data from the interact
experiments are analyzed in Sec. IV. Comparisons to
analytical model, as well as 2-D numerical calculations,
examined. Section V contains conclusions and a discus
of the remaining unknowns in extrapolation to actual tok
mak reactor refueling.

II. EXPERIMENTAL SETUP

The overall layout of the LSX/mod–TRAP experiment
apparatus is shown in Fig. 1. The primary component
LSX/mod is the 2.5 m long field-reversed theta pin
~FRTP! source. This section had several independently t
gerable coils of constant radius (r c50.23 m) that were se
quenced to initiate the acceleration process. Deuterium
was puffed in from the upstream end of the source roug
10 ms before initiating the source formation coils. This
sulted in roughly a 20 mTorr fill pressure in the source s
tion and negligible neutral gas pressure in the TRAP sect
The fused silica vacuum wall decreased from 0.4 m diam
the source section to 0.27 m in the 2 m long acceleration
section. In this region, the FRC was driven by~8! three-turn
coils connected in~4! 0.5 m long groups. Details of the ac
celeration process will be given elsewhere.

After the acceleration section there followed a 2 mlong
transport section with a quasisteady solenoidal magnetic

FIG. 1. Experimental layout of the LSX/mod source and TRAP magne
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designed to guide the FRC from the acceleration section
the transverse field chamber in the same manner that w
be required in a large tokamak. Experimentally, this sect
was used to observe the FRC equilibrium prior to pene
tion. Finally, the TRAP experiment was equipped with
cylindrical stainless steel vacuum vessel where the axis
the cylinder was positioned in the up/downy direction. This
orientation allowed for the maximum vacuum extent in t
transversex direction, and thus allowed the plasma flow
the transverse direction to be observed with the minim
wall interference.

The TRAP experiment utilized a pair of rectangul
magnets on the end vacuum chamber to produce the tr
verse field. The magnets could be tilted to render a transv
field and field gradient similar to what would be found in
fully toroidal device. It was of sufficient size to simulate
tokamak with a major radius;1.3 m and an aspect ratio o
3.0. Due to stored energy limitations, the peak magnetic fi
was limited to less than 1.0 T in the interaction chamber~see
Fig. 2!. The interaction chamber~;1 m diam in thex-z
plane,60.3 m in the verticaly direction! was large enough
to observe the behavior of the FRC as it traveled from
axial field of the accelerator into the transverse field. The
surface of the interaction chamber was equipped with a la
0.6 m diam fused silica window, which allowed plasma im
aging and emission measurements of the interaction~see Fig.
3!.

The toroidal magnets were multiturn and had a su
ciently long rise time~;45 ms! that the transverse field pen
etrated the stainless steel vacuum chamber as well as
transport magnets. The transport magnetic field was a
formed by a set of pulsed multiturn coils, and was also sl
enough (t1/4;2 ms) to penetrate the interaction chamb
walls and couple its flux into that of the transverse field.
plot of the magnetic field vectors for the joint interactio
chamber field and transport field in thex-z plane is shown in
Fig. 4. It can be seen that the magnetic flux inside the tra
port coil maps into the toroidal field in the direction of th
toroidal field. This has two consequences: the first is t
plasma lost to the open field during acceleration continues
into the tokamak, where it is deposited on the outer fl

.

FIG. 2. Plot of the transverse magnetic field componentBx in the interaction
chamber atX5Y50.
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surfaces, thus avoiding plasma contact with the acceler
vacuum wall. The separation of unconfined open field l
plasma from the FRC as it enters the interaction chamber
be seen in the framing pictures taken during FRC penetra
~Fig. 3!. The second consequence concerns the curvatur
the transport flux as it exits the last guide field coil a
merges into the transverse field. This bending creates a
gradient in the transversex direction in the throat of the
interaction chamber entrance. This additional field gradi
imparts a sideways push to the FRC as it enters the inte
tion chamber. From Fig. 4, it can be seen that this p
would be in the positivex direction, opposite the direction o
the field. The deflection of the FRC in the opposite direct
of the open field plasma can readily be seen in Fig. 3~60ms!.
This force caused the FRC to inject at an angle from nor
with respect to the toroidal field~the angular displacemen
increasing with increasing transport field!. In TRAP, the

FIG. 3. Framing camera pictures of plasma emission during penetration
the transverse field corresponding to 7.5 kV. The camera was viewing
above alongY. Termination of the open field line plasma can be seen in
frames in the upper left corner on the interaction chamber wall. The F
plasma, confined by internal fields, causes only the SiO2 tube to glow only
where it intercepts the FRC. The deflection of the FRC in the oppo
direction to the open field flow can be observed in frame~c!.

