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The field-reversed configuratioFRC) is a compact toroid with near unitg 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. Hoffmanl6th IAEA Fusion Energy Conference 1996
(International Atomic Energy Agency, Vienna, 199Yol. Il, p. 237], where large mas&.8 mg

FRCs were accelerated to high velocity20°> 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 Physids$51070-664X99)04701-1]

I. INTRODUCTION rently envisioned fueling method, cannot be accelerated to
the velocities necessary to penetrate far into an ITER scale

The direct fueling of the core of a fusion tokamak hasplasma using the standard outside major radius launch
several advantages. It leads to peaked plasma density pr%3

files, which have been shown to i th fuopehniques.
lies, which have been shown 10 Increase the average Iuel oo i et a5 examined the feasibility of accelerated

power density, and provides for an enhanced performance i . . i
tokamaks. Present fueling designs for the International To&)mp'f:ICt oroidSCTs), for deep refueling of a large toka

. : o mak. A general rule derived for penetration is that the CT
kamak Engineering ReaCtoiTER)" are pellet injection and directed%ressurewzlz be compaFr)abIe to the tokamak cen-
gas puffing. Since neither scheme can penetrate the fusiop | field or reB2 2 Translated CTs have been pr
plasma beyond the edge, fuel can only reach the plasma CO} €ld pressure torl2ft0. Translate s Nave been pro-
uced experimentally as loy: oblate spheromaRsor

by diffusive processes. A large portion of the fuel will thus ", : . ' . 7
be lost before burnup. Central fueling is essential to reducg'gh'ﬁ' h|ghly-prolat-e, field-reversed conﬂgurauo(rﬁ?(?s).
Both CT configurations have been pursued as possible fuel-

the tritium inventory in the pumps and limiters. It could also h h K he fi | ¢
play an important role in profile control for confinement, as®'s: The spheromak CT was the first to be employed for

well as a reduction in startup ionization losses, and may béH€ling a tokamak, and successful nondisruptive fueling has
essential for optimum ITER operation. beg-n demonstratédHowever, several factors limit the suit-
The design points for ignited operation in ITER call for aPility of the spheromak as a fueler for ITER. The sphero-
operating either at or above the “Greenwald density linfit.” Mak fuelers employ a magnetized Marshall gun that involves
The Greenwald density limit is an empirical limit, which has €léctrodes in the production of the plasma, and constant wall
been found to describe the highest line-averaged density agontactin the barrel of the injector. Impurity contr_ol-ls thus a
tainable in edge-fueled diverted tokamak discharges. It ignajor problem, and wall drag puts a severe limit on the
given by n(102° m~3)=| p(MA)/aZ(m). The density must acceleration efficiency<5% for current injectors The ob-
be high in order to obtain sufficient power density for igni- late nature of the spheromak combined with a |germa-
tion and ultimately for viable reactor economics. In addition, tion limit, lead to large port requirements and extremely high
the divertor scenarios chosen by ITER require high scrapeep rates due to the low mass lodd—60ug in the tokamak
off layer (SOL) and divertor plasma densities in order to fueling experiments These limitations can be avoided if re-
exhaust a large fraction of the alpha particle power by radiafueling is accomplished using the FRC.
tion and charge exchange. Density profiles obtained with the ~ The FRC has been pursued for many years for its poten-
conventional fueling technique of gas puffing are predictedial as a fusion plasma. Since the plasma is confined solely
to be very flat in ITER, and this is well documented, for by poloidal fields, the equilibrium plasngis typically quite
example, in the Joint European Tor(#T).2 However, re- high, ~0.9. The linear, cylindrical coil geometry allows for
cent theoretical modeling suggests that the confinement quagasy translation of the FRC from the formation chamber, and
ity of a reactor-grade tokamak discharge could be signifithe electrodeless inductive formation produces plasmas with
cantly enhanced if the density profiles could be peaked. Ihear unityZ.s. The physics of the axial translation of FRCs
this theory were correct, density peaking would improve thento weaker magnetic fields has been studied in detsix-
ITER ignition margin substantially. Solid pellets, the cur- periments at this laboratory have extended these results by
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FIG. 1. Experimental layout of the LSX/mod source and TRAP magnets.

