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PREFACE

The six:iy papers contained in these Proceedings serve to convey some
idea of the highly original and diversified discussious that took place at
the US-Japan Joint Symposium on Compact Toruses and Energetic Particle
Injection.

Perhaps the most striking feature of the Symposium, however, was not
its diversity, but its essential unity. Researchers from such seemingly
disparate filelds as tokamaks, mirrors, theta pinches, zed-pinches, and
relacivistic~beam injection found themselves confronting identical problems
of phvsics and converging towards a similar reactor goal.

The participants were also pleased to experience a second form of con-
vergence: the joining of the Japanese and United States fusion programs in
a _ollaborative effort. This collaboration promises to be particularly
fruitful in the area of compact toruses and energetic particle injeztion —
where so much depends on the emergence of new ideas and new experimencal
teciniques.

Harald P. Furth
21 January 1980
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IHTRODUCTORY REMARKS

John F. Clarke, Deputy Director, Office of Fusion Energy, Department of
Energy, Washington, D.C. 20545

I wish to add my welcome and that of the Department of Energy to Mel's.
Exchange visits of the past have proven to be valuable to the participants
from both countries, and it is gratifying that this is the first to be held
urder the newly inaugurated series with the Government of Japan.

[t may not be coincidental that the topic far this conference is in
the area of alternative concepts. The diversity ¢f our national program
1s probably matched only by the Japanese program among the several national
fusion proqgrams worldwide. Further, the focus of the meeting, what we call
compact toroids, is indicative of the readiness of the worldwide fusion
community to deal with worthy, innavative ideas.

In the U.S. program we continuously evaluate alternate confinement
approaches for development 3as fusion power Systems. How do we arrive at
a decisian to launch development of an approach such as compact toroids and
neglect others?

This is a difficult technical management issue that we are fiequently
asged to addresc. The answer is not simple and uliimately must rely on
orofessional judgments. The procass for salecting concepts has evolved as
technical successes were obtalned in the development of the mainline confine-
ment concepts. That introduces a key element in the selection process; we
examine and select alternate confinement approaches by taking full account of
the status of the principle confinement sporoaches, and we do not undertake
selection ef alternata fusion confinement as an abstract exercise.

istorically, the mainline confinement aporoaches, the tokamak and
mirror, have reached a grominent rale in the development program because of
demonstrated experimental success in confining hot, fusion-quality plasma
earlier than other approaches. However, the flexibility implicit in the
physical orinciples that unite all confinement concepts has dermitted a great
variety of feasible fusion approaches to be conceived and proposed for develop-
ment. These are collectively identified as alternate concaepts. Any aumber
of them might be chosen for development and ultimately lead to successful
fusion power systems. It is taken as an imperative by the Office of Fusion
Energy that any attempt to develop all of them with equal emphasis would be
detrimental to the eventual technical success af the most aromising and an
irresponsibie utilization of valuable resources.

Several courses of action are conceivable in order to optimize the develon-
ment of the highest potential of fusion for commerctal agplication. The one
approach that is clearly unsound is to ignore potential advantages that can
come to the development program from ideas outside the mainline effort. It is
oracisely this factor that is employed in the raview and selection Drocess for
alternate concepts.

The selection of alternate confinement approaches for development involves
three factors: potential reactor advantages with respect to the mainiine
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approaches, technical feasibiiity, and the readiness (or timeliness) of
undertaking the development with respect to the status of worldwide fusion
deveiopment. The analysis of these factors is a continuing process; the
‘eve] of performance by which the concepts are evaluated becomes increasingly
~ore demanding as the concepts mature (and as the successes of the mainline
affort elevate the ceneral standard for all fusion development}. Novel
altarmate concepts such as compact torpids must be perceived by the fusion
community a5 having the potential of significamt reactor advantages witn
raspect *0 the mainline concepts. As the concept matures aznd becomes ready
“or proaf-of-orinciole level tests, the perception must be replaced by
quantitative studies supporting the reactor advantages. The compact toroid
concept is clearly in an embryonic state. As the research we will hear about
during the next several days evolves, this concept will be submitted to this
scrutiny also.

We wish the research success for it is egually clear that this approach
has significant potential benefits for users. Despite the enthusiasm for
such a fusion system it s%ill takas the dedicated wark of the fusion community
to make the promise of it a reality.




THE COMPACT TORUS CONCEPT AND THE SPHEROMAK

d. P, Furth, Plasma Physics Laboratory, Princeton Univerdity, Princeton,
Yew Jersey 08544

Photographs of selar activicy, using polarized filters [1}, have pro~
vided {adirect avidence of the emission of long-lived toroidal plasma con~
figurarions con’ined by linked poloidal and toroidal magnetic fluxes.
Plasma configurations of chis sort were first produced in the laboratory
by H. Alfven [27 and his coworkers (cf. Fig. 1) and rsported ar the Second
International Ccnferance on Peaceful Uses of Atomic Energy in 1958.

The injectiosn of a current layer of highly energetic electrcns (am
YE-layer") to produce a steady-state toroidal plasma confined 5y poloidal
field was proposed at the same conference by ¥, Christofilos {3}. A ododera
variant of chis 1dea, using a neutral-beam-injected, medium~energy ion cur-
ren: {43, 1s shown im Fig. 2. Reversed-poloidal-field ceniigurations of the
same form have long been produced successfully by means of ordinary plasma
currents 1in theta pinches -— both wirh and without tovoidal magneric field
component [5,6] (Fiz. 3).

The common feacure of all these plasma confinement schemes 1s thar che
nagnetic field lines are closed, yvet the field generaring coil system Is
not required to link the plasma toroid. The principal variagts of this
"compact torus" concept are tabulated in Fig. 4. The presenc paper Ig con-
cerned malnly with z brief review of the case pjpol < 3plasmgs wWhere the
current carriers have poleidal-field gyroradii thar are smaller chan the
scale height of the plasma.

Experimental cheta=-pinch plasmas with assentially null toroidal-field
component (BPDL »> Bppy) have axhibited rematrkzble loagevity in ramms of
the chavacteristic time scale for MHD inscabilicy (7,8]. While the ideal
HD theory for tais comnfiguration does not acfudlly allow all madas to te
stabilized, the elimination of the strongest instabilicies bv axial alonga-
tion, combined with the finitenegs of the plasma lon gyroradius (zgq]

- 2n}asma) DAY be providing effactive scability in rhe experimenrs. For
the reactor application, the aull-B, vaviant has the cbvicus advantage of
vervy high beta-value ({3) < 1), but the possible drawback of insufficientliy
stable confinement, Since there may be a contradiction between the require-
zents for stability against gross modes and microinstabilities. The fast
time scales and high voltages of the field-reversed theca-pinch formation
method (Fig. 2) could be avoided in the beam-injected field-reversed mirror
approach (Fig. 3), provided that che probleam vf ifon-current cancelarion >y
the electron-drag current can be resolved satisfactorily (4],

The compact zorus with cooparable toroidal and peloidal field componencs
(Fig. 1), which has lately come 5 be called rhe "spheromak,” has long re-
ceived theoretical artention [9,10,11]. The toroidal field {s supported bv
poioidal currents flowing inside che plasma and musc, of course, vanish ouc-
s:de cae plasma Soundary. Ideal MHD stabilicy is achiavable when :the plasma
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entity 1s scmewhat oblate, as in Fiz. 5, and is surrounded by a moderately
close-Eicting canductlng 7he11 (12]. TUnder these couditions, the stability
limi: For 3% 2 Bﬂ( D /82 (where Bo is the field stremngth on the mag-
detic axis) is typlcally of order 2~5%, but it can be several times greater
in highly optimized configurations {i3]. The basic advantage of the {imita-
3ror regime is thar stability against all ideal MHD modes can be ensured
even for the case ppol << 4plagma» ¥hich is congenial cto good microstability
sroperties. The main drawbacks are that special provision must be made Ior
generating the rovsidal flux and that beta must remain well below unity. It
should be noted, however, that a limi:in7 value of 8% in the 5-10% range
for the spherowak gives as much ((p )) 2 as a tokamak B&-value of 50-100%,
if the maximum field strength at the magnet coils 1s the same in the two
cases. This 1ls beécause the spheromak field is maximal at the plasma center
(Fig. 5) while the tokamak field is pmaxfmal at the coils.

The spheromak is closely related to the conventional reversed-field Z-
sinch (RFP) [l4): it corresponds to the particular case of null field-
reversal and fairly low aspect ratic. The RFP has more shear, and thus is
abla o tolerate somewhat higher limiting bera values, but has cthe drawback
of requiring plasma linkage by external toroidal-field coils. Experimentally
{15], the null-field case of the RFP is found te lie precisely at the transi-
rion point berwaen the "gquiescent" state that is achieved wirh exrernal
Beor ¢ 0 and the turbulznt state that prevails for external Begy > 0-

The finite-resistivity MED kink modes of the spheromak have been studied
for large aspect ratio:; stability is fouand to be realizable with opcimal
current profiles and very closa—fitring shells [16] — quite comparable to
the c¢ase of the conventional RFP. The low-aspect-ratio limit appears to havz
similar resistive insrability characreristics {12}, but has not vet been
treated for optimized nrofiles. The stabilization of che resistive iater-~
change mode in the spheromak depends mainly on collisionlessness and modera-
tion of the beta value [17]. (For the Begr = 0 version of the compact
tsrus, the resistive MHD anslysis has been carried out thus far only for
che special case of axdsymmetric modes (18].)

The experimental study of spheromak plasmas began with alfven {2]. It
has Seen resumed recently, bv means of cthe same coaxial-gun tachaique [19,
20) (Fig. 1), as well as by means of a theta-pinch formation procass (Fig.
3) that includes toroidal-field gereration [21). References 22-24 describe
a new tvpe of '"quasi~static” spharomak~formacion technique that is aiwmed at
avoiding the high pulsed powers assoclated with a dynamic forming process
in plasmas of reactor size.

The degree of gross stability observed during the limited pulse time of
the theta-pinch spheromak experiment [21] has been e :cellent — or aven oo
good, since the 1deal MHD theory claarly predicts a cilting medc [12] for
srolate plasmas of the cype «f Fig. 3, whether a toroidal field component Is
sresent or absent. The antitheoretical stability against tilting has also
5een noted axperimentally in the BpoL >> Bpgy case [7,8]. Very recently,
qowever, the injection of a gun-produced spheromak plasma into a prolata
conducting shel] has exhiblred the predicrted cilting [29].



The suppression of the tilting mode, as well as of higher suriace wmodes,
may be a conssqusnce of the presence of hot plasma at the separatrix (cif.
Fig. 3) and just outside it. An effect might be expected when the lon gyro-
radiil are large or when the field outside che seraracrix recains fialte shear,
due to the prasepmee of axternal axial plasma currents or helical windings [12].
External-plasma stabilization could turn out te be very important for the
compact-torus reactor application, since stabilization by close-fitting con-
ducting shells would be inconveniently rescrictiva. As i1s shown 1n several
reactor Studies [23-27], one ¢f the attractions of the compact terus is irs
potential abilicy to undergv compression, expansicn, or displacement, frze
of mechanical constraints.
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INJECTION OF RELATIVISTIC ELECTRON BEAM INTQ :
TORQIDAL SYSTEMS !

Akihiro Mohri, Kazunari Narihara, Yukihiro Tomita

Institute of Plasma Physics, Nagoya University
Nagoya 494, JAPAN

In recent yvears, the injection of high current
relativistic electron beams into toroidal systewms has
been a subject of absorbing interest in connection
with compact torus and OH assist startup for large
tokamak . Injection methods tried up to the present
are surveyed here and a method using Plasma Anode,
which is adopted for REB injection into SPAC,is
reviewed.

The first gquestion we have is whether an electron ring 1s
suited for confinement of fusion plasma in the practical sense.
The electron energy of E-layer of Astron should be so high as the
relativist:.¢ factory> 100 in order to produce a strong magnatic
field and a sufficiemtvolume for confinement. The* resultant
strong synchrotron radiation brings a serious problem concerning
the energy loss. However, if we use an appropriate mechanism to
keep the ring radius large enough at lower § in the strong external
field for eguilibrium, such a problem will not be fatal. When
a2 high current REB ring closely in a2 force-free state is Zformed,
its major radius can be controlled with an apwlied vertical field

like Astron-Spherator. We do not need the use of ion~ring in this
case. Besides, generator of 1~ 10 MeV REB is now at the commer=ial
basea. When the main toroidal current is generated oy REB injec-

tzon from cutside, we can neglect any other current-driving squip-
nent and,thereby, torcidal con“igurations ¢f very small aspect ratioc
are realizable.