FIG. 4. The magnetic field vector plot in theY50 plane. The position of the
interaction chamber and the various possible locations of the thermoco
SiO2 tubes are also shown~circles indicate tubes in theY direction!.
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transverse deflection of the FRC was countered somewha
image currents in the interaction chamber walls. This, ho
ever, caused the FRC to have, at times, a rather com
motion in the interaction field after injection.

The main diagnostics used to determine the FRC beh
ior in the interaction chamber were internal magnetic prob
pressure probes near the interaction chamber walls, c
mated plasma visible emission arrays, and thermocou
probes. The latter two provided the clearest information
garding the behavior of the FRC and the FRC mass dep
tion.

The plasma emission arrays were positioned to view
FRC both up/down@*e(yi ,z50)dx#, and side to side
@*e(xi ,z50)dy# midway into the interaction chamber. A
additional array, viewing vertically, was positioned along t
axial direction as well@*e(zi ,x50)dy#. The first two arrays
monitored the FRC location up/down and side to side a
passed midway through the interaction chamber~see Fig. 5!.
The last array monitored the penetration of the FRC into
transverse field. The plasma emission in a band from 51
600 nm was found in previous FRC experiments11 to be pro-
portional ton2. The filtered imaging diagnostics were thu
quite useful in tracking the FRC mass density while discrim
nating against low-density background plasma. At vario
axial locations, as indicated in Fig. 4, small SiO2 tubes~2
mm diam with 1 mm bore! were placed completely throug
the vacuum chamber in bothx andy directions. The vacuum
seal was made to the outside of the quartz tubes so tha
bore was open to the atmosphere. During the discharge
FRC translated over the tube, heating it. It was found fr
tubes placed between the accelerator and transport sec
where the FRC size and directed energy are known, that
amount of tube heating was proportional to the plasma
rected energy integrated over the FRC length. After
plasma discharge, these tubes would locally come into e
librium at a higher-temperature proportional to the integra
energy deposited by the FRC. Due to the low thermal c
ductivity along the tube, the thermal imprint of the ener
distribution would persist for several minutes. Immediate
after a discharge, a small type E thermocouple was dra
through the tube at a rate that allowed for the thermocou
to be radiantly heated~or cooled! to the local tube tempera
ture, which was then recorded.

to
m
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C

e
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FIG. 5. The position of emission array chords in theZ50 plane of the
interaction chamber.
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III. TRANSVERSE FIELD PENETRATION MODELS

A. One-dimensional adiabatic model

The description of the interaction of the FRC with
transverse field is, by its very nature, a three-dimensio
problem. However, several simplifying assumptions a
constraints can be made that render a description of the
teraction process. The most important constraint is the c
stancy of the total energy inside the vacuum boundary of
tokamak-guide field system depicted in Fig. 4. It is assum
that there is no external energy added after the time the F
enters the guide field from the acceleration coils with a
rected velocity nd . The total system energy inside th
boundary,Etot , consists of the tokamak magnetic field e
ergy, EBt , the guide field vacuum magnetic energy,EBgf ,
the tokamak plasma energy,Ept , the FRC internal plasma
energy,Up , the FRC internal magnetic energy,UB , and the
FRC directed energy 1/2Mnd

2, where M is the total FRC
mass. It is further assumed that the time scale for penetra
tpen!tw , tN , tE the characteristic flux, particle, and therm
energy confinement times of the FRC, respectively. This
plies that there is no exchange of energy between the F
and the tokamak plasma prior to disassembly of the FRC
the end of penetration. Any expansion/compression of
FRC during penetration is thus an adiabatic one. The con
vation of total energy allows one to relate the energy per u
mass of the FRC at a positionz ~or equivalentlyr in the
toroidal field coordinates! in terms of the initial FRC condi-
tions in the guide field, i.e.,

1

2
nd

2~z!1Ûp~z!1Ûbt~z!5
1

2
nd0

2 1
5

2

NkT0

M
, ~1!

whereT0 is the initial total FRC ion plus electron temper
ture. The second term on the right reflects that for a FRC
equilibrium with the axial guide field that the internal ma
netic energy of the FRC,UBgf5NkT0 .12 Here Ūp(z) is the
normalized FRC plasma plus internal field energy when i
confined by the transverse field, andŪbt(z) is the normalized
change in transverse field energy due to the presence o
FRC. Any change inEpt is assumed negligible.

If one further assumes that the ratio of internal magne
to plasma energy is unaltered during penetration, one
rewrite Eq.~1! in the following form:

nd0
2 2nd~z!255

N

M
k@T~z!2T0#55S P

r
~z!2

P0

r0
D . ~2!

Assuming that the sideways motion due to the tilting for
on the FRC is small, or equivalentlyt tilt.tpen, the body
forces on the FRC can be ignored. The validity of this
sumption will be discussed later.