accelerating FRCs to directed velocitieg> vy, the FRC z (cm)
ion thermal velocity:® The behavior of the FRC as it passes
out of the confining axial field of the accelerator into the FIG. 2. Plot of the transverse magnetic field comporigin the interaction
transverse toroidal field of the tokamak is the one unanSh@mPeraX=Y=0.
swered question in the fueling process. To this end, the LSX
facility was modified to include a smaller formation section
and a four stage inductive accelerateee Fig. 1L A guide designed to guide the FRC from the acceleration section into
field section and an interaction chamber with a transverstéhe transverse field chamber in the same manner that would
field was also added to complete the device that was used twe required in a large tokamak. Experimentally, this section
study tokamak refueling by accelerated plasmditRAP). was used to observe the FRC equilibrium prior to penetra-
Experiments were conducted to ascertain the behavior of thigon. Finally, the TRAP experiment was equipped with a
FRC as it passed into this field. The results of these experieylindrical stainless steel vacuum vessel where the axis of
ments indicated that the behavior of the FRC could be exthe cylinder was positioned in the up/dowrdirection. This
plained as a simple one-dimensional analysis, where the ebrientation allowed for the maximum vacuum extent in the
fect of the transverse field could be reduced to that of dransversex direction, and thus allowed the plasma flow in
changing boundary pressure. the transverse direction to be observed with the minimum
The paper is arranged as follows. A description of thewall interference.
TRAP experimental setup and associated diagnostics is given The TRAP experiment utilized a pair of rectangular
in Sec. Il. Models of the interaction are developed in Sec. Ill.magnets on the end vacuum chamber to produce the trans-
Two-dimensional2-D) numerical calculations are presented verse field. The magnets could be tilted to render a transverse
that support the analytical model and allow for extension offield and field gradient similar to what would be found in a
the results to reactor-like regimes. Data from the interactiorfully toroidal device. It was of sufficient size to simulate a
experiments are analyzed in Sec. IV. Comparisons to th#okamak with a major radius-1.3 m and an aspect ratio of
analytical model, as well as 2-D numerical calculations, are3.0. Due to stored energy limitations, the peak magnetic field
examined. Section V contains conclusions and a discussiowas limited to less than 1.0 T in the interaction cham(see
of the remaining unknowns in extrapolation to actual toka-Fig. 2). The interaction chambef~1 m diam in thex-z
mak reactor refueling. plane,=0.3 m in the verticaly direction) was large enough
to observe the behavior of the FRC as it traveled from the
axial field of the accelerator into the transverse field. The top
surface of the interaction chamber was equipped with a large,
The overall layout of the LSX/mod—TRAP experimental 0.6 m diam fused silica window, which allowed plasma im-
apparatus is shown in Fig. 1. The primary component ofaging and emission measurements of the intera¢tea Fig.
LSX/mod is the 2.5 m long field-reversed theta pinch3).
(FRTP source. This section had several independently trig- The toroidal magnets were multiturn and had a suffi-
gerable coils of constant radius.&0.23 m) that were se- ciently long rise timg~45 mg that the transverse field pen-
guenced to initiate the acceleration process. Deuterium gastrated the stainless steel vacuum chamber as well as the
was puffed in from the upstream end of the source roughlyransport magnets. The transport magnetic field was also
10 ms before initiating the source formation coils. This re-formed by a set of pulsed multiturn coils, and was also slow
sulted in roughly a 20 mTorr fill pressure in the source secenough (q,,~2 ms) to penetrate the interaction chamber
tion and negligible neutral gas pressure in the TRAP sectionwalls and couple its flux into that of the transverse field. A
The fused silica vacuum wall decreased from 0.4 m diam irplot of the magnetic field vectors for the joint interaction
the source section to 0.27 m inetf2 m long acceleration chamber field and transport field in thez plane is shown in
section. In this region, the FRC was driven (8 three-turn  Fig. 4. It can be seen that the magnetic flux inside the trans-
coils connected iri4) 0.5 m long groups. Details of the ac- port coil maps into the toroidal field in the direction of the
celeration process will be given elsewhere. toroidal field. This has two consequences: the first is that
After the acceleration section there follodva 2 mlong  plasma lost to the open field during acceleration continues on
transport section with a quasisteady solenoidal magnetic fielthto the tokamak, where it is deposited on the outer flux

Il. EXPERIMENTAL SETUP
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FIG. 3. Framing camera pictures of plasma emission during penetration into
the transverse field corresponding to 7.5 kV. The camera was viewing from
above alongy. Termination of the open field line plasma can be seen in all

frames in the upper left corner on the interaction chamber wall. The FRC deflecti fth d hat b
plasma, confined by internal fields, causes only the, $iBe to glow only transverse deflection of the FRC was countered somewhat by

where it intercepts the FRC. The deflection of the FRC in the oppositdmage currents in the interaction chamber walls. This, how-
direction to the open field flow can be observed in fraizie ever, caused the FRC to have, at times, a rather complex
motion in the interaction field after injection.

o . The main diagnostics used to determine the FRC behav-
surfaces, thus avoiding pl'c_lsma contactlwnh the ac_celer.at%r in the interaction chamber were internal magnetic probes,
vacuum wall. The separf';\tlon of uncpnfmed_open field IInepressure probes near the interaction chamber walls, colli-
plasma from the FRC as it enters the interaction chamber can -:q plasma visible emission arrays, and thermocouple
be seen in the framing pictures taken during FRC penetratiogohes The latter two provided the clearest information re-
(Fig. 3. The second consequence concerns the curvature ﬁfarding the behavior of the FRC and the FRC mass deposi-
the transport flux as it exits the last guide field coil and,
merges into the transverse field. This bending creates a field The plasma emission arrays were positioned to view the
gradient in the transverse direction in the throat of the FRC both up/down[[e(y;,z=0)dx], and side to side
interaction chamber entrance. This additional field gradienUE(Xi ,z=0)dy] midway into the interaction chamber. An
Imparts a sideways pu§h to tl_1e FRC as it enters the, Interagiygitional array, viewing vertically, was positioned along the
tion chamber. From' F'g', 4, '_t can be §een th?‘t th|s pusr3;1xia| direction as well [ e(z; ,x=0)dy]. The first two arrays
would be in the positivex direction, opposite the direction of |0 it5red the ERC location up/down and side to side as it
the field. The deflection of the FRC in the opposite directionpassed midway through the interaction chanfsee Fig. 5.
of the open field plasma can readily be seen in Fi®Bus).  The |ast array monitored the penetration of the FRC into the
This force caused the FRC to inject at an angle from normaj,pqyerse field. The plasma emission in a band from 510 to
ywth re;pect _to the toro!dal fielckhe angular displacement 600 nm was found in previous FRC experiméhts be pro-
increasing with increasing transport figldn TRAP, the  ,1ional ton2. The filtered imaging diagnostics were thus

quite useful in tracking the FRC mass density while discrimi-
nating against low-density background plasma. At various
NS IR axial locations, as indicated in Fig. 4, small Sifubes(2
] mm diam with 1 mm borewere placed completely through
,,,,,, 1 the vacuum chamber in bothandy directions. The vacuum