The concept mentioned above much depends on the success of
REB injection into toroidal systems. Methods examined up to the
present are summarized as follows;

* ASTRON ( LLL )}, RECE-BERTA and RECE~CHRISTA ( Cornell Univ. }
inject REB obligquely to¢ the mirror axis and stop the axial
motion bv dissipaticn.

* Cornell univ.( Gilad, Kusse, Lockner )
divert toroidal field lines to the cathode of a diode by
using self-field of the diode current.

* physics Internaticpnal (Benford, Ecker, Bailey )
use a guiding field and the drift motion of REB. i

£
¢
i
3
¢

* Cornell Univ. and Maryland OUniv,
use a cusp field,
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All of above methods are for injection into neutral gas. However,
adiustment of the initial density of plasma at the time of the
injection becomes necessary so as to control the3value of thus
confined plasma for stability. In the case of £he injection

into neutral ¢as, the range of the gas pressure should be chosen
from the condition of space charge neutrality. Usually, the
pressure is 0.1 to 1 torr. For the reason, REB injectian into

a plasma of appropriate density is required, where ions of the
plasma easily cancel the space charge of the injected beam elect~
rons.

In order to catch a ring immediately after its formation in
an eguilibrium positicn, we have to suppress the induced return
currents which mask the poloidsl field of the ring. Besides, we
can not chiange the vertical field within a time comparable with
the pulse duration of injection. These difficult points can
be solved if we use Plasma Anoce instead of usval foil anode.
Figure 1 shows a schematic explanation of the function of plasma

anode.
Bv
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‘\ charber wall
starn m:-‘\“\
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cachode, double : =B m:t \\\ glasma
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Pig. 1
A cathode is set inside the torcidal chamber so that its face is
directed parallel to the toroidal field. The toroidal and the

vértical fields are applied before REBR injection and then the

chamber is £illed with a plasma. The plasma contacts both the

cathode and the chamber wall. When a negative-pulse voltage is

applied on the cathode, ions of the plasma are accelerated towards

the cathode and bombard the cathode surface where multi-layers of

- gas mo_acules are present. Thus, a high density plasma is produced
on the surface. There appeaxs a plasma sheath of double laver

tyoe and the electrons of the cathode plasma aze accelerated in the

sheath. The plasma=-anode is very superior to the cenventional
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foil anode in that there 15 nc need to exchange foils and thus

a repetitive operation becomes possible. Owing to the thin
sheath, feirly high current density is obtainable for REB without
causing a pinch, and the beam electrons are ejected in the same

direction. The induced returr current can not flow towards
the cathode, and the current is forced to take its path towards
the chamber wall along the magnetic field lines. Inside the

beam channel there exists a strong self-magaetic field due to the
beam and the resultant magnetic field becomes halix because of the
presense of the toroidal magnetic field. The channel winds round
the toroidal major axis. Another possible path cf the return
current is on the just outside of the beam channel as shown in
Pig.1l. This return current wraps the beam channel like a thin
sleeve and masks the self-field of the beam. Since +he skin

time of the sleeve is very short, neighboring paths of the beam
channel merge themselves as the self-field appears out of the
sleeve. Finally, an axially symmetric REB ring with a single
magnetic axis is formed. The rise time of the poloidal field

is therefore very short. The time is about 150 ns in the case of
SPAC-V, as shown in Fig.2. Strong plasma heating could be expected

Fig. 2

Rises of poloidal

fields on the upper ™

and the lov‘wer ;ides 500G

of a REB ring in s
SPAC-V.

T

500G

v

50 nsEC/D

during this merging phase.

while the plasma=-ancde is working, the cathode is subject to
ion bhombardment. During the time, the material of the cathode
is evaporated or sputtered and may enter the confined plasma
region as impurities. Figure 3 pr.s=nts photographs of the cathode
surface, taken with an electron-scanning-microscope. Damage of
the surface like chunks are observed. Materials st.oonger against
the ion bombardment should be used such as Mo. In this injection
of{ REB, the cathode plasma is easily produced by ionizing attached
molecules on the cathode surface. The density of the molecules
is more than 1014 cm=2 which is sufficient for the purpose. It
does not need to use thé plasma of the cathode material itse. f.

r
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Fig. 3 Damage of the cathode surface.
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i Irradiation power of protons: 107 W/cm2,
Number of irradiation : 85 shots,
Total irradiated energy : 30 J/cm2,
Cathode : SUS-304
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THE LASL SOMPACT TOQRUS PROGRAM®

R. &. Linford and €7 Staffuw, Los Alamos Scientific Laboratory, Los Alamos.
New Maxico 87545

I NTRCDUCTION

The Comoact Tarus (CT) conceot includes any axisymmetric toraidal plasma
zonfiguration, which does not require the linking of any material through the
nole in th.. torus. Thus, the magnet coils, vacuum vussel, etc., nave a simole
cylindrical or spherical geometry instaad of the torcidal geometry required
for Tokariaks and RFP's. This simplified geometry results in substantial
engineering advantages in CT reactor embodiments while retaining the good con-
finement properties afforded by an axisymmetric toroidal plasma-field geometry.
The cross section in Fig., | of a prolate CT shows the essential Features of the
8-fields and plasma dimensions. CT's can be classified into three major types
5+ uysing the ion gyro radius n. and trs magnitude of the maximum torpida) field
The well=known Astron configuration is a CT with large :., or as is de-
FF;ea in this paper o /a > | (see Fig. 1). The two ather clastes of CT's,
Shercmaxs and Field Réversed Configurations {FRC's), both have :./a - 1. How-
aver
a So

o

, 8., =0 for an FRC in contrast to Btm =8 " (maximum ooloidal field) for
naromak. P

PoOGRAM QUTLINE
The LASL CT Program is focused on the studv of the ohysical properties of
Soneromaks and FRC's in order to develop viable reactor ambodiments. The 7a8in

facility for this study (Fig. 2} is under construction. The two types of CT's
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Figure |. CT Cross Section Figure 2. ©T¥ Faciliz,

TWork verformed under the auspicies of the J. S. Jdepartment of Snergv.
sl T, Armstrona, R. A. Bartseh, N. .. Lommisso. T, A, Ckdak', b, Henins,
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will be oroduced bv the “agnetized
jun (Soheromak) and the “RX=-C (FRC).

Eventually, both sources will be able sv.gQ , sv-3

to inject CT's into the central CTX TAsg e
tank where they will 5Se trapped in a Sun _omqTy R

dc mirrer field of up to 10 «G. ITX ZOASTALCTION ——ome e
Seability, transport, and heating SUN SRR N 2% i —anesgeia o
studies will be carried out on these :
single cell configurations. Stability FAx-C GPEAATION J‘I#‘%u
and transport studies of multiple cell FRA-C CORSTRUCTON emcmmani ip’ 7
configurations will also be carried ERX-C ARCTO SR .,7"_’ ;"'
out in a modified version of the 5 m fAx-s 1cam mgss empaton A
long Scylla IV=P rheta pinch. raton Ezggzgﬁﬁﬁa?*wanw——n—

MULTALE IfLL ’ O s

In oreparation for these experi-

ments, Spnerocmaks are bSeing produced in
a Sun Prototype facility and FRU's are
being studied in two ! m Jong theta Figure 3. CT Program
sinch svstems, FRX-A and FRX=B. Plan
figure 3 shows the time scales for these
axperiments, As indicated, the Gun will be the first pl. sma source tested in
the CTX tank. The FRX-C will be operated 3s a separate facilicy during FY 37,
At the_and of that fiscal vear, the transitice szction will be added to allow

the transiation of the FAC plasma inta the CTX tank. The significance of the
planned experiments on FRX-B systems is discussed later. The remainder of the
saper is devoted to a brief status re?oftaog the Gun, CTX, and FRX axoerimants.
lompanion papers in rhese proceesdings '*'°’  describe in mare detail the zxperi-
mental and theoretical results and future 5lans for these systems.

SUN PROTOTYPE

A 70 e¢m long Marshall-type coaxial plasma gun has been constructed ~ith
alactrode radii of 15 cm and 10 ¢m. Slow risetime magnetr coils have been placea
inside the inner electrode and autside the outer elecrrode. These coils oroduca
a radial field across the muzzle of the gunr, which is Stretched Hy the emerging
alasma and aventuallv forms the poloidal field of the Soheramak. {n addition,
rhesa coils produce a bias field in the gun -arrel (between the slectrodes!
which allows repeatable operation af the gun at much ‘QWer £i 1 QTESSUESS than
otherwise possible, Initjal fill densities of 3 x 10 to 2 x 10 ? em ° have
been used successfully wich bank 2iergies of about 30 kJ. Magnetic field orobes
indicate that Spheromaks nave heen formed by the qun and st?pped in a 45 em
diameter stainless steel flux conserver with no guide field .

CTx

The =main CTX tank is installed and has been sumped down to | x !0-7 ntorr

~1th one of the three cryo pumps. The dc magnees have also bezn installed but
arz not yet coanected ta the powar suopliy. The 10 k¥ Bank for the gun magnets
and the 60 kU maia gun bank are in place awaiting power supply and control
sustem (nstallation.



FRX SVSTEMS

The large body of experimental and theoretical data available from the FRC
research cannot be summarized hera. Howevar, three important FRC issues ara
discussed, which include some of these results and aiso provide some of the
notivation for the experiments outlined in Fig. 3.

1) Gross Stability

The coaserved gross stability in the experiments for more than 100 Alfven
transit times ‘appears at odds with simple MHD estimates. Note that as a result
of the absence of -oroidal field in the FRC, the 8 is high, the safety gactor
a = 0, and thera is no shear. However, detailed ideal MHD calculations, which
include the proper geometry effects (high elongation b/a, and low aspe«t ratio
R/a) .ield results that are consistent with the observed gross stability.

in contrast tc this ideai MHD stability, the FRC is usually terminatad bv 2
rotationally driven.n = 2 {toroidal mode number) mode. The exceotiscns are the
Kurtmul taev re5u1ts5 and a few non-rapeatable shots on FRX-8. Although these
observations ares not comple:e&y understood, they are largely consistent with the
foilowing theoretical results . The mode is stable if the ion rotational fre-
quency . is kept below the threshold of 3, /0% = 1.4 where * is the ion dia-
magnetic frequency. The source of rotation, which drives >, beyond this limit,
is dominated by narticle loss although there ara other effelts associated with
geometry, flux annihilation, and electron-ion energy equilibration. The most
important result, however, 'is that the mcde does not limit the egergy confine-
ment of the FRC. This result, which is supported by experiments , predicks
that apout half the eaergy is last by transport before the mode goec unstable.

12}  Transport Scaling

The transport, which limits the plasma lifetime appears to be anomalous.
440 turbulance does not appear important because decreasing :. for fixed R and
decreases a Finite-Larmor-Radius (FLA) stabilization but incresses observed
lifatime. However, the obsarved scaling is consictent with the resulzs of a
!'-1/4 D transport code wiéh the lower-ayprid=drifc (LHD} instapilitvy dominating
the transport cecefficient .

There are several important transport scaling parameters. Variations in R
result in the usual surface-to-volume effects. The density scale length {_ is
very important pecause . /o, strongly affects the LHD *-insnort. In turn. /2
is ¢nntrolled by the dengit+ n, R, and r /r where r i35 the rad'us of the cod-)
ducting wall. !n particular, as r /¢ = l,wl fz0 ~ g/:.. shich is the largest
and most [favorable value possible. Thus fat Bla;mas {(r'/r <~ 1) are favorable
not only because of wall stabilization, but because ** esi) =~ in slower trans-
sort. As a conseduence, the angular acceleration is decrzased and the onset of
the rotational mode is aelayed.

A major purpose of the planned FRX experiments is to examine tecnniques “or
sroducing fat plasmas (r_/r - ) and thus extanding the slasma lifetime. The
aroductinn of fat plasmas rgquires the trapping of more bias lux in the theta
pinch during the field reversal. T~o technigues for traoping more flux will he




tested, /I' reversing the field mare rapidly ard (2} trapping the oias flux
~ith anm octapcle aarrier fiz2ld during reversal” The fast reversal technique
~ill 52 tried ficst on the FRX-C using its 250 4V loop voltage. The FRX-8 is
aeing ncdif%ed to fest the harrier field and reconnection techniques of
Zursmyl laew, if these prove superior to fasi reversal, FAX-C will e modi-
fiag agcordingly.

The Hultiple Call experiment is designed to test transport and stability
in the multiple cell geometry. In particular, a study will be made of the
effeczs of increasing i /p, by multipie-mirror confinement of plasma on the
open field fField lines. !