It will also be assumed during penetration that within t
FRC the ion density and temperature remain in a reg
such that the collisionality is sufficiently large to assure t
the ion–ion collision time,t i i ,tpen, and also thatt i i ,tb ,
the ion axial transit time inside the FRC. With these assum
tions, the FRC is in local pressure balance with the tra
verse field, and the following equation of state can be us
al
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P~z!

P0
5S r~z!

r0
D g

. ~3!

Since the FRC compression/expansion is three-dimensio
g55

3. From Eqs.~2! and ~3!, one has

n~z!25nd
225

P0

r0
F S P~z!

P0
D 2/5

21G . ~4!

The magnetic pressure from the transverse field,P(z), is
assumed to be a scalar quantity that depends only oz.
While this is intuitively obvious for the part of the FRC i
the azimuthally symmetric axial guide field, it requires a
of analysis to understand that it is also, at least appro
mately, correct in the transverse field as well. Consider
force per unit length on the FRC separatrix from the tra
verse field~see Fig. 6!. Sincetw@tp , the high conductivity
of the FRC assures that screening currents keep the tr
verse field outside the FRC. The transverse field then wr
around the FRC, as shown in Fig. 6. The transverse field n
the FRC at a givenz, Bt(z), will be assumed to lie in thex-y
plane, where the coordinatex(y) is taken in the direction
parallel~perpendicular! to the transverse field, as depicted
Fig. 6. The total force in thex and y direction on the FRC
separatrix is obtained from an integration of the relev
component of the Maxwell stress tensor,

Fx~y!
i 5E ~ n̂i–TJ !x~y!dSi , ~5!

where

~ n̂i–TJ !x~y!5
1

m0
~ n̂i–BW !Bx~y!2

1

2m0
B2n̂i–x̂~ ŷ!. ~6!

For the FRC to be in force balance with the transverse fie

(
i

5

Fx~y!50. ~7!

Using Eq.~7!, one can solve for the unknown force o
the separatrix~surfaceS5 in Fig. 6! in terms of the four
remaining terms. These terms can be easily evaluated fo
force in the transverse field direction if one assumes that
vacuum wall is a flux-conserving boundary and is of const
height,yw , at a givenz. For a toroidal chamber with a meta
wall, this would be a valid assumption on the fast time sc
for penetration. One has, in this case, for the average fo
per unit length inz,

Fx
s5

Bt
2

2m0

ys

~12 ȳ!
, ȳ5

ys

yw
, ~8!

FIG. 6. Cross section of the FRC separatrix and the position of con
surfaces in the transverse field.
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whereBt is the magnitude of the toroidal field in the absen
of the FRC. If it is assumed that the FRC cross section
small compared to the tokamak heightȳ;0, so that one has
for the average pressure on the separatrix in the toroida
rection,

^P&x>
Bt

2

2m0
. ~9!

Evaluation of they component of force requires som
knowledge concerning the separatix shape. There are
limiting conditions that allow for a simple evaluation of th
stress tensor integrals. These are depicted by dashed lin
Fig. 6. Shape 1 is such that at the wall there is a linear d
in the transverse field magnitude down to the vacuum va
asx approachesxs . Shape 2 maintains a constant value oB
with a rapid transition to the vacuum value atxs . The result-
ant forces in they direction are

Fy
S1~2!5

Bt
2

2m0

xs

~12 ȳ!1~2! . ~10!

For case 1, where there is a linear drop in the field along
vacuum wall, the total force in they direction is equal to tha
in the x direction. The FRC first enters the transverse fi
with a separatrix that is circular. It can be shown analytica
that Fy52Fx for this case. More generally, it can be show
that for an elliptica FRC cross sectionFy>(111/Ae)Fx ,
wheree is the ellipsivity. Thus there will be a rapid toroida
flow until a more elongated separatrix shape like case
achieved. The final separatrix shape is a complicated fu
tion of the forces acting on the FRC surface currents requ
to exclude the transverse field, as well as the internal F
currents. As long as the FRC responds adiabatically in m
taining force balance, the actual cross-sectional shape sh
not have a significant influence on the penetration.

The maximum penetration depth of the FRC into t
transverse field is found by solving Eq.~4! for v(z)50. In
the limit ȳ!1, one haŝPx&5^Py&5Bt

2/2m0 . In terms of the
external axial guide field of the FRC before penetration,Bgf ,
one has

05nd0
2 2

5

2

Bgf
2

m0r0
F S Bt

Bgf
D 4/5

21G .
Solving for the transverse field at maximum penetrat
yields

Bt5Bgf~11 2
5K !5/4, ~11!

where

K5
m0r0nd0

2

Bgf
2 5

1
2mind0

2

kT
,

~12!

K1/25
nd0

nA
[nd* .