AR ] seal was made to the outside of the quartz tubes so that the

,,,,,,,,,,,,,,,, ] bore was open to the atmosphere. During the discharge, the
RO W FRC translated over the tube, heating it. It was found from
~~~~~~~~~~~~~~~~~ tubes placed between the accelerator and transport section,
P e arearearear B where the FRC size and directed energy are known, that the
~~~~~~~~ . amount of tube heating was proportional to the plasma di-

““““““““ ] rected energy integrated over the FRC length. After the
plasma discharge, these tubes would locally come into equi-
librium at a higher-temperature proportional to the integrated
energy deposited by the FRC. Due to the low thermal con-
ductivity along the tube, the thermal imprint of the energy
distribution would persist for several minutes. Immediately
after a discharge, a small type E thermocouple was drawn
FIG. 4. The magnetic field vector plot in tie=0 plane. The position of the through the tube at a rate that allowed for the thermocouple
interaction chamber and the various possible locations of the thermocoupi®® b€ radiantly heatetbr cooled to the local tube tempera-
SiO, tubes are also show(uircles indicate tubes in th¥ direction. ture, which was then recorded.

X (cm)
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Ill. TRANSVERSE FIELD PENETRATION MODELS 5,

Transverse Field

A. One-dimensional adiabatic model =

The description of the interaction of the FRC with a
transverse field is, by its very nature, a three-dimensional
problem. However, several simplifying assumptions and
constraints can be made that render a description of the in-
teraction process The most important constraint is the corf!G: 6. Cross section of the FRC separatrix and the position of control

: L surfaces in the transverse field.
stancy of the total energy inside the vacuum boundary of thé
tokamak-guide field system depicted in Fig. 4. It is assumed
that there is no external energy added after the time the FRC
enters the guide field from the acceleration coils with a di- P(2) (p(Z)) L4

rected velocity vq. The total system energy inside this Py - Po

boundary,E,,, consists of the tokamak magnetic field en- . ) L . )
ergy, Eg,, the guide field vacuum magnetic enerdsg,, Slncs:e the FRC compression/expansion is three-dimensional,
3. From Egs.(2) and(3), one has

the tokamak plasma energf,,, the FRC internal plasma ¥~
energy,U,, the FRC internal magnetic enerdyg, and the , o _Po[[P(® 215
FRC directed energy 1Kv3, whereM is the total FRC v(2) :Vd_5g (P_o) -1

mass. It is further assumed that the time scale for penetration, ) ] )
Toer<7,, T, T¢ the characteristic flux, particle, and thermal The magnetic pressure from the transverse fiéltz), is
energy confinement times of the FRC, respectively. This im&ssumed to be a scalar quantity that depends only.on
plies that there is no exchange of energy between the Fr®While this is intuitively obvious for the part of the FRC in
and the tokamak plasma prior to disassembly of the FRC dhe azimuthally symmetric axial guide field, it requires a bit
the end of penetration. Any expansion/compression of th®f analysis to understand that it is also, at least approxi-
FRC during penetration is thus an adiabatic one. The consefoately, correct in the transverse field as well. Consider the
vation of total energy allows one to relate the energy per uniforce per unit length on the FRC separatrix from the trans-

mass of the FRC at a positian (or equivalentlyr in the  Verse field(see Fig. 6. Sincer,> 7, the high conductivity
toroidal field coordinatesin terms of the initial FRC condi- ©f the FRC assures that screening currents keep the trans-

()

4

tions in the guide field, i.e., verse field outside the FRQ. The transverse field the_n wraps
around the FRC, as shown in Fig. 6. The transverse field near
1, R . 1 , 5NKT the FRC at a giver, B,(z), will be assumed to lie in the-y
5 Vi +Up(2)+Upl(2) =5 vaot 5 7 (1) plane, where the coordinatgy) is taken in the direction

parallel(perpendicularto the transverse field, as depicted in
whereT, is the initial total FRC ion plus electron tempera- Fi9- 6. The total force in the andy direction on the FRC
ture. The second term on the right reflects that for a FRC ifféparatrix is obtained from an integration of the relevant
equilibrium with the axial guide field that the internal mag- component of the Maxwell stress tensor,
netic energy of the FRQ) Bgf=NkTO.12 HereU(2) is the i L o
normalized FRC plasma plus internal field energy when it is Fx(y):f (N TxydS, ®)
confined by the transverse field, adg(z) is the normalized

change in transverse field energy due to the presence of tl)%here
FRC. Any change irE; is assumed negligible. L o 1 . - 1 . ..
If one further assumes that the ratio of internal magnetic (i '-r)x(y):,M_O (Ni-B)Bxy)~ 210 Bn;-x(y). (6)
to plasma energy is unaltered during penetration, one can ) ) ]
rewrite Eq.(1) in the following form: For the FRC to be in force balance with the transverse field,
5