{3} Translation and Trapoing

Translation and trapping are necessary if the FRC plagma is to be studiec
in r~e dc field of the CTX tank. The farmation anc translation have alreadyv
seen demonstrated in FRX-A. dowever, it is important to use a puffed gas fill
instead of a static fill so that the FRC can be translated into a vacuum.

This technique is being studied in conjunction with a quadrapslie preionization

scneme oa FRX-A [see Fig. 3). The. results will be incorporated in the transla-
cion and trapping experiment on FRX-3. These experiments should produce all

of rrme necessary data for the successful translation of FRX-C plasmas into the

CTX in FY 32,
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INITIAL RESULTS OF FIZLD REVERSZID PLASMA SUN EXPERIMENT*

W. C. Turner, C, W, Hariman, and J, Taska
lLawrence Livermore Labaratory, liverszore, Califormia 94350

A. C. Smith, Jr.
Pacific Gas and Elacctric Company, San Francisco, California 94106

we have begun exper1men:s using a magnetized co-axial plasma gum ¢o
produce field reversed pgasna\l 2 The zua injects axially into che
Beta II facility at Livermore, The experimental program consists of three
stages: (1) formation, (2) translation and magnetic airror trapping and
(3) neutral beam heating of field reversed plasma, Experiments to date
percain to the first stage and have demonstrated production of field
reversed plasma.

The experizental apparatus is shown in Figure 1. The ce-axial gun
electrodes are 1.3 = long. The diametear of the innar (outer) elactrade is
.15 @ (.30 @). The electrodes are fitted with solenoid coilis chat, fagacher
with the guide coils of the 3eta I[I device, form a magnetic cusp at =he zun
muzzle. The ianer electrode solenoid provides magnetic flux rhat is
opposite the guide field (field reversed flux). The outer 2lectrode
solenoid is used to control the bias field berween elacctrodes.

Diagnostics include an array of magnetic loop probes and a Cu
calorimeter. The external magnetic loops consist of Zour single Zurn
diamagnezic flux looos, two Rogowski belts and 2 lLoop that measures the
aziguthally averaged component of radial magretic fieid at one axial
location. An axial magnetic probe can be scanned vertizally througa the
intarior of the plasma and contaias small loop »robes o zeasure local
compopents of magne:i. field. The magnetic probas shown in Figure ! ar2
center tapped for.,differential readout, staial2ss stzel JaC(eCed and
compensated with passive RC aertworks. The probes are calibrared with pulsed
solenoid and Helanoltz coils.

The data in this paper were obtained Yy choosing a guide Iield
strength 4.8 G, a ner inmer solemeid Flux 0.90 ¥G - 2=°, 3 plenum zas
Eill of 50 atw - e=3 D1,and then scanning the gun bank -na:;e vol~age
(Vg) and bias field between electrodes (Byjgg) to find optimum valuas
for production of field reversal. These values turned out to be Vg = 35
kY and Bpjag ® 2.25 %G in che same direction as the gunide field, opposi:e
the ficid inside che inmner elesctrode,

Gun discharge voltage and curcent are shown ia rigure 2. Tha zun
current peaks at 940 k4, producxng a :agne:xr field of I5 xG at the suri =2
of the :nner elaztrods that is accslerating plasma out o
inregral of veoltage and currtent shown at cthe bottom of F-gure 2 gives 130 L3
energy iiput to the ;un term.nals.

Time of flxgnc data from the four diamagnetic flux loops show an
initial plasma front veloclcy in the range §2 to 130 x 10°c:/sec, 'lleug
the region becween the gun and calorimeter with plasma in approximately 2
microseconds. Thereafzar signals on the diamagnetic loops persist fer about
25 usec. For the conditions desecribad above the Rogowski delts meas:. -~ zern ;
net axial current drawm from the gun o the calorimeter and returming in ¢ ;
vacuum chamber walls. Figure 1 shows an axial =agnetic probe sigrali ziviag

*Work periormed by LLL Ior USDOE under conctract #-7405-Zng-48.
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a peak change in axiai magneric field strengcth 23, ® 18,9 kG and field
reversal faczor . 3,/3; = 3.1 ia the 4.5 kG guide Iield, The botzom hall

of Figure 3 shows separately signals frem esach half of the cearer zapped
probe., The two components are equal in magnitude, opposite in siznm,
verifyiag ctheir magnetic origin., This verification is equivaleat to
flipping probe srientation or changiag sign of all magnetic fields and
observiag opposize polarity probe signals, Elsctrostatic signals would have
the same sign for each half of the probe and obviously bave been reduced o
negligiblas proportions by shielding and isolation. Typically a time
integrated energy deposition of 15 kJ is recorded on the calorimeter,

A radial scan of the axial component of magnetic field strength is
shown in Figure 4. Data are plotted om successive shots, moving the probe
between shots, Each data point plotted is a five microsecond average over
the peak of the recordad waveform. A multi-channel radial probe has bean
comstructad =5 verify the profile in Figure 4 on a single shoc buc no data
have been taken yet with this probe. Several points can be made from Figure
4. First, a field raversed region with B, = ~10 kG, corresponding to
SB,/3g = 3.1, exteads osut to a radius 0,10 @m. Second the radius of ths
axial field null is 0.15 @, Third, the magnetic f£lux inside cthe null is
4.9 x 10° %6 - cmz, a factor 5.4 rtimes the aet flux iaside zhe ianer
electrode. 4 flux amplificarion effect has Seen noted earlier by alfveén and
his co~workers.(2)(3 Fourth, the radius enclosing zero flux is 0.23 m,
Fifth, the radial pzofile im Figure 4 conserves the vacuum flux out te che
wall at 9.75 @. Sixth, the axial magnetic field energy ianside the
separatrix is 28 J/a. Zquilibrium of cthe profile in Figure 4 requites
existence of a toroidal field component since the axiazl fiald pressure
ingide exceeds that outside the plasma by a factor of four. Toroidal field
components have been observed but a radial profile verifying the equilibrium
has not bHeen obtained yet.

A scan.of B, o0 axis versus pet flux ia the inmer gun alectrode is
shown in Figure 5. For negstive values 5f net fiux the inner alactzode
solenoid is not pulsed strongly enough to reverse the guide fi=ld flux, and
the plasma produced does not reverse the guide fiecld. Oace -he net flux is
positive large field reversals are readily produced, but if the ner flux is
13 large, fieid reverded plasma does noc emerge from cthe zum.

f1) H. alfvén, Proc. Second Iat'l, Conf, on Peaceful Uses of Atomic Energv,
31, 145 (1958),

(2) . Alfvén, L. Lindberg, P. Mitlid, J. Nucl. Znergy, 1, 116 (196G).

(3) L. Lindberg, C, Jacabgen, Astro. J., 133, 1043 (19617.
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TYPICAL MAGNETIZED PLASMA GUN
VOLTAGE AND CURRENT
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Figure 3

TYPICAL FIZLD REVERSAL SiGNAL FROM
BALANCED MAGNETIC PROBE

Figura 4

RADIAL SCAN OF AXIAL MAGNETIC FIELD
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EXPERIMENT ON PLASMA COWNFINEMENT BY INTENSE RELATIVISTIC ELECTTCON
BEAM RING

Y. Tomita., K. Narihara, T. Tsuzuki, M. Hasegawa, K. Ikuta, and
A. Mohri, Institute of Plasma Physics, Nagoya University, Nagova

464, Japan

1. INTRODUCTION

Toroidal magnetic configurations formed by injection of intense
relativistic electron beams (REB) have many benefits for plasma
confinement. The formation time is so short that the state can
pass over to a final stable one, gquickly going through dangerous,
unstable regions. When a beam is injected into a preformed
plasma, the plasma is effectively heated in a short time. Since
no equipment to generate toroidal currents i1s necessarv around
the major axis, compact toroidal configurations are realizable.

An experimental program named SPAC has been conducted to inves-
tigate the possibilities mentioned above [l-3]. In SPAC-V, REB
rings with a current of 30 ka and milliseconds life were success-
fully formed using a new injection methed in which plasma acts as
ancde and no anode foil is needed. Encouraged by the resulis
from the SPAC-V experiments, we have constructed a scale-up
toroidal device SPAC-VI which was designed aiming at longexr life
and higher current of REB rings. In the new toroidal device
SPAC~VI, the strong adiabatic compression is easily applicable,
when the beam electrons and the plasma are both energized.

In the next section (Section 2) a summary of the results of the
SPAC~V experiment is given. In Section 3 the design and experi-
mental results from SPAC-VI are presented.

2. SPAC-V EXPERIMENT

Experimental setup is schematici_.ly shown in Fig. 1. The end of
the magnetically insulated transmission line (MITL), which is
connected to pulsed high veltage generateors PHOEBUS II or III,
is inserted inside the vacuum vessel where the cathode is set
with the surface towards the toroidal direction. fter apolying
the magnetic fields, the vacuum vessel is filled with a orepared
plasma. The plasma c¢ontacts with the surfaces of the cathode
and the vessel. On the application of the voltage, a plasma
sheath forms in front of the cathcde. Across this sheath, elec-
trons are accelerated to the applied voltage and enter into the
Plasma. This method of beam injection, which we call "Plasma-
Anode Method," is superior to the conventional foil anode in the
following points: (1) There is no need for exchanging foils and
highly repetitive operation is possible. (2) Electrons are
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scarcely momentum scattered by the anode material. (3) By
changing the plasma density and the area of cathode, the dicde
impedance is easily changed. (4} The small thickness of sheath
gnables fairly high curvent density beam emission without
causing a pinch. In the experiment, the cathode was 4-6 cm in _
diaTeter and the plasr . density around the cathode was 10!'°-10!'®
cm” .

Features of the REB rings thus formeéd depend largely on the ex-
ternal magnetic field strengths and on the plasma density before
REB injection. When REB are injected into the denser plasma,

a ring current as high as 150 kA was obtained. The lifetime,
however, was as short as 20 microseconds.

The lifetime of the REB ring has been prolonged up to 1.6 msec.
Figure 2(a) presents time dependences of the ring current Ip,
poloidal magnetic rfields at the center Bpe and the major radius
cf the ring Rp. The ring current reached 42 kA 300 nsec after
the injection, and it decaved fairly guickly for 200 microseconds.
Then, the current decayed slowly until a final large diszuption
occurrad The major radius decreased in the rising phase of

By and uvhen the radius was nearly constant for about 1 msec.

A train of stepwise damps oI currept were observad during the
fast decay of the ring current in the early stage. At the final
larce disruption, intense x-ray flash emitted from the central
region and a positive spike appeared in the poloidal field at

the center., These facts suggest that ‘the collapse of the ring
was accompanied with the fast shrinkage of the major radius.
Figure 2(b) presents the case where the toroidal magnetic field
was adjusted to decay faster. In this case, disruption occurred
at a faster time than in the previous case., This fact suggests
that the life of the ring is determined bv the drcay of the
toroidal magnetic fields.

The vertical magnetic field necessary for the egquilibrium is

u I 8 1.
-.&E(‘ln—i-l_sﬁ-i-pg ‘>,

8., =
v 4R

where a is the minor radius c¢f the ring, 1; the internal in-
ductance, and 3perg 1S the effective poloidal beta which in-
cludes the centrifugal force effect of the circulating electrons.
From the experimentally measursd values of By, Ip, Ry, and the
roughly estimated value Oof a, Wwe can estimate 3.5¢¢. In the
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case of Fig. 2(a), 3_,.¢r increased from 0.8 at t = 0.4 msec
to 1.6 at & = 1.2 mSec. This increment could be causad by the
heatlng‘of plasma due to beam plasma interaction and/or the ac-
celeration of the beam elactrons embedded in the slasma.

From a micro-wave interfercmetry , the averaged density of
t@e confined plasma was estimated to range arcund several
times lol3 cm 3.

From the Doppler broadening of impurity lines ion temperature
was estimated to be about 100 ev at the early phase of
the ring current evolution.

limiter

rig. 1. Schematic diagoe of
ths toroidal device S2ac-V.
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3. Design and Experimental Results of SPAC-VI

A New T2roidal devica SFAC-VI was construcsted goatinucusiy
from previous experiments ! SPAC-V. This new toroidal device
was designed with aiming ac plasma confinement by REB rings of
longer life and higher c¢urrent and stronger major radial adia-
batic compression. For this purpose,the vacuum chamber was
made larger and vertical magnetic field coils were distributed
radially.