Thus,K reflects the initial directed energy of the FRC ions
units of the plasma thermal energy. HereK1/2 can be seen to
be the ratio of the initial FRC drift speed to the Alfve´n speed
is

i-

o

in
p
e

e

d
y

is
c-
d
C
n-
uld

n

in the guide field based on the FRC central density. T
simple relationship holds due to the high-b nature of the
FRC.

The penetration depth for an incompressible conduct
object ~a copper bullet, for example! would be the point at
which the magnetic pressure equals the kinetic energy d
sity of the object or whenBt

2/m05rnd
2. This has typically

been used as the criterion for the velocity for penetration i
a field Bt . Due to the compression of the FRC in the tran
verse field gradient, there is deeper penetration for the s
initial velocity. If one definesBt* 5Bt /Am0r0nd , one has,
from Eq. ~11!,

Bt* 5A2

5

Bt

Bgf
F S Bt

Bgf
D 4/5

21G21/2

. ~13!

A plot of Bt* as a function of the field ratioBt /Bgf is found
in Fig. 7. The value ofBt* is always greater than unity. Her
Bt* increases for field ratios that are larger and smaller t
two. Large field ratios require the FRC to have a large
rected energy compared to thermal i.e., largeK. The increase
in Bt* for highly compressed FRCs (Bt /Bgf21) is an unfa-
vorable operating regime since the energy required to p
compress both the FRC plasma and internal field is; 5

2 NkT,
whereas the energy associated with increasing the drift sp
;NkT.

B. Numerical calculations

The conductivity and moment of inertia of the FRC a
sufficiently large that for virtually any drift velocitynd

.n thi , the time scale for penetrationtp!tf ,t tilt . To a good
approximation, then, the FRC experiences the external tr
verse field mainly as a confining pressure at the separatrix
this light, the behavior of the FRC during penetration can
modeled using a 2-D, fully resistive MHD code resolving t
FRC dynamics in ther, z plane of the guide field. In this
geometry, the gradient in field pressure experienced by
FRC in they, z plane of the transverse field is produced by
conically shaped flux coil of the proper pitch and size,

FIG. 7. Enhanced penetration factorBt* as a function of the maximum
transverse magnetic field to the guide field ratio due to FRC compressib



xia
nn
th
pr
w
th
C

r-
t
C
o

is
ro
ye
gh

e
o-
a
h

di
an
d
.
ar
ou
rin
as
is

s

R
f
d

ld
as

or
s to
pic

-
the

ven
as

ass

n a
he
ld
pid
r is
ra-
of
en-

ust
sity
ed
ity
en-
n.

-

ra-

s a

ula-

258 Phys. Plasmas, Vol. 6, No. 1, January 1999 J. T. Slough and A. L. Hoffman
sketched in Fig. 8. In this manner, even though the a
magnetic field does not change direction in the same ma
at the transition from the guide to the transverse field,
field pressure experienced at the FRC separatrix is re
duced. Based on the force balance analysis, the FRC
behave in much the same way. The assumption of azimu
symmetry in the 2-D calculations will not reproduce the FR
shape in thex-y plane of the transverse field. In the inte
pretation of the 2-D results, then, the radial changes mus
regarded as the average dimensional change of the FR
this plane. Changes in the FRC cross-sectional area, h
ever, should be preserved.

The range of applicability for the adiabatic 1-D model
resolved by the 2-D calculations. The FRC penetration p
cess into a field pressure gradient similar to that emplo
experimentally is shown graphically in Fig. 8. Even thou
the FRC is far from equilibrium@pÞp(c)# during the pen-
etration process, the FRC emerges after reflection with
sentially the same velocity as initially. Nonisentropic pr
cesses such as shocks can occur during penetration
would convert the directed energy into thermal energy. T
extent to which this occurs is indicated by the loss of
rected energy in the calculations after FRC penetration
reflection. For a completely isentropic penetration, the
rected velocitynd of the FRC would change only in sign
Nonisentropic heating would be expected when the inw
compression speed of the FRC approaches the local s
speed. This type of shock heating is readily observed du
FRC formation when the external field is increased f
enough. High-density FRCs to a good approximation are
thermal withTe5Ti . Due to the high-b nature of the equi-
librium, the sound speed in the FRC can be expressed a

ns5S 4

3

P

r D 1/2

'nA . ~14!