vi,— v (z)2=5E K[T(2)-T ]=5(E (z)— &) 2
do d M 0 p Po .
Using Eq.(7), one can solve for the unknown force on
Assuming that the sideways motion due to the tilting forcethe separatrixsurfaceS; in Fig. 6) in terms of the four
on the FRC is small, or equivalently;;>,,, the body remaining terms. These terms can be easily evaluated for the
forces on the FRC can be ignored. The validity of this asforce in the transverse field direction if one assumes that the
sumption will be discussed later. vacuum wall is a flux-conserving boundary and is of constant
It will also be assumed during penetration that within theheight,y,,, at a giverz. For a toroidal chamber with a metal
FRC the ion density and temperature remain in a regimevall, this would be a valid assumption on the fast time scale
such that the collisionality is sufficiently large to assure thatfor penetration. One has, in this case, for the average force

the ion—ion collision timej; < 7,¢,, and also thatr; <, per unit length inz,
the ion axial transit time inside the FRC. With these assump- B2
tions, the FRC is in local pressure balance with the trans- ps_ _—t Ys T Ys (8)

verse field, and the following equation of state can be used: X_Z_,U«o (1-y)’ Yw
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whereB; is the magnitude of the toroidal field in the absence 3
of the FRC. If it is assumed that the FRC cross section is
small compared to the tokamak height 0, so that one has
for the average pressure on the separatrix in the toroidal di-
rection,

26

(P2t o O -
= .
2Ho 18}

Evaluation of they component of force requires some
knowledge concerning the separatix shape. There are twe I
limiting conditions that allow for a simple evaluation of the 1.4
stress tensor integrals. These are depicted by dashed lines
Fig. 6. Shape 1 is such that at the wall there is a linear drop 1 L . 1 L L : . L
in the transverse field magnitude down to the vacuum value 1 2 3 4 5 6 7 8 9 10
asx approacheg. Shape 2 maintains a constant valueBof B[/B .
with a rapid transition to the vacuum valuexat The result- 9
ant forces in they direction are FIG. 7. Enhanced penetration factBf as a function of the maximum

2 transverse magnetic field to the guide field ratio due to FRC compressibility.
psiz_ B X (10)
Yo 2u0 (1-y)H

in the guide field based on the FRC central density. This
For case 1, where there is a linear drop in the field along theimple relationship holds due to the highnature of the
vacuum wall, the total force in thedirection is equal to that FRC.
in the x direction. The FRC first enters the transverse field  The penetration depth for an incompressible conducting
with a separatrix that is circular. It can be shown analyticallyobject (a copper bullet, for examplevould be the point at
thatF,=2F, for this case. More generally, it can be shownwhich the magnetic pressure equals the kinetic energy den-
that for an elliptica FRC cross sectidh,=(1+1//e)F,,  sity of the object or wherBZ/uo=pv3. This has typically
wheree is the ellipsivity. Thus there will be a rapid toroidal been used as the criterion for the velocity for penetration into
flow until a more elongated separatrix shape like case 1 ia field B,. Due to the compression of the FRC in the trans-
achieved. The final separatrix shape is a complicated funoserse field gradient, there is deeper penetration for the same
tion of the forces acting on the FRC surface currents requiredhitial velocity. If one definesB; =B,/ uopory, One has,
to exclude the transverse field, as well as the internal FR@&om Eq. (11),
currents. As long as the FRC responds adiabatically in main- a5 112
taining force balance, the actual cross-sectional shape should p* _— \EE [(E) _ }
Coe . B 1 . (13
not have a significant influence on the penetration. 5 Bgt [\ Byt
The maximum penetration depth of the FRC into thep piot of B} as a function of the field ratig, /By is found
transverse field is found by SOIVinng@‘) forv(z)=0.In i Fig. 7. The value 0B} is always greater than unity. Here
the limity<1, one hagP,)=(Py)=B;/2u,. Interms of the g jncreases for field ratios that are larger and smaller than
external axial guide field of the FRC before penetratB@,  two. Large field ratios require the FRC to have a large di-

one has rected energy compared to thermal i.e., lakgd@he increase
5 B2 B. |45 in Bf for highly compressed FRCS8(/Bg—1) is an unfa-
0=y§0— gL (_‘) _1}_ vorable operating regime since the energy required to pre-
2 popo [\ By compress both the FRC plasma and internal fiete 3aNKT,
Solving for the transverse field at maximum penetrationWhereaS the energy associated with increasing the drift speed
yields ~NkT
By=Bgi(1+ 2K)%4, (11)  B. Numerical calculations
where The conductivity and moment of inertia of the FRC are
sufficiently large that for virtually any drift velocityvy
woPoay  3Mivio > vy, the time scale for penetratiag< 7, , 7, . To a good
K= Bsf T TKT approximation, then, the FRC experiences the external trans-