Figure 3 shous the schematic structure of SPAC-VI. The
toroidal field By is generated by the current(l.2MA maximum) in
2 single center conductor set along the major axis of the torus
and its flat top time within *7% change is 20msez. The verti-
cal magrnztic field coils are installed to keep the decay index
less than 1.1 for stabilizingc the positional instability of REB
rings extending the whole space of plasma ceonfiment and a maxi-
mem vertical magnetic field is generated 12kG. For the purpose
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Fig. 3 Schematic structure of SPAC-VI



of major radial compression of plasma, the wave form cf the
vertical magnetic field By is able to be adjusted. The vacuum
w8552l for glasma confirscment is made of thia staianlass steel
with a shell effect. This vessel 1.28m in guter diameler does
not have a flat lid aiming at adiabatic compression of confined
plasma. In this'experiment, for REB injection "The Plasma Anode
Method"” was adopted to form REB rings. Pulse of negatively
high voltage delivered from a Marx generator PHOEBUS-ILT
(Pulserad-445W; 1.8MV,370kA,50kJ) is sent to a cathode through
2 magnetically insulated transmission line(MITL). This cathode
is inserted inside the wvacuum vessel and is set with the sur-
face towards the toroidal direction. The MITL can be operated
in ultraz high vacuum and the transmission efficiency is more
than 8C% at the pulse strength of 1.6MV and 190kA of 80nsec du-
ration. A partiallv ionized cold hydrogen plasma, which is
prepared by a coaxial plasma gun, serves for the plasma-anode.

The experiment of plasma confinement by REB rings usiag
SPAC-VI and PHOEBUS-III (Pulserad-445W) was firstly carried out
to have a long lifetime. The external magnetic fields of SPAC-
VI can be maintained ten times as long as in the case of SPAC-
V where the lifetime of REB rings had been determined by that
of the external magnetic fields. In a high g mode operation
{g22), the ring cuzrent Iy continued for lOmsec Which was ten
times the previcus record of SPAC-V{Fig.4). The peak ring

Fig. 4 Wave form of a REB ring current

current was 43kA and the major radius of REB rings, which was
decided from measurement of poloidal field near the wall using
magnetic probes, was 23cm, where the toreoidal magnetic field Bg
was 5.4kG. Irthis case, the slowest decay time (dIp/(Ig'dt)]™
was SOmsec. The injected RE3B had the particle erergy of lvaV
and the current of “BOkA. However, highly repetitive shor:
bursts of boch x-rays and impurity lines apr2ared during the
decay of the ring current. Origin of the phencmerna is now in
full pursuit.
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The major subject of this experiment using the torcidal device
SPAC-VI is to form leong-lived REB rings with very low g-value
and to apply a strong adiabatic compression on them, because
this would lead to a compact torus reactor. Compressicen ratio
of 2.5 with respect to the major radius i1s possible in SPAC=VI.
Ixperimental resul®s in these operations will be reported.
Diagrostic instruments which can work in strang x-ray environ-
ments are under commission, so that detailled parameters of con-
fined plasma will be found out.
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INTENSE RELATIVISTIC ELECTRON BEAMS IN TQROIDAL MAGNETIC GEOMETRIES

V. Bailey, J. Benford, R. Cooper, B. Ecker, and H. Helava,
Physics Internatignal Company, San Leandro, CA. 394877

Intense relativistic beams (REBs) can perform importart functions N
in toraoidal fusion devices. Among these are: (1) starting up and/or i
maintaining the current in a steady-state toruida% geactor,T' (2) produc- j
ing the confining magnetic fields for the plasma,>"° {3) rapidly heating
the plasma to ignition conditions,? (4) providing start-up plasma hegting i
and current maintenance for a steady-state, compact, high B torus .5,

The REB is injected parallel to the toroidal magnetic field and
trapoed in ‘?S toreidal plasma column by drift-injection, energy loss
trapping.10” This technigque, which has been demonstrated experi-
mentale,‘3 allows multi-turn injection, whereby the injection time is
many times the single transit time of electrons around the torus, and has
been shown experimentally to be efficient. This method uses toroidal-
plus-betatron-type field geometry with trapping resulting from partial
beam energy loss by self-magnetic field generation and/or by heating of
the plasma.

The increase in the net toroidal current causad by the REB is
an increasing function of the kinetic energy of the injected REB and
is inversely proportignal to the inductance per unit length of the beam-
olasma systam. The predicted scaling of the fncrease in net torgidal
current compares well with recent experimental data. The time scale for
this increase is significantly shorter than the normal L/R decay time
of the plasma. The fraction of the injected REB energy that is initially
converted to poloidal magnetic field energy or plasma thermal energy
can be adjusted by changing the parameters of the fnjected beam. This
allows a great deal of flexibility in using the REB for plasma heating
and current-drive.

The average - 3 power level required to maintain the toroidal
cdrrent in 2 stezay-state toroidal reactor is only slighely larger
than the ohmically dissipated power and is significantly less than
that requirzad by rf current drive. For a typical tokamak reactor the
ratio of the toroidal current to the average REB power required to
maintain that current is 10 A/W. The ?enerally accepted value of this
ratio for rf current drive is 0.1 A/W.18 [Injection of a 6.6 MV REB
having an average power of 1.5 MW could maintain a toroidal current of
15.6 MA in a tokamak reactor, while 150 MW would be requived if rf current
drive were used. [n this example approximately 80 percent of the iaiected
beam energy is converted to increased poloidal magnetic field energy.
The higher efficiency of the REB current drive permits the 'arger reactor
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N-value (Qmax = fusiun power/current drive power) for a steady-state
reactor.

Stable beta of tokamaks can be increased by either Towering the
aspect ratio A or by intensive heating during the formative sta?es of
the discharge to control the growth of the bailooning modes.15.16
Jassbyl7 used the small-aspect-ratio technique in his design for
"SMARTOR" and PITR, and Peng? achieved sinilar results by compressing a
large-aspect-ratio plasms. The intense heating technique is used at
Columbia in TORUS [I and at Nagoya in SPAC-V to obtain 2 high-beta
(> 10 percent) stable equilibrium. These high-beta configurations may
best be realized by repetitive injection and trapping of a REB in a
torus. Starting with a cold plasma and no toroidal current, a pulse
sequence can be dafinad to bring the reactor to ignition at constant
poloidal beta, without ohmic heating coils. In principle, this beta
can be chosen large encugh to be in the stable regime for the balloon-
ing modes.

Using the high-beta equilibrium of Peng and Jory, we have selected
a c~mpact steady-state toroidal reactor driven bv R235.8 The reactor
has a low aspect ratic (2.0), high beta (0.18), a 1.6 m major radius,
and 250 MWe met outout. It is started with 225 nulses of a 1 MV, G.4 MA,

2 s beam at 100 Hz, and current is sustained by the same beam operating
at 9.33 Hz.
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COMPACT TOROS RESEARCH AT U.C.L.

A. Fisher, S. Robertson, and N. Rostoker
Department of Physics, University of Califernia, Irvine, Califormiz 92717

Compact torus research at U.C.I. consists gf several experimental and
§ theoretical programs iuvolving intense electron and ion beams, field-reversed
; mirrors, and toroidal confinement systems. These programe are based upca an
2arlier program of rescarch into field reversal and heacing with {ntense
elactron beams.l

2

I. Spheromak Generation by Beam Induced Currents.

In this experimenr az closed, field-reversed magnetic configuration is
created by return currents induced in inizially neucral gas by a rotating
relativigtic electron beam. The electron beam (1 MV, 100 kd, 50 nsec) is
made to rocate by locacing the cathode at the end of a helically wound
supporting shank which generates a3 cusp-like field onmly during t.e beam
pulse. Initially, a cylindrical metal vacuum chamber (20 em dia x 40 cm) is
filled with 200 mTorr neutral hydrogen Zas. One end of the chamber is made
of thia, low resistivity aluminum foil. all of the walls conserve flux, i.e..
the magnecic diffusion time through the walls is longer than the time scale
of the experiment. Therefore no field lines may pass through the container
during the course of thie zxperiment. This elementarv property of conductors
2gsures that anv magnetic field iines created wichin the contajiner must close
ugon themselves. The electron beam is injected cthrough the metal foil into
the gas causing it to become icnized and conductiag. The magnetic fields due
to the beam current are then '"frozen in" to the plasma which then carries 2
return current induced by the decay of the beam curreat (Fig. 1). The present
| axperimental parameters are: peak toroidal field = 1.5 kG, peak poloidal
: field = 1 kG, decay conmsrant = 5 uUsec, and lifarime = 15 tsec. In an earlier
‘ version of the experiment the plasma parametars were found to be LR = 10°%e2”?,

T, =23 - 17 eV.
2

-

I1f J is parallel to B at the boundarias thes no currents should flow to
the walls, i.e., the plasma current (like the B field) should close upon it-
self. Measuremeat of the current profile i{ndicatres thar 32 ka flows "up" the
major 2xis with 16 XA returning in the walls and 1£ kA recurning aloug closed
current loops within the plasma. Detzilad prurilee of By and B, have Yeen
obtained and are being compared to theoretically derived force~iree 2quilibria
with cylindrical boundary comditions. In future experiments the cylindrical
container will be replaced by oblate and prolate spherical ceontainers in order
to investigate the equilibria and stability of spheromaks of various elonga-

H tions.

IT. Sphercmak Generaction by Relarivistic EleCErons.3

i In this experiment the risetime of the rotacing eleccrom beam (500 &V,
i 18 %4, 1 usee) is longer than the Alfven time of the taigec plasma

; (ng = 10*% - 10“em=%, B, = L kG) 3¢ that, unlike the previous experiment.
no Teturn cufrents are genarated. A reversal of the field by o factor of
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two is abserved; however, the lifecime is limited to the 1 Lsec peam dura-
tion if the electrons are not confined. A% the dovmstream ead of the 1 A
long plasma the electrons have been successfully contaimed by a 3:1 mag-
netic mirror. Reflection of the elec=ron beam is observed. A Zast pulsed
gate coil 1s being tesced to reduce the loss of elactrpms at the upstream
and.

IIL 1Intenge Iou Beam Injectiom.

Neutral acomic beams have proved effactive as a meaas of heating
tokamaks and minimum B mirrors; however, their efficiency decreases as they
are scaled to the highr ¢ voltages required by reactor-sized devices. Re-
cently experiments st three laborataries (University of Taliformia, Irvine,"
Naval Research Laboratory,® Tuiversity of Tsukuba®) have shown that a suffi-
cifently intense beam of ions cthat is space-charge neutralized by electrons
will penetrate into a magnetic field. Our experiment inm progress is to
determine whether ot not such beams can be efficiently trapped in a target
2lasma. The exper1ment is performed with a magnetically insulated diode ion
source (100 kV, 15 A/cm®, 1 usec) and the U.C.I. Tokamak (R = 60 cm,
a=15cm, B=g6kG).

Intense lon beams are space-charge neutralized by electrous and thus may
be rreated as plasma describable by the usual parameters of Debva2 langth,
plasma frequency, drifc velocity, and thermal velocity. The beam plasma
eaters the magnetic field by self-polarization and E x B drift.” The cransi-
tion to collective behavior occurs where there is more than sufficient beam
energy density to set up the required field:

1. .2 2
2 umiv > > EY/8m . (1)

This expression may also be written

4mam c2/B = 2~ L= /22> > 1 (2

i = “pi L ' =
where £ is the plasma dielectric constant. At a field of 5 T (a typical value
for conceptual reactor designs) the crirical beam density at 190 kV corre-
sponds to a current density of 9.2 A/cm® which is well within che capabilities
of ilacense ilon dicdes.

In our experiment the ion beam is injected radially through a 13 ca X
30 em injedtion port into the rokamak with only the toroidal field operated.
Beam propagation is measured by Faraday cups, calorime:ers, and floatring
potential probea. At the peak field of 6 kG, wpi / 210 and 10 - 407 of
the beam is detected calorimetrically at a point rour Larmor radii into the
field. Propagaction 1is reduced when a shorting conductor is placed across tne
field lines near the injection pert. Floating pctential probes indicate
pocentials of + 60 - 100 kV wichin the iield. One dimensional’ and two dimen-
sional? theorerical models have been developed which describe cross-field
sropagarion. A parallel program of ion source development has dzmonstratad
reperitive operacion'’ and impurity comtrol.!®
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IV. Electron Iajecrion Ianto Cloged Confinement Systems.

If ap electron bSeam is usad o sustain curreants or to hear a Zusion
raactor with closed magmecic gurfaces, the electron injector must be locataed
outside the region of hort plasma and the beam Tusc move into the plasma
across maghetic surfaces by means of some collective or nonlinear effecct,
such as by means of Image currents in the walls of the reactor. If the beam
is enriraly charge and currenc neutralized within the beam channel (as in
Section 1 above), there will be no currents induced in the walls. We are
therefore considering injection of a long pulse beam (as ia Section II above)
or a beam of varfable rise and £3ll time into a tokamak or field raversed
pinh. 1f the beam electroms carry angular momentum the stability proper-
ties of the field reversed pinch may be improved.'?