The radial compression occurs over the distance the F
travels in the transverse field. IfR* is defined as the ratio o
the maximum penetration distance into the transverse fiel

FIG. 8. ~a! Flux contours prior to penetration.~b! FRC flux contours at
maximum penetration (nFRC50). ~c! Density contours at maximum pen
etration.
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the initial FRC separatrix radius in the guide field, one wou
expect significant nonisentropic heating to occur
nd /R* ns;nd* /R*→1. Several calculations were made f
various interaction fields and FRC velocities and masse
better understand the effect of departure from the isentro
penetration predictions of Eq.~11!. The experimental param
eters given in Table I were used as the base condition in
2-D calculations. The results of these calculations are gi
in Fig. 9. It was found that even when the penetration w
essentially isentropic, the field that the FRC center of m
reached was less than that given by Eq.~11!, with the deficit
becoming greater with increasingnd* . The reason for this is
seen most clearly at the higher values ofnd* . The penetration
depends on the mass density of the FRC. At highnd* , the
deceleration of the front flux surfaces of the FRC results i
rapid flow of plasma along each flux surface to the front. T
high b of the FRC means that there is little internal fie
pressure to retard this mass flow. There is then a very ra
decoupling between the FRC mass and flux. This behavio
readily observed in the experiments during FRC accele
tion, but, of course, in the opposite direction. With most
the flux surface left behind, the FRC mass continues to p
etrate at a much smaller cross section and higher density~see
Fig. 10!. The FRC plasma is magnetized so that the flux m
eventually be pulled in as well. However, the mass den
retained with the flux is now much lower than that requir
to penetrate into the higher field region of the high-dens
mass in front. The flux then acts like a parachute that ev
tually drags the FRC to a halt prior to maximum penetratio

TABLE I. FRC base experimental conditions in guide field prior to penet
tion for source discharges at 20 m Torr D2 fill pressure.

External magnetic field,Bgf 0.61 T
Guide field flux conserving wall radius,r c 0.16 m
FRC central number density,n0 0.931022 m3

Central temperature,T(Te1Ti) 100 eV
Separatrix radius,r s 0.08 m
Separatrix length,l s 1.5 m
FRC mass 631027 kg
Directed velocity,nd 1.83105 m/s

FIG. 9. The maximum transverse field to the initial guide field ratio a
function of the initial directed velocity normalized tonA . The solid curve is
given by an analytic adiabatic model. Circles represent numerical calc
tions with a dashed line as a fit.
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Calculations of the ratio of reflected to initial FRC v
locity, which is a measure of the nonisentropic compress
are shown in Fig. 11. It is clear that the FRC penetrat
does become less isentropic asnd* /R* ;1. This energy con-
version appears to have little effect, however, on the pene
tion. Roughly, the same field is reached, regardless of h
isentropic the penetration is@Fig. 11~b!#. That this is so in-
dicates that the energy conversion is occurring at maxim
inward compression, which occurs late in the penetrat
process.

IV. EXPERIMENTAL RESULTS

FRCs could be formed and accelerated over a w
range of conditions. However, due to the high-energy den
of all FRCs formed, it was not possible to generate a tra
verse field with sufficient pressure to stop the FRC, even
the maximum coil voltage~see Fig. 2!. Injecting the FRC
with less velocity was not really an option, since the FR
acceleration process was not easily reversible. For exam
although a large mirror field at the end of the guide fie
would momentarily slow the FRC as it passed, the F
would regain the lost velocity as it was accelerated by

FIG. 10. Contours of~a! flux and ~b! density for a FRC during penetratio
at highnd* ~;3!.

FIG. 11. ~a! The ratio of FRC directed velocity before and after penetrat
is compared to the radial compression speed normalized to the sound
(nd* /R* ); ~b! B/Bt is the ratio of the maximum field penetrated in th
numerical calculations to that predicted by the analytic results.
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mirror field gradient on exiting the mirror. Reducing the a
celerator coil fields was not an option either. The subsequ
slower passage of the FRC out of the transport throat reg
caused a strong interaction with the transport vacuum w
due to the side force in the transition region mentioned p
viously. The experimental procedure developed to und
stand the penetration process was to generate FRCs with
same density and velocity and to then vary the strength of
transverse magnetic field, and thus gradient field. The exp
mental conditions in the guide field are given in Table I.
this manner, the FRC position and cross section could
measured as the transverse field was increased. The obs
values could then be compared to the numeric calculatio

At all transverse fields, it was found experimentally th
the FRC, after traversing the interaction chamber, would
reflected by the conducting metal vacuum boundary of
interaction chamber far wall. Evidence of this can be read
found in the data from the axial emission array in Fig. 1
The plasma density was observed to rise rapidly at the em
sion array position farthest axially from the entrance~and
thus nearest the back wall! of the interaction chamber. Th
density pile-up occurred because the magnetic flux inside
FRC could not penetrate the conducting wall boundary, a
the FRC was reflected. The reflection from the wall w
elastic enough to send the FRC mass back toward the
trance, as attested to by the appearance of the emission
on progressively nearer emission array positions~see Fig.
12!. At the highest fields, there was enough compression
slowing of the FRC by the toroidal field that the dens
wave was not observed. The emission data for the maxim
toroidal field at 10 kV in Fig. 12 indicates that the FR
arrived at the back half of the interaction chamber at a hig
density initially and remained fairly constant. For all cases
was clear that the FRC was quite robust during penetrat
with the internal field of the FRC providing confinement
the plasma throughout the interaction.