(12) verse field mainly as a confining pressure at the separatrix. In
Vdo this light, the behavior of the FRC during penetration can be
Kllz:V_E vy - modeled using a 2-D, fully resistive MHD code resolving the
A FRC dynamics in the, z plane of the guide field. In this
Thus,K reflects the initial directed energy of the FRC ions in geometry, the gradient in field pressure experienced by the
units of the plasma thermal energy. H&&? can be seen to FRC in they, z plane of the transverse field is produced by a
be the ratio of the initial FRC drift speed to the Alfvepeed conically shaped flux coil of the proper pitch and size, as
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40 TABLE I. FRC base experimental conditions in guide field prior to penetra-
@ tion for source discharges at 20 m Torp Bl pressure
Y 30 9 5 Ol p .
0

(Cm)2 External magnetic fieldB 061T
10:@ Guide field flux conserving wall radius, 0.16 m
0. FRC central number density, 0.9 107 m®
/ (b) Central temperaturél;(Te+Ti) 100 eV
Separatrix radius;g 0.08 m
Separatrix lengthlg 15m

_@\ FRC mass & 1077 kg
. Directed velocity,v, 1.8x10° m/s
__/ (C)

:M\ the initial FRC separatrix radius in the guide field, one would
o 80 160 240 320 400 expect significant nonisentropic heating to occur as
Z (cm) vg/R* vs~v§/R* — 1. Several calculations were made for

various interaction fields and FRC velocities and masses to
FIG. 8. (a) Flux contours prior to penetratiorit) FRC flux contours at ~ better understand the effect of departure from the isentropic
maxi'mum penetrationerc=0). (¢) Density contours at maximum pen- penetration predictions of EL1). The experimental param-
etration. eters given in Table | were used as the base condition in the
2-D calculations. The results of these calculations are given
in Fig. 9. It was found that even when the penetration was
sketched in Fig. 8. In this manner, even though the axiakssentially isentropic, the field that the FRC center of mass
magnetic field does not change direction in the same manneeached was less than that given by Bdl), with the deficit
at the transition from the guide to the transverse field, thébecoming greater with increasing . The reason for this is
field pressure experienced at the FRC separatrix is reprgeen most clearly at the higher values/§f. The penetration
duced. Based on the force balance analysis, the FRC willepends on the mass density of the FRC. At high the
behave in much the same way. The assumption of azimuthaleceleration of the front flux surfaces of the FRC results in a
symmetry in the 2-D calculations will not reproduce the FRCrapid flow of plasma along each flux surface to the front. The
shape in thex-y plane of the transverse field. In the inter- high 8 of the FRC means that there is little internal field
pretation of the 2-D results, then, the radial changes must bgressure to retard this mass flow. There is then a very rapid
regarded as the average dimensional change of the FRC iecoupling between the FRC mass and flux. This behavior is
this plane. Changes in the FRC cross-sectional area, howeadily observed in the experiments during FRC accelera-
ever, should be preserved. tion, but, of course, in the opposite direction. With most of
The range of applicability for the adiabatic 1-D model is the flux surface left behind, the FRC mass continues to pen-
resolved by the 2-D calculations. The FRC penetration proetrate at a much smaller cross section and higher defssity
cess into a field pressure gradient similar to that employedig. 10. The FRC plasma is magnetized so that the flux must
experimentally is shown graphically in Fig. 8. Even thougheventually be pulled in as well. However, the mass density
the FRC is far from equilibriunip# p(¢)] during the pen- retained with the flux is now much lower than that required
etration process, the FRC emerges after reflection with eso penetrate into the higher field region of the high-density
sentially the same velocity as initially. Nonisentropic pro- mass in front. The flux then acts like a parachute that even-
cesses such as shocks can occur during penetration atghlly drags the FRC to a halt prior to maximum penetration.
would convert the directed energy into thermal energy. The
extent to which this occurs is indicated by the loss of di-
rected energy in the calculations after FRC penetration and
reflection. For a completely isentropic penetration, the di-
rected velocityvy of the FRC would change only in sign.
Nonisentropic heating would be expected when the inward
compression speed of the FRC approaches the local sound
speed. This type of shock heating is readily observed during
FRC formation when the external field is increased fast
enough. High-density FRCs to a good approximation are iso-
thermal withT,=T,. Due to the highg nature of the equi-
librium, the sound speed in the FRC can be expressed as

4P 1/2
VS:< ) ~va. (14

3p
The radial compression occurs over the distance the FREG'.Q' The maximum transverse field to the initial guide field ratio as a
unction of the initial directed velocity normalized ig, . The solid curve is

travels in the transvers_e ﬁel_d- i is_defined as the ratio_ of given by an analytic adiabatic model. Circles represent numerical calcula-
the maximum penetration distance into the transverse field tons with a dashed line as a fit.
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FIG. 10. Contours ofa) flux and(b) density for a FRC during penetration
at highv§ (~3).

Time (usec)