The U.C.I. research staff includes G. Endo, W. Peter, G. Saanz,
5. Schneider, and F. Wessel.

This research 15 supported by the United States Departmen:t of Energy.
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THE LONGSHCT INJECTOR: A 3/4 kJ, 120 keV PULSED SCURCE CF
3x 10:L6 IONS FOR ICN RING FORMATION

J. B. Greenly, D. A, Hammer, and R. N. Sudan

Laboratory of Plasma Studies, Cornell Universitv, Ithaca, New York

Formation of a compact toroidal magnetic configuration using the
diamagnetic current of large Larmor radius ions to produce a field-
reversed ion ring was first suggested many years ago [l]. Experimental
programs in iun ring foimation have been undertaken at Cornell [2] and
the Naval Research Laboratory [3}, and diamagnetic proton layers have
been formed, their propagation in magnetic mirror svstems studied (4],
and transient field reversal bv a rotating proton beam observed [3}.
Nevertheless, the goal of a trapped, field-reversed ion ring is far from
being attzumed in these experiments because thev are limited by the ion
sources which have been available to them.

The short-pulse (100 nsec) magnetically insulated source used in the
IREX experiments at Cornell produces only -1.5 mcoul of protons per pulse,
limiting the diamagnetism of the rotating beam (4B} to a few percent of the
applied field (Bg) [4]. Also, the short-pulse beam does not propagate well
across the strong cusp magnetic field which induces diamagnetic rotation,
unless neutral gas {>30 mtorr) is introduced into the cusp region. The gas
is needed to produce plasma in the beam channel which can respond 0 and
neutralize the space potential ihat would disnupt an unneutralized proton
beam.

The NRL experiment, using a reflex-type ion source and a much larger
rulse power generator (Gamble II), is able to produce, and transport through
a weak cusp, enough protons (~10 mcoul) to produce transient reversal
{B/By ~ 1.2) of the wezk guide field downstream of the cusp [5]. The pulse
length of this beam is shorter than in the IREX experiment, and it seems
iikely that in using a strong cusp to slow the axial motion of the beam,
as in IREX, beam propagation problems will appear. If neutral gas is
required, it must either be isolated in the cusp or will, as in IREX, limiz
the ring lifetime to a few microseccnds bv ion-neutral collisions.

To overcome these limitations, we are developing at Cornell a new lang
pulse intense ion beam source, LONGSHCT, based on the "Pulselac! injector
built at Sandia Laboratories [6]. The present LONGSHOT injector produces
S mcoul at 100-150 keV (0.3-0.75 kJ) of ions in a 600 nsec pulse, with a
pulse power generator consideratly smaller than either the IREX or NRL
experiment, and this long-pulse beam propagates well across a strong cusp
in vacuum, without injection of neutral gas or provision of any active elec-
tron sources by charge neutralization.

The LONGSHCT injector is shown schematically in Fig. 1. It is an
annular, magnetically insulated diode, with radial insulating field procducad
by coils in the grounded cathode structure. The insulating field is shaped
v “lux-excluding surfaces behind the anode, which is of the surface-flashover
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type. A virtual cathods is formed by electrons emitted along the insulating
field lines comnecting the shaped cathode-defining surfaces. The annular
ion beam passes between concentric drift tubes and exits the injector 15 am
from the anode-cathode gap. The injector is driven directly by a low induc-
tance (0.6 pH) Marx Generator.

Typical diode voltage and current waveforms, and current of the extracted
ion beam, are shown in Fig. 2. The current rises throughout the pulse,
reaching >15 kA at the end of the voltage pulse. The ion current density
15 cm from the gap reaches >100 A/cm~, z factor of 30 above Child-Langmuir
space charge limited flow. This ion current density over the 140 cmé anode
area accounts for essentially all the diode current, indicating very low
electron current losses. The long pulse is made possible by good confinement
of electrons in the gap, which also allows the large enhancement of ion
current over Child-Langmir flaow.

Preliminary tesults of injection of the LONGSHOT beam across a cusp
{v,/v ~ .5) into a solencid to form a diamagnetic layer are shown in Fig. 3.
The cbserved beam diamagnetism, as well as the beam shape seen with damage
targets, indicate that nearly all of the beam propagates across the cusp in
vacum (2 x 10-> torr) without space-charge disruption. The mechanism
proposed [6] for the observed charge neutralization is that electrons emitted
frem surfaces provided cutside the beam ~.annel are able to equilibrate in
the beam by some dissipation mechanism, and to depress the space potential
to near zero on a time scale of ~100 nsec. Thus, a small amount of the
beginning of the long-pulse beam is lost to these surfaces, secondary elec-
trons are emitted, and the rest of the beam propagates undisturbed in the
resulting charge-neutral channel. The time required to reach neutralization
is apparently too long to allow complete neutralization of short pulse (<100
nsec) beams. . :

The loss of the head of the long-pulse beam can be seen in the current
density trace of Fig. 2, which (offset to eliminate time-of-flight) lags
behind the rising dicde current for the first ~100 nsec. Further beam loss
in traversing the cusp appears to be small since the observed diamagnetic
signal requires >75% of the total diode current in the rotating beam. Alsc
the damage targets show the expected radial convergence of the beam indicating
insignificant residual space charge. OUnce through the cusp, electrons can
travel along field iines with the beam, which thus can remain charge-neutral
as in the IREX experiments, without further losses [4].

The present LONGSHOT beam consists of 250% protons and <50% c" ions
fruom the ""flashboard” anode, and is of 1.5 m axjal length in the downstream
solenoid, giving 4B/B of ~3%. Experiments are undetway to axially commress
the diamagnetic layer in a downstream mirror, and &6B/B > 20% would be
expected if the present 5 mcoul pulse can be shortened axially to a length
comparable to its 10 an radius.

It appears practical, by straightforward scaling up of the present
injector, to produce the 20-30 mcoul necessary for a fully field-reversed
ring, (8B/Bg>1) with a relatively small and inexpensive device. Of equal
importance are the superior propagation characteristics of the long pulse
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Furthermore, the LCNGSHOT injector configuration is compatible with

a 1. 1g life, single ion species plasma gun anode source (6], and thus has
the basic features necessary for development to a high efficiency, high
repetition rate source of 3 pure proton oy deuteron beam. Since the physics
of the injection and ring formation process is dependent on the source
characteristics (e.g., pulse length, as we have described), it is important
to study ion Ting formation with a source type that is compatibie with the
lifetime and repetition rate requirements of future applications.

(]

(9]
B

(53]
.
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REVER:aD=-FIELD CONFIGURATION WITH ROTATING RELATIVISITIC ELECTRON
BEAMS

J.D. Sethian, K.A. Gerber, D.N. Spector and A.E. Robson
Naval Research Laboratory, Washingtom, D.C. 20375

The use of rotating reiativistic electron beams to produce
field raeversed configuration was first proposed by Christafiles.
In his Astron concept, the field-reversiag currents were provided
by the relativistic electrons. This papar describes a different
method of achieving a reversed field geometry, in which the beam
has been used to induce plasma currents, in originally neutral
hydrogen gas, which,then maintain the flelds long after the beam
has left the system, Because the beam has both azimuthal and
axial components, both axial {polecidal) and azimuthal (rorsidal)
fields are induced, and thus the configuration can be tapologically
similar te a Compact Toroid.

In this experiment, the rotating beam is produced by first
forming an annular beam (V = 900 ¥, | » 80 kA, t = 100 nsec.) in a
field-emission diode immersed in a uniform axial magnetic field, and
then passing this beam through a "half cusp" in which the field is
brought to zero in a distance short compared to the electron Larmor
radius. When injected inteo neutral hydrogen at @ pressure of about
150 mTorr, the plasma produced by the beam is sufficiently dense
to neutralize “the beam charge, but not syfficiently dense to
neutralize the beam current. As there is no applied magnetic field,
the radial equilibrium of the beam is determined solely by the
axial and azimuthal self-magnatic fields and by currents induced
in the tube wall. Since the total axial flux inside the tube must
pe zero at all times, the axial fields insice 2nd outside the beam
are anti-paralliel, automatically forming the reversed field con-
figuration. The passage of the beam increases the plasma elecctron
temperature. Thus, the induced magnetic fields must be frozen in the
plasma, and, when the beam leaves the system, they are maintained by
the induced olasma currents.

After the beam transits the system, the initial hydragen gas
is fully ionized and the electron temperature is typically 5 eV,
as measured by Thomson scattering. The efficiency of conversion
of peam energy to magnetic energy has been measurad to ba as
high as 50%. That the configuration is maintained by plasma
currents (rather than trapped beam electrons) has been shown by
x-ray studies. The system decays over a period of 20psec, During
the first Spusec the system re=-arranges itself, converting toroioal
magnetic field along its length into polaidal magnetic field at one
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end. This is similar to the manner of a coil tending to maximize its
inductance by axially contracting. After the re-arrangement process
is stopped (presumably due to axial pressure gradients), the entire
configuration decays uniformly with 2 time constant of about Busec,
which is consistent with classical resistive dissipation of the plasma
currents, at the electron temperature of 7 eV measured by Thomsan
scattering. (The dissipation of the currents tends to heat the
siectrons, and in similar experiments an increase in electron
temperature was observed several microseconds after the beam had

feft the system.)

In order to understand how the configuration is formed, a modef
which uses conservation of flux, particles, and canonical angular
momantum to descrihe the beam propagation has been devaloped and experi-
mentally verified. Particles emitted from the diode are reflected
at the beam head, giving a small fraction of their energy to the
self-magnetic field. The axial motion of the beam front is
retarded by the '"inductive load' of the reversed field configuration,
and, tnerefore, the beam front velocity, v.~ .0hc, which is much
less than the individual beam particle veiocity {=c}. As the
particles return to the diode they are reflected by the electrostatic
mirror in the ancde-cathode gap, and are sent back into the beam.
Because of the multiple reflectior process, the beam density, and
hence /vy, is increased to 2 value of approximately c/v.~ 25, Ceon-
servation of canonical angular momentum through the cusp shows that tne
axial fiux enclosed by the beam is conserved to the order of (v/v).
Furthermore, the beam current pitch angle and radius equal those
of the plasna to the same appcoximation.

The configuration, in its present form, is not a genuine Compact
Toreid, even though it contains both a poloidal and a teorcidal field.
This, is because a net poloidal current flows from one end wall, through
the nlasma, te the other end wall, and returns along the side wall
of the system. (See Fig. V) Because the system is maintained by
plasma currents, this flow of current to the wall represents a loss
mechanism. In contrast, a Compact Toraid would have the polaidal current
completely enclosing the slasma, as shown in Fig. 1b. (Note that
what differentiates the present system from the desired configuration
is that the poloidal current lines, not the poloidal field lines,
are not closed in the plasma) The reason for the existence of this
net poloidal current can be seen by considering how the configuration
is formed: As the electron beam propagates from one end of the system
to the other, it carries a net axial current. Because the current
must eventually return back to the electron beam generator, preferably
by the lowest inductance path available, it chousss to flow radially
outward from the beam head {carried by secondary eléctrans) and then
bsack along the drift tube wall. This produces a net toroidal field
between the beam, and after it passes, the plasma, and the tube wall.
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To eliminate the net current, then, would require the eliminacion of
this large net toroidal field. This cannot be achieved through simpie
interruption of the poloidal current path or raflection of the beam
electrons, 3s large inductive voltages will arise te drive plasma
currents that maintain the field.

it is possibie, however, that the current lines can be closed
with two counterstreaming beains. Equilibrium for the two Deams
has been predictad by extrapolating the single beam madel.) This
process is envisaged schematically in Fig. 2. Initially, a reversed
field configuration identical to the present one is formed with one
beam. After the beam has passed out of the svstem, a segond rotating
beam, whose net poloidal current is equal to that flowing in the plasma,
is injected at a larger radius and from the opposite end of the tube.
As this beam is rotating in the same sense of the first, the poloidal
field is amplified. The opposing net paloidal current, however,
nulls the toroidal field external to the plasma. As the polaidal
current now flows along one beam path and returns on the other,
the configuration is fres to contract axially without interrupting
any current paths. Such a contraction is expected to take place
as ir is energetically favorable. Moreover, axial contractions have
been cbserved in previous reversed field confijguritions sych as raversed
field vheta pinches. in addition to closing the field lines, if the
current of the second beam exceeds that of the first, it could aise
be used to heat the plasma. By adjusting the plasma density so that
the second beam current is completely neutralized, save that necessary
to cancel the initial poleidal current, the un-neutgalized portion
of the current will complete the configuration, and the return currents
neutralizing the remainder will heat the plasma as they are dissipated.
Experiments to test these concepts are currently underway.
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RESULTS AND PRESENT STATUS OF THE RELATIVISTIC ELECTRON RING EXPERIMENTS AND
THEIR APPLICATION TO SPHEROMAK PROBLEMS*