When the FRC contacted an insulating boundary~such
as the fused silica vacuum or probe walls! immediate and
intense light-up of the boundary would be observed, as
plasma was allowed to come in contact with a cold bound
~see Fig. 13!. After contact with SiO2 , impurities entrained

eed

FIG. 12. Integrated plasma emission iny at various axial positions (x
50). The dashed line is data for the 10 kV interaction field and the s
line is at 2.5 kV~see Fig. 2!.
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in the FRC would cause rapid cooling and decay of the FR
The reflection from the metal boundary caused only mi
plasma emission.

From the emission data, it was clear that the interact
with the conducting boundary resulted in a nonisentropic
flection. If the interaction were truly reversible, one wou
expect the FRC to eventually reappear in the axial gu
field, which was not observed. It was possible to model
experimental behavior of the FRC in the experiment in
2-D calculations by adding a coil that generated a stro
magnetic field at the same axial position as the back wal
the interaction chamber. Due to the steep field gradient fr
this coil ~large R* ), the reflection off this ‘‘wall’’ in the

FIG. 13. End-on~viewing alongZ from the source end! framing pictures of
plasma emission as FRC traverses the SiO2 tube positioned along a diamete
between the acceleration and guide field coils~see Fig. 1!. FRC is visible in
frame ~a! due to compression in the accelerator. The FRC becomes
bright in frame~d! due to heavy impurity pickup from the tube.
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calculation shown in Fig. 14 reproduced the nonisentro
reflection and area expansion observed experimentally
the experiment, however, most of the expansion occurre
the transverse direction. The thermal conversion of direc
energy accounts for this marked expansion of the FRC. T
expansion can also be inferred from the thermocouple d
nostic data in Fig. 15. It can be seen that the FRC is w
confined in they direction perpendicular to the toroidal field
as might be expected. The further the FRC penetration
smaller becomes the FRC cross section in this dimens
The spread of the FRC in the toroidalx direction is also
much less at a higher transverse field. There was a hot ce
heating of the silica tube that corresponded to visible em
sion from the first passage of the FRC across the tube.
much weaker heating in the wings of the tube right up to
chamber wall indicate the heating due to the large reflec
FRC. Since the diagnostic is not time resolved, both hea
patterns are superimposed on the tube.

The expansion of the FRC in the transverse direction
reduced significantly at higher fields. The FRC cros

ry

FIG. 15. Thermocouple temperature data for the interaction magnetic
corresponding to 7.5 kV. Solid lines indicate data for a discharge where
tubes were nearer the entrance of the interaction chamber.
me
for
FIG. 14. Flux ~top frames! and density contours~remaining frames! from numerical calculations for experimental conditions given in Table I. In ti
sequence~a! there is no end field sufficient to stop and reflect the FRC, while for~b! an additional field coil provides a steep field gradient sufficient
reflection as the metal wall does in the experiment. The radial swelling of the FRC can be seen after reflection.
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sectional area, however, is the same as that observed in
2-D numerical calculations under the same conditions~Fig.
16!. Both the experiment and the calculations give area v
ues that are consistent with simple scaling laws develo
for reversible adiabatic FRC compression.13 In the frame of
the FRC, the passage out of the guide field into the tra
verse field chamber can be thought of as first a wall exp
sion into a larger flux conserver, followed by flux compre
sion. Again, although the original analysis13 considered the
FRC to be in pressure balance with an axial field, as it w
shown previously, the transverse field pressure at least yi
the same average force on the FRC. Thus ignoring the F
shape, the results should be very similar. As long as no w
are encountered, the penetration process is reversible, a
does not matter how the final state is reached. It will
assumed then that the wall expansion is done in a ma
that leaves the ratio of FRC cross-sectional area to wall a
unchanged. For this to be true, the intermediate transv
field, Bt8 , after wall expansion is given by

Bt85
Agf

At
Bgf , ~15!

where Agf and At are the guide field coil and transvers
chamber wall cross-sectional areas. The transverse fie
now increased to the final value observed with the wall a
held constant. The scaling of the plasma area with exte
field pressure is, in general, dependent on the assumed i
nal pressure profile inside the FRC. The averageb equilib-
rium constraint for FRC equilibria produces the followin
compressional scaling:13

Bt8

Bt
f 5S Af

A8D
~31e!/2

, ~16!