] ) o FIG. 12. Integrated plasma emission ynat various axial positionsx(
Calculations of the ratio of reflected to initial FRC ve- =0). The dashed line is data for the 10 kV interaction field and the solid

locity, which is a measure of the nonisentropic compressionine is at 2.5 kV(see Fig. 2

are shown in Fig. 11. It is clear that the FRC penetration

does become less isentropic &y R* ~ 1. This energy con- ] ] ) o ] ]

version appears to have little effect, however, on the penetrdDiTor field gradient on exiting the mirror. Reducing the ac-
tion. Roughly, the same field is reached, regardless of hovelerator coil fields was not an option either. The subsequent
isentropic the penetration [ig. 11(b)]. That this is so in- slower passage o_f the FRC ou_t of the transport throat region
dicates that the energy conversion is occurring at maximurffaused a strong interaction with the transport vacuum wall
inward compression, which occurs late in the penetratiorﬁj_ue to the side force in the transition region mentioned pre-

process. viously. The experimental procedure developed to under-
stand the penetration process was to generate FRCs with the
IV. EXPERIMENTAL RESULTS same density and velocity and to then vary the strength of the

transverse magnetic field, and thus gradient field. The experi-
FRCs could be formed and accelerated over a widenental conditions in the guide field are given in Table I. In

range of conditions. However, due to the high-energy densityhis manner, the FRC position and cross section could be
of all FRCs formed, it was not possible to generate a transmeasured as the transverse field was increased. The observed
verse field with sufficient pressure to stop the FRC, even ajalues could then be compared to the numeric calculations.
the maximum coil voltagésee Fig. 2 Injecting the FRC At all transverse fields, it was found experimentally that
with less velocity was not really an option, since the FRCthe FRC, after traversing the interaction chamber, would be
acceleration process was not easily reversible. For examplgeflected by the conducting metal vacuum boundary of the
although a large mirror field at the end of the guide fieldinteraction chamber far wall. Evidence of this can be readily
would momentarily slow the FRC as it passed, the FRGound in the data from the axial emission array in Fig. 12.
would regain the lost velocity as it was accelerated by therhe plasma density was observed to rise rapidly at the emis-

sion array position farthest axially from the entranead

; thus nearest the back wpabf the interaction chamber. The

o (@) density pile-up occurred because the magnetic flux inside the
08 o’ FRC could not penetrate the conducting wall boundary, and
vy 0.6 - the FRC was reflected. The reflection from the wall was
Vd 04 ¢ elastic enough to send the FRC mass back toward the en-
0.2 trance, as attested to by the appearance of the emission peak
0 on progressively nearer emission array positigese Fig.
0 02 04 06 08 1 12). At the highest fields, there was enough compression and
; vg'/R slowing of the FRC by the toroidal field that the density
o o wave was not observed. The emission data for the maximum
08 ° toroidal field at 10 kV in Fig. 12 indicates that the FRC
B 06 e arrived at the back half of the interaction chamber at a higher
Bi 04 . density initially and remained fairly constant. For all cases, it
0.2 ::zd*:?s was clear that the FRC was quite robust during penetration,
¢ with the internal field of the FRC providing confinement of

0 02 04 06 08 1 the plasma throughout the interaction.
ving When the FRC contacted an insulating bound@uych
) ) ) _as the fused silica vacuum or probe walismmediate and
FIG. 11. (a) The ratio of FRC directed velocity before and after penetration

is compared to the radial compression speed normalized to the sound spel&ltense light-up of the boundf"lry would b_e observed, as hot
(v5IR*); (b) B/B, is the ratio of the maximum field penetrated in the plasma was allowed to come in contact with a cold boundary

numerical calculations to that predicted by the analytic results. (see Fig. 13 After contact with SiQ, impurities entrained
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FIG. 15. Thermocouple temperature data for the interaction magnetic field
‘ corresponding to 7.5 kV. Solid lines indicate data for a discharge where the
2mm tubes were nearer the entrance of the interaction chamber.
Sio,
tube

t =25 psec 35 psec

calculation shown in Fig. 14 reproduced the nonisentropic
FIG. 13. End-onviewing alongZ from the source endraming pictures of ~ reflection and area expansion observed experimentally. In
plasma emission as FRC traverses the,Sie positioned along a diameter the experiment, however, most of the expansion occurred in
between the acceleration and guide field csise Fig. 1 FRC is visible In o transyerse direction. The thermal conversion of directed
frame (a) due to compression in the accelerator. The FRC becomes very . . .
bright in frame(d) due to heavy impurity pickup from the tube. energy accounts for this marked expansion of the FRC. This

expansion can also be inferred from the thermocouple diag-

nostic data in Fig. 15. It can be seen that the FRC is well
in the FRC would cause rapid cooling and decay of the FRCconfined in they direction perpendicular to the toroidal field,
The reflection from the metal boundary caused only minoras might be expected. The further the FRC penetration the
plasma emission. smaller becomes the FRC cross section in this dimension.

From the emission data, it was clear that the interactiorThe spread of the FRC in the toroidaldirection is also

with the conducting boundary resulted in a nonisentropic remuch less at a higher transverse field. There was a hot central
flection. If the interaction were truly reversible, one would heating of the silica tube that corresponded to visible emis-
expect the FRC to eventually reappear in the axial guidesion from the first passage of the FRC across the tube. The
field, which was not observed. It was possible to model theanuch weaker heating in the wings of the tube right up to the
experimental behavior of the FRC in the experiment in thechamber wall indicate the heating due to the large reflected
2-D calculations by adding a coil that generated a strondg-RC. Since the diagnostic is not time resolved, both heating
magnetic field at the same axial position as the back wall opatterns are superimposed on the tube.
the interaction chamber. Due to the steep field gradient from  The expansion of the FRC in the transverse direction is
this coil (large R*), the reflection off this “wall” in the reduced significantly at higher fields. The FRC cross-

time
(@ {usec) (b)

0 60 120 180 240 300

Z(cm) 70

0 60 120 180 240 300
Z (cm)