H. B. Fleischmann
School of Applied and Engineering Physics, Cormell University, Ichaca, NY 14853

This paper is to summarizs briefly the results and present 3tatus of the
Cornell RECE program on field-reversing electron rings in particular .1ith
regard to potential applicatiomns of these results to other Cowmpact Toroid
concapts. Since its ipitiation in the early 70's, this program is aimed
mainly at tesciag various physics quegtions related to the usa of field-
reversing fast-particle rings for the confirement and/or heating of a fusion
plasma as envisioned by various authors (e.g., Refs. 1-3). In the relaced
experiments, fast-electron rings are generated by {njection of intense rela-
tivistic elactron beams; their radius R normally 1s comparable to Larmor
radius Ry, of an electron having the maximum accelerator energy4 in the applied
magnetic field, as it had been envisioned in the original Astronl} and the
Ion Ring Compressnr2 concepts, Corregpondingly, they may be considersd as a
large—-orbiz limit of the normal Fleld-Reversed Mirror (FRM)5 scheme; they
differ, however, in this regard from the similar SPAC-experiments® at Nagoya
for which R/RL=(a few). With field~reversal times of up to 1 msec, these
rings, together with the SPAC rings,® constitute the longest-living Compact
Toroid rings at this time. We envision, also, a number of related future
applications of fast-electronm and/or ions in the Compact Toroid area including
(1) che injection of relativistic electronms into Spheromak’ rings either For
providing and/or maintaining the poloidal surface currents chat otherwlse
may lead to a rapid resistive decay of these rings or (and) for help in the
stabilization of the predic:ed7 tilting modes, which mav result through a
change 1n coupling berween the tilting motion and the internal deformation
of the rings, as well as from the angular momentum of the fast particles.
({i) In addition, our estimates indicate that such electron or ion rings
also may become useful for the generation of other CT rings in present
experiments as well as for reactor applicatiocus.

RECE axperiments have been performed and field-reversing rings have
been obtained so far ia three separate devices: (i) RECE~ChristaS [ see
rig. 1, tangemtial injection, nominal beam energy presently 3 MeV-5 MeV
available, B,=500(1000) Gauss, toroidal field Ba=(l-2)Bz, R=7-15 cm, ring
current 1,< 20 kA, field-reversal time < L.l msecly (i) RECE-Berta’
(tangent. inj., 0.4 MeV, 200 Gauss, no Bg, 8~10 cm, <5 k&, few usec, respec-
tively); and (11i) CHI?io (cusp inj., 0.4 MeV, 60D Gauss, 3-4 cm, no 39,
X 3 kA, few usec, respective.iy).

In all devices and under a wide variety of conditions, the observed
eleccron ring behavior in most cases 15 now well understocd and consiscenc
with relacively simple theoretical analyses. Gemerally incerascing are,in
particular, the following results:

(1) Electron rings with field-reversals of up to 190% (RECT-Berca),
1702 (RFCE-Chriscay, amd 1202 (CHIP) have been oibtzined, and these rinmgs
zenerally show 2 smooth, stable decay well consistant with a purely colli-
3ional decay due to multiple scattering of the fast elecrroms im the hack~
ground gas. In particular, we have not observed so far any tllcing or
wobbling instabilicy. We feel that this is due to a specifiec coupling of
che rilting motion with a widening of the minor ring cross section (due
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to the large orbitals of the fast electrons) go that the energy balance
hecomes uafavorable for this mode. It appears that a similar effect may
scill be exploited in mixed systems with fast-electron and plasma currencs.

(1i) The precessional modell of the rings could be stabilized in RECE-
Bertal? either by conducting walls, torcidal fieids or multipole/Ioffe fields
with the stability limirs in all cases agreeing well {10-20%) with theoretical
analyses (including also significant lncreases due_zo parcial flux penetracion).
In addition, studies with vertical field gradientsl3 showed stable ring equil~
ibria with the rings leaning against the conducting wall which open the possi-
Zilicy to provide radial feedback stabilization in reactor~type CT rings.

(1ii) The application of weak Ioffe fields in RECE-Bertala generated
anomalous fast-particle logses which are explained in full detail by a break-
age of the normal fast-particle confinement due to conservation of the
canonical angular momentum Py. This breakage becomes particularly serious
for some resonant particle orbit. Quite importantly, the related theotry
predicts similar effects to occur quite stroagly around the field-reversal
point for ring geometries of the 2XIIB type. Such particle effects clearly
will need careful examination ia any non-symmetric system.

(1v) In RECE-Christa, field-rveversing rings were moved successfullyls and
in good agreement with theory axially over distances of up to 1.5 @ in a con~
stant gas dersity as well as out of a high-densicy gas puff into low-densaity
gas. Axial ring movement as it is planned in some reactor projectioms clearly
wil] not comstitute a serious obstacle.

(v) Field-reversing rings ‘have also been campressed16 in RECE-Christa
without the occurrence of instabilities and in good agreement with theoreti-
cal calzulations. 4lso, it was observed 17 thar rings of roughly equal
strength would readily combine, "stack," to produce a field single fiell-
reversing ring.

{vi) Scrong electron rings in RECE-Christa also have heen observed in
low-density gas (v1-2 mTorr) without indications of microinstabilities. In
this case, the collisional rate of plasma electrons with gas molecules is con-
siderablv smaller tham the collision rate with plasma particles; although zas
collisions srill will mainrain a low plasma temperature.

Overal!, these results clearly indicare good prospects for the usage of
large-orbit particles either alone or in combination with plasma currents as
envisioned in various CT schemes. On a reactor scale where the ring life-
tines will be larger than the flux conservation times of conducting walls,
the radial ring sctability will have to be provided either by feedback (recenc
calculacionsB indicate that this could be donme quite easily on fileld penetra-
tion time scales} or by a rapld axial movemen: of the rings.

Regarding the trapping of fast particles in plasma rings like Spheromaks
it will be important to provide some means for a change of the magnetic field
configuration. TIn che RECE experiments, normslly this is done by providing
gas deasizies of 0.l1-1 Torr in the trapping region. In this case, measure-
ments)? indicate that veam crapping occurs via fasr field changes both befare
iorization of the gas and subsequently resulting from the high resistivity of
the weakly fouized plasma. Alternate exneriments wevre performed in RECE-Berta
with beam inje:cion into a gun-injecced plasma,.29In this case, detailad
measurements and analysaes showed the zeneraticn of large—amplitude Alfvén
waves with the electrons being trapped and separated from the injector by
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thege waves. 1n agreement with this analysis, best resulcts were obtained for
the lowast useful plasma demsities, n=101lem=3, vhich were compdarable te the
Seam density at injection. Unfortunately, Alfvén transit cimes across the
ring s$till were longer than beam injection times, and only rings with 5:30%
could be obtained, Estimates, however, indicate chat a similar crapping
mechanism pay be possible for beam injection into Spheromaks.

The main apen question presently concerns cthe plasma confinement charac~
ceristics of the field-reversing rings, and the effort of the RECE program now
wostly is directed at this polnc. TFor this purpose, various changes were and
are being incorporated into the RECE~Christa device to obtain for at least
a few mgec, the low gas demgity (3x10-% Torr) around the ring and the high
energy input into the ring plasma required to overcome the radiation barrier.
These changes include (see Pig. 2): (i) a change to puffing of ethane which
both is glower and had a sufficiently low vapor presaure at liquid nitrogen
temperatures, (ii) the additicn of an LY cooled cryopump along the tank wall,
(i1i) a lengthening of the tank by 1.5 m, and (iv) the addition of a small
axial heating coil which is to induce low-frequemcy plasma currents 1,<0.1 I,
in the ring. Assuming full success and good plasma confinement, the plasma
and ring parameters shown in Table I are expecked.

Preliminary experiments were performed at the present beam enerzy to
test various subquestions. In rhese quite successful tesecs, very strong
layers with 332 have beeu trapped in ethane clouds, and rings with 421 have
been moved into the downstream well. In further preliminary tests, weak
plasma currents (few percent of i3} have been induced in the rings without
serious,deterioraction of che ring stability and lifecimes; also, some hear-
ing of che plasma electrons is indicated by optical line observations.
Further experiments will be performed after completion of the present recon-
struction phase in the next menths.

Table I
Anticipated Plasma Confinement Experiments
Electron Ring Parameters Plasma Parameters
(Full accelerator emergy
and compressgion)
£, v 5-10 Mev ng v 3x20 3en™?
R v §=10 ca ' T, = Ty v 50-100 eV
3 ~ 1.5~2.0 I~ 1/10 Iting 3 10 kA
Bz v 3-4 kG Pohmic < 100 kW
aco: v 5-8 kG Tpy™ 400 usec
Iring v 50-80 ka

T v 2-5 msec -

*Jork performed under DOE Contract E¥~76-$-02-2319.A001,
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REVERSED FIELD CONFIGURATIOMS GENERATED BY PROTON PULSES*

J. A. Pasour, J. Golden, J. Marsh+ and C. A. Xapetanakos, Naval Hesearch
Laboratory, Washington, D. . 20375

X Introduction

Magnetic field configuraticns with closed field lines are very
promising for confining plasmas for thermonuciear applications because:
(1) the plasma confinement time is considerably enhanced since the trapped
plasma would have to cross the closed magnetic field lines in order to
escape, (31) the closed minimun -B magnetic field configuratfon provides
hydrodynamic stability (o the plasma,and {iii) the beta of the plasma can
exceed unity rasulting in nigh power density reactors.

Hdagnetic field configurations with clased field lines generated by
energetic fon rings or layers have the additional advantage that the gyrating
particles of the ring serve as an internal energy scurce for heating the
confined plasma. The objective of the [on Ring Program at NRL is to test
the feasibility of forming strong fon rings that reverse the applied magnetic
fjeld by trapping about 10'7 protons of 1-2 MeV energy inside a magnetic
mieror.

[[. Description of the Experiment and Results

A schematic, of the experiment is shown in Fig. 1. The 5 meter long
system consists of a low inductance inverse reflex tetrode{IKT), a magnetic
cusp. a compressing magnetic field, a gate field and a magnetic mirror. In
recent experiments the applied magnetic field has temporarily been madified by
replacing the compressing field with a wuniform field that is terminated in
a single mirror. The proton source has been described previously® In qur
best shots the tetal number of orotons measured with the resonant reaction?
“2clp.rd3eN(3" )3 ¢ using carban targets that are located 1S cm from the anode
is in excess of g x 10*% per pulse. This number must be considered as a
lower bound since protons with energy less than 470 keV do not activate the
target and the number of counts is not correctaed for target blowofr. The
peak proton current is ~ 500 kA when the ramp shaped {corrected) voltage
that is applied to the anode of the IRT increaces from 0.6 MV to 1.7 MV
#ithin ~ 50 nsec. As a result of the ramp shaped voltage and the somersault
effect®, the ion pulse bunches axially. Magnetic probes that are located in
the 1.5 kG, 75 ¢m long field plateau along the axis of the system show that
the rotating ion pulse reverses the external field. The field reversal
factor exceeds 120%. In addition, the signals of magnetic probes show that
the ion pulse propadates with an axial speed v_ which is ~ 1,1 - 1.2 om/nsec.
The velocity of rotation v. is only 1/5 of v_.“ The ratio v./v_ is sensitive
to the ratio of the magnet¥c field at the cufp B to the crftifal field of
the cusp 8... The parameter o = 8 /B __ was kept~ small, ang so the ratio
v./v,, in 6Fder to avoid excessive®loffes at the exit of the cuso. It
appeﬁrs that these losses are related to the long transition width g of the
cusp. In the presant series of experiments § is greater than the proton
gyroradius because the cusp sharpening ferromagnetic disc has been removed,
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This was necessary because of the substantial reduction in the inner and
outer beam radii betwaen the anoda and tne cusp. The radial profile of the
beam and thus the change of its inner and outer radii is determined by
individually counting small sagments of a carbon target aftar it is activated
by the heam. The dashed line in figure 2 shows the radial profile of the
oroton beam 15 c¢m from the anode, [t is apparent that the thickness of the
ceam 75 appreciably greater than that of the anode foil. The observed
“filling-in" of the proton beam is due mainiy to the qv_B_ pinching force
that acts on the ions inside the anode-cathode gap. ThE azimuthal magnetic
fieid B_ is generated by the ion current and the net electron current in the
gap. If is estimated from the equations of motion, neglecting the radial
electric field that at the cathode the protons have a radial velocity

v d= v sing, where v is the velocity corresponding to the appiied voltage

a

d
sin ¢ = (d/fvo)o,r alE dz. (1)

In Eq. (1} d is anode-cathode gap, r is the transit time of the ions, V
tne applied voltage on the anode and the integral is along the particle
Orbft.g For d = 2 cm, Ee = 10* Gauss = const., i, = 1My, Eq. (1) gives
s = 167

in very recent experiments the “filling-in" of the beam has been
substantially reduced by tilting both the cathode and anode with respect to
3 vertical plane in such a way that the protons gbtain an outward directed
radial veiocity, which compensates the inward radial velocity of the
pinching force, The s50lid 1ine in Fig. 2 shows the radial profile of the
beam at 15 cm from the anode for a tilting angle cf 10°.