where Af is the final FRC cross-sectional area ande is a
constant where 0<e<1, with the limits reflecting, respec
tively, the largest and smallest amount of flux possible for
equilibrium FRC. Virtually all experimentally measured pr
files and numerically calculated equilibria yield a value
0,e,0.3. Remembering that the intermediate value

FIG. 16. Area of the FRC normalized to the Area of the FRC in the gu
field for various ratios of the transverse to guide field. Heree50 corre-
sponds to a FRC internal profile with the maximum flux, ande51 indicates
the minimum flux.
the

l-
d

s-
n-
-

s
ds
C

lls
d it
e
er

ea
se

is
a
al
er-

n

f
f

A8/At5A0 /Agf , where A0 is the area of the FRC in the
guide field, Eqs.~15! and ~16! can be combined to give

Af

A0
5S At

Agf
D ~11e!/~31e!S Bgf

Bt
D 2/~31e!

. ~17!

The results of the experiment and the numerical calculati
are in good agreement with the FRC area ratio predicted
Eq. ~17! near the midpoint of the transverse field coil whe
the thermocouple data was taken. Both the experiment
the numerical calculations diverge somewhat from the mo
at a low field. The nonconstancy of the wall area as well
interference from the reflected FRC have a much larger
fect on these much larger FRCs, and are thus contribu
factors. The low-field results are not relevant to high-fie
penetration in any case.

The elongation of the FRCs in the transverse field
ferred from both the thermocouple data and emission arr
is 1.5,e,3. The magnitude of the tube heating from d
rected flow decreases with further penetration into the tra
verse field~Fig. 15!. This decrease in directed energy is al
found in the 2-D numerical calculations. From a comparis
between calculations made with and without a ‘‘wall’’ coil,
significant part of the reduction in directed flow is due
backflow from the front of the FRC, which has been sta
nated by reflection off the boundary wall.

It can also be seen in Fig. 15 that the position of the F
has shifted;10 cm in the negativex direction caused by the
sideways push in the throat region. It is possible to formul
an expression for the magnitude of the angle of deflecti
The deflection arises from two sources. In the guide field,
deflection is caused by the reduction and increase of the a
guide field across the FRC due to the change of the a
component of the toroidal field~outward to inward! across
the FRC. Outside the guide field coil, in the toroidal fie
edge region, this field difference diminishes rapidly due
the dipole nature of the guide field. The imparted force in
transverse~toroidal! direction is given by the difference in
the magnetic pressure averaged over the FRC area norm
x. The resultant velocity,nx , as a function of the distanc
traversed in the toroidal field of scale lengthLBt is

nx~z!5
1

M E
LBt

z DBz
2

2m0
ysl s

dl

nd
, ~18!

where DBz
25(Bgl1Bt)z

22(Bgf2Bt)z
254BgfzBtz . In the

guide field coil,Bgfz(z)5Bgf , and one can approximate th
magnitude of thez component of the toroidal field a
Btz(z)'Bt( l 2z/LBt)2xs /LBt . It will be assumed that the
FRC exits the guide field at the point where the toroidal fie
has dropped to one-third the central value,Bt . In the guide
field, then, thenx imparted to the FRC is

nx~z!>
4

p

BgfBt

m0r0LBtnd
E

z

LBtS 12
z8

LBt
Ddz8. ~19!

The total displacement in the guide field,Dxgf , if found from
integratingnx over the time the FRC, experiences the tor
dal field influence in the guide field:

e
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Dxgf5E
LBt

2
3LBtnx~z!

dz

nd
5

4

81p

Bt

Bgf

LBt

~nd* !2 . ~20!

For the conditions of Table I and Fig. 15,Dxgf;2 cm. The
contribution tonx in the toroidal field is analyzed in the sam
manner, but nowBgfz(z)'Bgf( l 2z/Rgf), whereRgf is the
guide field coil radius. Since this radius is typically sm
compared toLBt , Btz(z) can be considered constant at t
guide field throat value ofBt/3. The resulting integrations
yield

Dxt5
8

3p

Bt

Bgf

Rgf
2

LBtnd*
2 . ~21!

For the conditions referred to above,Dxt;2 cm as well.
Evaluating the terminal transverse velocity,nx f , at the dis-
tanceRgf outside of the guide field coil, one has

nx f5S 1

9
1

Rgf

LBt
D 4

pnd*
2

B1

Bgf
nd . ~22!

The final displacement at FRC stagnation, approximating
remaining penetration time asLBt /nd , is then Dxtot'Dxgf

1Dxt1LBtnx f /nd . Evaluating this expression from Eq
~20!–~22!, it is clear that the last term is dominant. The te
minal transverse velocity calculated for the FRC of Fig. 15
1.83104 m/s. The total displacement predicted at the th
mocouple probe is 11 cm, which compares favorably w
the measured deflection.