FIG. 14. Flux(top frame$ and density contourgremaining framesfrom numerical calculations for experimental conditions given in Table I. In time
sequencea) there is no end field sufficient to stop and reflect the FRC, whilgllfipan additional field coil provides a steep field gradient sufficient for
reflection as the metal wall does in the experiment. The radial swelling of the FRC can be seen after reflection.
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A'IA=Aq/Ag, where A is the area of the FRC in the

3 guide field, Eqs(15) and(16) can be combined to give
4 Af ( At)(1+e)/(3+e)<Bgf) 2/(3+¢€)
=l B : 17
N Ay \Agy B,
af
2 ] The results of the experiment and the numerical calculations
are in good agreement with the FRC area ratio predicted by
1p X Thermocoupie probe data Eq. (17) near the midpoint of the transverse field coil where
the thermocouple data was taken. Both the experiment and
% o2 04 06 08 1 the numerical calculations diverge somewhat from the model

at a low field. The nonconstancy of the wall area as well as

interference from the reflected FRC have a much larger ef-

FIG. 16. Area of the FRC normalized to the Area of the FRC in the guiolefect on these mU(_:h larger FRCs, and are thus Conmbl_"tmg

field for various ratios of the transverse to guide field. Hered corre-  factors. The low-field results are not relevant to high-field

sponds to a FRC internal profile with the maximum flux, andl indicates  penetration in any case.

the minimum flux. The elongation of the FRCs in the transverse field in-
ferred from both the thermocouple data and emission arrays
is 1.5<e<3. The magnitude of the tube heating from di-

sectional area. however. is the same as that observed in tfgcted flow decreases with further penetration into the trans-
2-D numerical calculations under the same conditicFig. verse field(Fig. 15. This_ decrease ir_1 directed energy is z_ilso
16). Both the experiment and the calculations give area vaifound in the 2-D numerical calculations. From a comparison
ues that are consistent with simple scaling laws developeB€tween calculations made with and without a “wall” coil, a
for reversible adiabatic FRC compressidnin the frame of significant part of the reduction in directed flow is due to
the FRC, the passage out of the guide field into the transP@ckflow from the front of the FRC, which has been stag-
verse field chamber can be thought of as first a wall expan@ted by reflection off the boundary wall.
sion into a larger flux conserver, followed by flux compres- It can also be seenin Fig. 15 thqt thg position of the FRC
sion. Again, although the original analySizonsidered the has shifted~10 cm in the negative direction caused by the
FRC to be in pressure balance with an axial field, as it wasideways pgsh in the throat region. It is possible to formul_ate
shown previously, the transverse field pressure at least yield! €xpression for the magnitude of the angle of deflection.
the same average force on the FRC. Thus ignoring the Fr¢he deflection arises from two sources. In the guide field, the
shape, the results should be very similar. As long as no walldeflection is caused by the reduction and increase of the axial
are encountered, the penetration process is reversible, anddifide field across the FRC due to the change of the axial
does not matter how the final state is reached. It will becomponent of the toroidal fieldoutward to inward across
assumed then that the wall expansion is done in a manndf® FRC. Outside the guide field coil, in the toroidal field
that leaves the ratio of FRC cross-sectional area to wall ar¢gdge region, this field difference diminishes rapidly due to
unchanged. For this to be true, the intermediate transverdB€ dipole nature of the guide field. The imparted force in the
field, B, , after wall expansion is given by transversetoroidal) direction is given by the difference in

! the magnetic pressure averaged over the FRC area normal to

B, /By

A

B/—_9 g (15) X. The resultant velocityy,, as a function of the distance
Y traversed in the toroidal field of scale lendth; is
where A, and A; are the guide field coil and transverse 2
g t . ol 1 (z AB; dl
chamber wall cross-sectional areas. The transverse field is v,(z)= i f CTA Yels —, (18
now increased to the final value observed with the wall area Lge <0 Vd

e e D e W e nere A0E—(B+8)1= (8,8 4B In
nal Fr)essure r(,)fileginside ihe IpZRC The averggequilib- guide field coil,Byr,(2) =By, and one can approximate the
al p P S . magnitude of thez component of the toroidal field as
rium constraint for FRC equilibria produces the following ~B.(l— 7/ 2% il b d that th

compressional scalingt B,(2) ~Bi(l —z/Lgy) 2Xs/Lg;. It will be assumed that the

FRC exits the guide field at the point where the toroidal field

B, (Af|(3+en has dropped to one-third the central valBg, In the guide
=% : (16)  field, then, thev, imparted to the FRC is
Bl A
where A" is the final FRC cross-sectional area ands a z):i ByiB: e 20 dz 19
constant where €e<1, with the limits reflecting, respec- rx(2)= 7 popolatvy Jz Lt '

tively, the largest and smallest amount of flux possible for an

equilibrium FRC. Virtually all experimentally measured pro- The total displacement in the guide fieltl, if found from
files and numerically calculated equilibria yield a value of integratingv, over the time the FRC, experiences the toroi-
0<e<0.3. Remembering that the intermediate value ofdal field influence in the guide field:
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2. dz 4 B; Lg source size as used in the TRAP experiments, the required
AXg= f3 Buy(2) Ve Blm By (42 (200 directed velocityry=3.7x 10° m/s, which is somewhat less
Let d of +d than double that achieved in the TRAP experiments
For the conditions of Table | and Fig. 18xg~2 cm. The  (maxyy~2.1x10° m/s).
contribution tow, in the toroidal field is analyzed in the same An unsolved problem is the disassembly of the FRC at
manner, but nowBy,(z) ~By(l —z/Ry), whereRy is the  maximum penetration. Clearly one does not want the FRC to
guide field coil radius. Since this radius is typically small be reflected as occurred in both experiment and modeling.
compared td_g;, B,(z) can be considered constant at the Since the particle diffusion out of the FRC is too slow, the
guide field throat value oB/3. The resulting integrations best disassembly mechanism will be reconnection of the