I11. Conclusions

The elimination of the "fillina-in" will make possible the operation
of the system in higher magnetic fields, thus achieving higher velccity ratio
v./v, without appreciable losses at the cusn, Trapping studies of the proton
0fi158 using the magnetic field configuration of Fig. L will start in the
near future.
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Thermal Backaground Effects ¢n The
Kink Instability of a Field-Reversing Ion Layer*

S. J. Yakura and T. Xammash
University of Michigan
Aan Arbor, Mich. 48109

Sevgral papers have recently been written on the stability
of electromagnetic modes in field-reversing ion layers immersed
in cold background plasmas. Using a rigid rotor model Uhm and
Davidson(l) (UD) examined the stability properties of a field-
reversed won layer by considering an infinitely long, thin layer
situated in a cold magnetized background plasma which was treated
by a flyid mocdel. With a kinetic treatment of the layer ions
these authors found that flute~like kink modes with frequencies
near multiples of the mean ion-layer rotational frequency, (g
are unctable over certain ranges cof positive and negative values
of tne compression ratio, and that the system with a dense back~
ground plasma can be stabilized by a sufficiently large transverse
temperature of the layer ions.

In this paper we extend the work of (UD) by including the
thermal effects of the packground plasma and examining its impact
on the stability of the kink meodes. Because of the leng*h and
complexity of the analysis, the reader is advised to consult
Reference 1 for the details and the notation: only the maior
modifications associated with the inclusion of the thermal
aeffects will be presentsd hers.

a5 in the above-mentioned reference we consider a2 space-
charce neutralized ion layer with infinite axial extent and a
mean radius and radial thickness of Ry (= LR+ Ry)) and 2a
respectively. We assume that the equilikrium properties are
azimuthally symmetric and that the layer thicknesgs is much smaller
than its racdius. The layer is taken to be immersed in a warnm
background plasma and the whole system is placed in an eguilibrium

*Jorkx suppoOrted by [OE



magnetic field given by ]
o 2TE o - ¢ 1)
B~ (.\_)z -B.'_w + —T— L("Eo nb( PZ - A (1)
z

which can be utilized to define the compression ratio

" - B, (2=22) /B, (2)

which 1a turn is relateé to Budker's parameter )/ by )h:(/'7)ﬂgf7).

A Vlasov treatment is used for the layer jons, while the remaining
species including the background plasma are treated by a fluid
model for which the momentum equation is given by

s - - — J(/‘x. )
(2 eVom)vo = G (B VaB) X 24 ),
(S J J Mt < Ay g

with & being the thermal velocity of the background plasma.
If we take the equilibrium background plasma density to be uniforam
across the layer, and assume that the radial variations in its
perturbed velocities to be small,we car linearize the fluid
ecuations and caleculate the perturbed radial current density
which, along with the appropriate Maxwell eguations and a Poisson
equation that contains the layer's contribution to the perturbed
surface charge density, give rise to an eigenvalue problem for the
perturbed azimuthal electric f°eld. The ecuation in guestion
has the form A
- 2 .
<_¢_é n —~ ._Z___ _f/)o&_/qfa)) EF(A)_-:

XA e At (4)

. r e \ N
wher (v CLFU

O™ | we, |
it :32 a’-w@‘("fz—:}_)

and A{A) is a lengthy term which contains the thermal effects to
lowest order but which we will not list here due to space limicga-

}i (5}

<icns. In the absence of A(N) Eg. (4) reduces to that derived
in (CD). When Eg. (4) is solved subject to the boundary condi=-
tions that the potential = driéi?/i is continuous across the
layer { A =R, ) while its derivative is discontinuous, the wave
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admittance(l) can be calculated from which a dispersion egquation

z . IC‘_ D(.QL’
KCJ—- ,Q LL"P) = L R= R LE}

is obtained with LT being the layer ion thermal velocity, The

of the form B ok 2
3 -

(6}

thermal effects are hidden in the ternm D(.-éﬁ-'e) and if we specialize
to the case of a dense background plasma that results in a strong
electromagnetic coupling(l) we find that the eigen functions of

Eg. (4) are the ordinary Bessel functions 'T% ('P"L)with P and’Z’_
given by Eg. (3).

The effects of the background plasma temp-rature on stability
can be assessed by the sign of those terms in D(Iﬁé) which are
associrated with the thermal effects. & positive contribution to
the right hand side of Eg. (6) is stabilizing and such contributiens
are denoted by the shaded areas in Figs. 1 and 2. The first figure
siiows the thermally stabilizing regions for the_/e:2.kink mode as a
function of the compression ratio and the density parameter (CLh'EQ/C)
when compared to Fig, (B) of reference 1 it is seen that acr 7 = S8 L
the stabilizing effects occur at those values of G‘FJ‘ '2'—'/“:) which
correspend to the maximum growth rates. In Fig. 2 we oObserve the
thermally stabilized regions for regative compression ratios.
Although '7.:—‘ i.e., complete field reversal is excluded from this
analysis we note nonetheless the dramatic stabilizing affects of
the background plasma temperature on layers with large field
reversal. This figure should be viewed with Fig. 1Z of reference
1 for comparison with the cold background case.

l. H. S. Uhm and R. C. Davidson, Phys. Fluids 22, 1322 (1979%}-

-_—



o 2
)

£0r

Shaded arcas arfe =hqremally stabilizad

ElgueE ]

relative to the 20ld 2lasma case.

-52-

regians

n{compression ratio)

EIGURE 2

TiCOMAression 1aiic)

Shaded arca$ are thermally stabiliced regions
relacive to the cold plasma cise,

50 \ -
\ Eonos L=2
B

Y cr
40 | 1 Y ~
‘\ l| A or
bog ©
Yo
vy
Vo
30 p -
ﬁ#ﬁz X ; ﬂ
T2 ) 1.
M=
g B APFIICABLE
208 il sEvoND THIS -
/ ‘ ﬁ He
.
7 ’ ! 3 »
i
///::;;2éx t(
T, -/\ I | 1
= -3.5 -0



!
!

§
i

-53-

MAGNETIZED GUN EXPERIMENTS

T. R. Jarboe, I. Henins, E. W. Hoida, J. Marshall, A. X. Sherwood
Los Alamos Scientific Laboratory, Los Alamos, New Mexico B7345

Ia the Los Alamos Magnerized Gun Experiment we are attempting to produce
a compact torus in a panmer sipilar to am earlier experimeat of Alfvén.l In
our experiment a solenoidal coil is placed inside the ipner electrode of a
coaxial plasma gun. This coil produces an axial magnetic fleld inside the
inner electrade which diverges and becomes a largely radial field in froat of
the gun muzzle. The idea 1is that when the gun is fired, the plasma escaping
from che gua stretches these radial £lelds along rhe axlal dlrection away
from the gun, and these field lines can recounnect behind the plaswa forming
the poloidal field of the compact corus. The magnetic fiell generated by the
gun current becoumes the toroidal field and the major axis of the compacc
rorus wiil be the same as the axis of cthe coaxlal gun. Recent iaterest in
tais possible method of cowmpact torus genoeration was stimulated by
C. Bartman, aund the appruach 1is alsc being pursued 1o the €£ield-reversed
olasma guo experiment at LLL.

The objective of our initial experiments is to study tne genmerarion of
compact tori hopefully formed in the above-described maaner when the
magnetized plasma gun is fired into o flux-conserving cylindrical shell.
Preliminarfy results are reported for injection into a 0O.46-m diameter, l.2-m
long, l.6-mm thick sctainless steel, flux-conserving shell placed 0.13 m from
the gun muzzle. In these experiments we have demonstrateu that the addicion
0of a magnetic "bilas™ field between the gun electrodes parallel to the axis of
the gun allows it to be operated atc much lower £ill pressure and makes the
guz discharges much more repeatable. 1In the results discussed here, the
total gas puffed into the zun 1is Q.75 atm cm? of D,. The gun 1s eoergized
with a 37-uF capacitor bank charged to 45 kV. The length of the gua 1s
0.70 m and the elactrodes have Q.10-m and 0.15-m radii. The curreant peaks at
a value of about 0.8 #¥A and reverses at about 4.5 us. The gun currzat is
about ane~third of its peak valus at 3.3 us when the current sneath reaches
the mzzle. The fVIdc shows that the gun abscrbs almost all of the bank’s
energy during the first 2.5 us of the discharge. Se¢ far, rtne only
diagnostiss used In the flux comserver are mapnetic field proves. When the
plasma emerges the gun wuzzle, these probes see a4 disturbance wnien
propagates at a velocity of about l0° cm/s into the resistive Zlux consarver.
The strength of the initial radial magnetic field 13 fouad £o stromgly affect
che downstream magnetic field pattern. For low rad’al fields the gun plasaa
pushes the magnetic field configuration completely tirough the shell, whereas
for high fields che configuraticn barely penetrtates. :or intermediate values
the coafiguration stops withio the flux conserver. This effect 1s best shown
by observing the axial compoaneat of the magnetic field on the axis of the
flux conserver for various radial field values. (See Fig. l.) Fur the reat of
the data reported here the initial mapgnatic fileld inside tnhe inner electrode
of the gun wag set at 8 kG. This 1s the average valus over the 20-ca
diamerer 1lnpmer electrode. With cthis field strength rtne fiald disturbance
propagates 1iatc cthe flux conserver, stops with recoannection apparently
occurring, and reaalns with lictle or ne axial motiom. This is possible,
since the plasma can be almost sctopped by the work required to strereh tne
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Fig. L. Bz in the flux counserver at 10 us after the voltage is applied to
che gun for initial magnetic fields of a) 4.5 kG, b) 10 kG and ¢)
19 kG inside the inner electrode of the gun.

field lines and the remaining moction can be arresced like the curremt ring in
Astron bDecause the flux comserver is resiscive.

We have a set of 20 probes in one jacket mounted perpeadicular to the
axis of the flux conserver. By rotating the probes we can measure either B
ar 36. These field directions are with respect to the natural cylindrical
coordinate system for the magnetized Marshall gun and flux conserver.
-Figures 2 and 3 spnow Bz vs r and B vs r at wvarious rCimes as measured by
these probes. These measurements Shiow an overall change in the wpagnetic
field profile occurring over a period of roughly !0 us. A possible
ioterprecation of these data is shown ie Fig. 4. Io cthls interprecation the
compact corus is generated with its major axis parallel to the axis of the
Zun. But them che axis of the torus rotates 90° o ake 2 more "oblate"
compact COruS. This cipping of a prolace compaet cCorus has been
p:edlcced-z The axis of appareat zroracion 1is orthogonal to cthe prabes”
jacket in the data snown here and chus if the probes are measuring poloidal
field befove the rotation as in Fig. 2, they are wmeasuring poloidal fiald
after tne rotatilon also. The same is true for toroidal field ia Fiz. 3.
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Tig. 2 3, vs v at various times =measured 3.49 m from the gun enc of che
£lux conserver. The probes are measuring poloidal field.
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fige 4« QOne {interprecation of the data showa Ja Filigs. 2 and 3. A
Iaitially Lue compact torus axis is parallel <o czhz axis cf tre
flux conserver and the compact ctorus 1s prolate. b) Later the axis
of the torus 1is perpeandicular to the axis of the flux coaserver aad
the compact torus Ls oblaze.