V. CONCLUSIONS AND DISCUSSION

It has been found that an accelerated FRC can pene
readily into a transverse magnetic field. The behavior of
FRC during penetration can be understood in terms of sim
adiabatic scaling laws. It was seen that by considering
forces acting on the FRC during penetration, the analysi
the penetration could be modeled with a fully resistive 2
numerical calculation. By modeling the experimental con
tions, the numerical calculations reproduced the behavio
the FRC observed experimentally. Due to the relatively sm
influence of body forces during penetration~i.e., the torque
on the FRC dipole moment! the numerical calculations wer
extended to examine FRC penetration into higher fields t
could be achieved experimentally.

The penetration scaling from the analytical model p
dicts a very favorable scaling with increasingnd* , the initial
penetration velocity normalized to the Alfve´n speed in the
guide field. The numerical calculations show a growing d
parture from the simple model at large values ofnd* due to
the differing dynamic behavior of the FRC mass and fl
during penetration—a difference that is readily observed
perimentally during FRC acceleration. The extrapolation
quired to achieve penetration into an ITER-scale toroi
field is not that large. An ‘‘empirically’’ derived scaling fo
the penetration field from the numerical calculations yie
Bt /Bgf>11 1

3nd* 1 1
5nd*

2. Using this formula, one can evalu
ate the conditions required for penetration into a 5 T core
field of a fusion grade, tokamak reactor. With a guide field
1 T, one hasnd* 53.7. Using the same fill pressure an
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source size as used in the TRAP experiments, the requ
directed velocitynd53.73105 m/s, which is somewhat les
than double that achieved in the TRAP experime
(maxnd;2.13105 m/s).

An unsolved problem is the disassembly of the FRC
maximum penetration. Clearly one does not want the FRC
be reflected as occurred in both experiment and model
Since the particle diffusion out of the FRC is too slow, t
best disassembly mechanism will be reconnection of
FRC closed field with that of the tokamak toroidal fiel
which would directly empty the FRC mass. To enhance t
reconnection process the FRC outer field should be a
aligned with the toroidal field, thus allowing for rapid X
point reconnection. This will naturally occur due to the ti
ing torque on the FRC. The torqueT from the transverse
field acting on the FRC magnetic moment,m>pr s

2I u ,
where I u is the FRC toroidal current, is simplym3Bt . In-
voking the pressure balance with the external transve
field, the FRC poloidal fieldBp>m0I u / l s5A12bBt , with
l s the FRC length. The characteristic tilt time is given b
t tilt5ApI M /T, where I M is the moment of inertia of the
FRC. ssuming a cylindrical FRC of massM, I M5 1

4M (r s
2

1 l s
2/3). Using these relations, one has then for the tilt tim

t tilt5S r s
21

l s
2

3 D 1/2

~A12b!21/4
1

2nA
, ~23!

wherenA is the Alfvén time based on the FRC central de
sity and the external transverse field. For a typical FRC
TRAP,b;0.9 andl s /r s;20. For adiabatic flux compressio
l s;Bt

22/3, and r s;Bt
21/3. However, even for a field com

pression ratio of 5, as assumed above, the length depend
of I M is still the dominant term. One has then from Eq.~23!
thatt tilt> l s /nA . Initially, with nd* .1, the FRC would travel
several FRC lengths before tilting, which justifies ignorin
this torque in the analysis of the experiment. However, as
FRC slows at maximum penetration,l s is also much shorter
and the Alfvén speed higher. For isentropic compressio
nA;B2/5, and one has then near maximum penetrationt tilt

f

't tilt
i (Bgf /Bt). The tilt time then becomes significantl

shorter at the point in the FRC trajectory, where the FRC
the maximum dwell time. If the dwell time is defined as th
time the FRC is within the inner one-third the tokamak m
nor radiusr t , one hastdwell>(4/A3)(r t /nd0). For a FRC
whose initial length is roughly half the minor radiu
t tilt /tdwell;(A3/8)(Bgf /Bt)nd* , and taking the penetration
parameters discussed above, one hast tilt /tdwell;

1
6, so that

the antialignment of the FRC should easily occur during t
time.

Reconnection at the X points must also occur during t
time. If the steady reconnection models of Petschek
others14 are assumed, the FRC lifetimetFRC;10(r s /nA).
For the parameters considered here, once the FRC has t
the disassembly time is no more than a few tilt times, and
disassembly of the FRC would also occur during the dw
time.

In conclusion, the robustness of the FRC in penetratin
transverse field has been demonstrated experimentally
modeled with a resultant scaling for penetration into high
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fields. Indications are that the parameters needed for pen
tion should allow for ample time for the FRC to tilt as we
as be annihilated near the maximum field. However, to
tain further information concerning its usefulness as a fue
experiments must be carried out on an actual tokamak.
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