yield FRC closed field with that of the tokamak toroidal field,
which would directly empty the FRC mass. To enhance this
A 8 B; Rgf (21) reconnection process the FRC outer field should be anti-
Xt ~ =~

aligned with the toroidal field, thus allowing for rapid X

N point reconnection. This will naturally occur due to the tilt-
For the conditions referred to abovax,~2cm as well.  jhg torque on the FRC. The torque from the transverse
Evaluating thg terminal tra}nsvgrse vglocmf, at the dis-  ig|g acting on the FRC magnetic moment= Trrgm
tanceR; outside of the guide field coil, one has wherel , is the FRC toroidal current, is simpipxB;. In-
voking the pressure balance with the external transverse

= * 2"
3'77 Bgf LBtVd

fo:(h&) t B (22 field, the FRC poloidal field,= ol ,/1s= V1~ BBy, with
9 Lg mrg” By I the FRC length. The characteristic tilt time is given by

The final displacement at FRC stagnation, approximating thétit — Vvl /T, wherely is the moment of inertia of the

remaining penetration time dsg /vy, is then Ax,~Axy FRZC' ssuming a cyllndrl_cal FRC of mass, IM=%M.(r§.
+Ax,+Lgvy/vg. Evaluating this expression from Egs. +15/3). Using these relations, one has then for the tilt time,
(20—(22), it is clear that the last term is dominant. The ter- "
minal transverse velocity calculated for the FRC of Fig. 15 is

1.8x10* m/s. The total displacement predicted at the ther-

1
(V1=-B) V45—, (23
ZVA
tmhgcr%légseufggbcfe;;cltﬁ)r?m’ which compares favorably Wlthwhere v, is the Alfven time based on the FRC central den-

sity and the external transverse field. For a typical FRC in
TRAP, 8~0.9 and s/r;~ 20. For adiabatic flux compression
ls~B; ?*, andrs~B; “*. However, even for a field com-

It has been found that an accelerated FRC can penetrapgession ratio of 5, as assumed above, the length dependence
readily into a transverse magnetic field. The behavior of thef | is still the dominant term. One has then from E2Q3)
FRC during penetration can be understood in terms of simpléhat 7j;=1/v, . Initially, with v} >1, the FRC would travel
adiabatic scaling laws. It was seen that by considering theeveral FRC lengths before tilting, which justifies ignoring
forces acting on the FRC during penetration, the analysis othis torque in the analysis of the experiment. However, as the
the penetration could be modeled with a fully resistive 2-DFRC slows at maximum penetratidg,is also much shorter
numerical calculation. By modeling the experimental condi-and the Alfven speed higher. For isentropic compression,
tions, the numerical calculations reproduced the behavior of,~ B?5, and one has then near maximum penetrabi[qp
the FRC observed experimentally. Due to the relatively smalks 7y, (B4 /B;). The tilt time then becomes significantly
influence of body forces during penetrati@re., the torque shorter at the point in the FRC trajectory, where the FRC has
on the FRC dipole momenthe numerical calculations were the maximum dwell time. If the dwell time is defined as the
extended to examine FRC penetration into higher fields thatime the FRC is within the inner one-third the tokamak mi-
could be achieved experimentally. nor radiusr,, one hasrgye=(4/\/3)(r{/v4). For a FRC

The penetration scaling from the analytical model pre-whose initial length is roughly half the minor radius,
dicts a very favorable scaling with increasinfy, the initial 7, /7quer~ (V3/8) (B4i/By) vy, and taking the penetration
penetration velocity normalized to the Alfwespeed in the parameters discussed above, one hgs7yye~ =, SO that
guide field. The numerical calculations show a growing de-the antialignment of the FRC should easily occur during this
parture from the simple model at large valuesi§fdue to  time.
the differing dynamic behavior of the FRC mass and flux =~ Reconnection at the X points must also occur during this
during penetration—a difference that is readily observed extime. If the steady reconnection models of Petschek and
perimentally during FRC acceleration. The extrapolation re-others* are assumed, the FRC lifetimgrc~10(rs/va).
quired to achieve penetration into an ITER-scale toroidaFor the parameters considered here, once the FRC has tilted,
field is not that large. An “empirically” derived scaling for the disassembly time is no more than a few tilt times, and the
the penetration field from the numerical calculations yieldsdisassembly of the FRC would also occur during the dwell
B./Bg=1+ jv§ + 2} °. Using this formula, one can evalu- time.
ate the conditions required for penetrationoirgt 5 T core In conclusion, the robustness of the FRC in penetrating a
field of a fusion grade, tokamak reactor. With a guide field oftransverse field has been demonstrated experimentally and
1 T, one hasv}=3.7. Using the same fill pressure and modeled with a resultant scaling for penetration into higher

2
s

3

_| .2
T =| s+

V. CONCLUSIONS AND DISCUSSION
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