Finally, we have another group of probes that have three colls at eacn
position so that all components of ¥ can be weasured at each of seven
locations. This group of probes i1s all 1o the axial plane which is
orthogonal to the jacket of the 20~probe set. Figure 5 shows data froa these
seven pogiticng for the same shot as shown in Fig. Z. These probes gave very
similar data on the shot used for Fiz. 3 extept that the apparent rotarion
occurred zarlier in this case. The shot from which data for Figs. 2 and 3
came was not typical in that the rotatlionm occurred very late. On many shots
che field profile has the signature of a rocated torus a few microseconds
after cthe 20-position probe recelves a signal and a preolate compact rcorus
signature is never observed. Aalthough the time history may vary from snot ro
shot, tne apparent direction of the axis of che final configuration tends to
be the same on wmost shots. However, ou some shots the axis of rocatiom
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Fig. 5. Magnetic field data from seven multidirectional probes which are ia
the same plane. The + is the probe location and the line 1s cthe
rector representation of 4 pointing away from tne . A} The
inirial poleoidal fields ate comsistent with a prelate compact
torus. B) This is during cthe ctracsition period frcm prolate to
"ablate!' C) These fipal fields are cthe toroldal fizlds of the 90°
ractated "oblate" compact torus. The * reprasents the posicion of
the jacket of the set of 20 probes.

appears ro be in a differemnc direction but the data still sSeem to be
consistent with a roctated compact cCorus. TIhe data shown fc Fige 5 are
cousigtent With the incerpretacion of the scopping of a prolare compact torus
and its subsequent rotacfoa of 90°. For these probes the axis of rotatiom is
ia tne plane they define. Therefore, since this plade contaias poloidal
fields imicially, it will comntain coroidai fields finmally. Once the fimal
configuracion 13 reached it appears to be MHD stable and tne toroidal Iteld
decays away with a cime constant of 40 ps. The L/R time of che flux
conserver 13 about 300 us.

Although these data are preliminary, i1t appears that there is
considerable evidence for rotacion of the configuration. JAadictional probes
are being constructed so that a more detailed understaanding of the history
and spatial pattern of the magnetic field can be determined.
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FORMATION OF A COMPACT TORUS
USING & TOROIDAL PLASMA GUN

Morton A. Levine and Philip A. Pincosy

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Myers, Levine and Pincnsyl report resulca using.a toroidal plasma gum.
The device differs from the usual coaxial plasma gun” in the use of a strong
toroidal biag current for enhanced efficiency, a pair of disk-like accelera-
ting electrodes for reduced viscosity and a fast pulsed toreidal gas valve for
more :ffective use of the injected gas sample. In additiom, a techuique {s
used for generaring a toroidal current in the plasma ring. The combination
offers an opportunity to deliver a plasma with s large amount of energy and
to vary the density and relative toroida]l and poloidal magnetic field inten-
sitias over a range of values. It {s the purpose of this paper te¢ report
further experimental results, to project the gun's applications to the forma-
tion of a c¢ompact torus, and to propoge a simple modification of the pregent
apparatus a4s a test.

The gun consists of a pulsed toroidal gas valve (opening time ~ 50 micro-
seconds) that injects a svmmecric ring of gas between two annular plates. After
a delay of about 100 microseconds, to allow time for cthe gas to distribure it-
self between the plates, a 4.4 microfarad capacitor charged to a maximum vol-
tage of 50 kV is counected a:ross the plates resulting in a half cvele time of
0.75 microseconds. Gas breakdown occurs in the breech of the gun in the region
vhare the gas is injJected and J x B forces accelevate a plasma ring cutward.
This acceleration is enhenced by the application of a bias toroidal magnetic
fleld and its direction is determined by she relative direction of the current
in the plasma and the blas current. Thus, aormally during the first half cyele
cf the capacitor discharge the plasma is accelerated radially gutward toward
the muzzle of the gun, and during the second half cycle the gas in the gun is
accelerated inward toward the braach which is lefr open in the gun.
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The total number of particles in the pli.ma ring 1is regulated by the £1ill-
i pressufs of the plemum in the gas valve and in practice can be varied from
to 10~7 particles (nydrogen).

It has beenr showan ia a computer program which solves a set of couplad
equations for the driving circuit that the dynamics of the gun are such that
the rotal plasma kinetic energy after leaving the gun is roughly constant

(currently  50% capacitor stored energy) over a wide range of particle num—
ber.

v _ 1 M o 2 .,ng\
) Erial ey %hﬂR[I +211 ] R - v
v
MR - I
(2) S:L(_) = a(R)v, (3) ;—‘: -, W 3 F
a1 u d I+I
- 3T o v
(3) ac (L * o log 27 ( IR+ V.
R(t) is che radius of the plasma sheet, V_, 1is the pocential due to the

puloidal magnetic field, Ry Is the initial radius at t = o, v(t) is the velo-
city of the anowplow. H(R) is the total mass swept up by the soowplow when it
reaches radius R, m(R) is the initial mass distribution per wnit length he-
tween the plates, and I(t) and I, are the plasma and bias curremt respectively.
] and L, are stray resigtance and inductance and d is the separation of the
:Lates‘ C is the capacirance of the driver with a voltage V (:)

Early data was taken with accelerating places 38 cm 0.D., 19 em 1.D. and
with a 3 cm separation. The capacitor driver had a SCYLLAC type spark gap
with a 2.1 F capacitor, 50 kV and 150 nH. The bias current was a 0.3 meg
amperes.

In the earlier low energy test, plasma velocities of 15 cm/mlcrosec_j
20 em/microgec were obtainmed. The accelerated plasma had 1018 15 & x 1013
particles and had a Mach number of the order of 2. 1In this coufiguratiom the
plasma could be sctopped and trapped using a poloidal magneric field in che
form of a toroldal bicusp.

Measurements were made using magnetic probes, radiacion detsctors, Fara-
day cups and a roveable laser interferomecer. Particle densgities and velo-
cities were inferred by assuming cylindrical symmetry from the interferometar
data.

Velocitied ware measyred from a series of shots in which the iacerfero-
Terer was moved. Particle count bdefore the plasma was stopped was inferrad
from the mezsured line densicy of electrons and a velocity inferred from the
shot series. These measurements indicated that over 60X of the particles
came out of the gun during the first burst. The magnetic probe mn2asuraments
showed the first burst to contain a paramagnetic plasma with 2 kiloamperes to
b niloamperes of torpidal current.
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Stopping and trapping the plasma in a poloidal magnecic field depends om
roroidal symmetry to close the currents genarated in moving into such a field.
In facz, when the plasma is inown to be aSsymetric, trapping doed not occur.
Interferometer data measuring the trapped plasma indicates that essentially
all the particles were trapped. This result coupled with the magnecic probe
results seemed to Justify cthe assumptions of toroidal symmecry.

More receatly, im order to increase the plasma energy, a larger, low
inductance driver was installed in the system. This system has a cotal induc~
tance of 13.5 nanohenries for capacitors, switch, leads and gun; so that the
new system shows efficiencies gf greater then 50% of the energy in the capa-
citor delivered to the first burst of plasmas. This system under limited tests
has given a plasma velocity of 45 cm/microsecond for a burst of € x 1018 parti-~
cles corresponding to a Mach 6 plasma.

The use of a bias magnetic fileld parallel to the driving magnetic field
iz a plasma gun has the advantage that it is inherently more efficient and
less dirty. This can be seen from Equarion (1) where the driver term is pro=
protional to (I* + 2 I 1). I is the bilas current and I the plasma currenct.
Since the plasma current’is inProduced through electrodes, this interacrion
is reduced wnett I (s reduced. Also apparent from Equation (3), small values of
L lead to higher electrical efficiency for che same drive.

The disadvantage to using a bias curremt is that cthe current is closed
outside the plasma and the plasma is created within a coil structure. To form
a compact tarus it 1S necessary to remove the plasma from the coil by passing
through spokes. . -

Removing the plasma from che coll may not be as difficult as it first
seems. Predicting the behavior of che plasma is simplified if the plasma is
moving ar supersomic velocities. 1In the experiments so far performed with tha
toroidal plasma gun there has been a range of Mach aumbers of from 2 to 6.
Higher energy plasmas can be expected to give even higher Mach numbers.

Consider a toroidal plasma wich a toroidal field moving with a Mach
number, M. The toroidal field is produced by a curreat I flowing through
the center of the system and returned through o hars sach carrving I /n
abamperes. We make the approximation that the magnecic field near the bars is
given by B = 2I_/rn Gauss where r is the distance from the center of each har.
The toroidsl magnetic field in che plasma is approximately 3 = 2I /R Gauss.
{The actual field is slighcly higher due to 2 paramagnetic eifect in the plasma
aa 1s characteristic of the Tokamak configuration.)

AS plasma approaches the bars the plasma is compressed. However, the
disturbance cannet be communicated to the rect of the plasma because of the
supersonic flow. A characteristic bow shock then forms with a scand off
distance such that the magnetic fileld pressure negr the bar balances the
directed momentum of the plasma, l.e., 1/2 zve¢ » B4/8r gor v = 8//47c where v
is the velocity of the plasma. Thus goilag through the bdars disturbs a2 plasma
of width 2r where r = 21,/Bn. In the limit of high Mach number and a thin
plasoa the fraction of plasma disturbed >y the bars is = = Zar/zwko. Using
the fact that B/Bo =M we find £ = 1/M7. Thus for large Mach numper, the bulk
of the plasma pagsses through the bars unatffecced. However, it is interasting
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to speculate on the integrity of the magnetic configuration after passing
th:ough the bars.

fvén's theovrem states that in a frame of reference, moving with and
within a plasma, the magnecic field remains constant. Thus changes in mag-
aetic field geomecry are confined to the perturbances creaced ar the bars
where the plasma is cut. Since the cut is verv chin, we can assulle at some
ooint down stream that the toroidal magnetic field will be svmmetric and
reconnection will have taken place. The question is thus one of asking ia
what distance or in what time this reconnection takes place. One notes that
as the plasma flows by the bars, the field lines are beat, the volume available
for the plasma to f111 by flow along magnetic field lines becomes larger and
larger. One alsco notes that there is a msgnetic x-point or line in this
region behind the bard. It has been shown” that in the region of an x-point
reconnection can take place at the Alfvén velocity if it is accompanied bv
flow along magnetic fieid lines which drains plasma from the region of recon-
nection, Thus, in the region behind the bars reconnection can be expected to
»roceed at the Alfvén velocity. Since the plasma in this region can be ax-—
pected to be subsonic and recommnection fast, this implies that the magnetic
configuration will be effectively unchanged as the plasma passes through the
bars.

As mencloned above, the current apparatus imcludes a large toroidal £ield
coil surrounding a smaller pcloidal field coil which is used in the plasma
trapping experiments. The toroidal field coil has 16 turns. These turns can
be shorted using thin reods near the muzzle of the gun. This would then leave
the bias current and the poloidal field coil structure intaet. Thns, a plasma
produced by the gun would have to pass through the coil structure before
interacting with the poloidal field. Howaver, after passing through the coil,
if the plasma maintains its coanfigurariomal integrity it will not be able to
penetrate the poleidal fiald and a sharp boundary of pemetration of the plasma
will be observed. However, unlike the current experiment where the plasma 1is
trapped in place, in the proposed experiment the plasma can be expected to
bounce Sack toward the gun. If this experiment is successful a very simple
extansion will lead to the formatiom of a compact totus.

lzaw:ence Berkeley Laboratorv, Report LBL-9507

tw

2. Marshall in "Plasma Acceleration (S. Rasn, ed.) Staniord University Press,
Scanford, California (1959).

Jv. lunas, Review of Geophysics and Space Physies, 13, 303 (1973).
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RECONNECTION CCNDITIONS FCR FLOWING FIELD-REVERSED PLASMA FROM A PLASMA GUN

J. M. Snearﬁr J. L. Eddleman, and 5. R. Ferguson, Lawrgnce Livermore
Laboratory ™

Aithough var1o¥§ theoratical models are known for magnetic
reconnection, none of them are applicable to the BETA-II
experiment because they do not model the plasma flow concitions. The
coaxial gun produces a plasma stream with an axial velocity of ~ 108
cm/sec. In the plasma rest frame an aperture or snipper coil would appear
to move in the opposite direction at this same velocity.

A more suitabie model for the BETA-II reconnection problem was
formulated based on the squations of fluid flow through a nozzle. Assuming
a sharp-boundary mc3~1 for the plasma (fig. 1), Bernouilli's law for an
adfabatic fluid leads to an equation for the axial plasma velocity u:

m $
where Up s the maximum velocity (at ? = 0), and Pg is the stagmation
pressure., The plasma density p and stagnation density 2 are given
by
sw oo, (P YE and 5= A i . (2)
s 5 s 7l E;E
Using the long thin approximation for the magnetic field, the plasma
pressure P for the sharp boundary model equals the magnetic pressure
P = EZ/87 and field B is B = (3, 2 25}/ RZ (3)
where R is the wall radius, 2, is the open field line flux, and 3
is the field-ravarsed flux. The mean radius r of the alasma is:
ro= (R/YVZ) (1 - 34/ 7R2 B)L/2 . (4)
The plasma thickness 23 is assumed to be small compared to the radius r,
and is gbtained from the equation of continuity:
a =F/(4=rus) ; (3)
where F is the mass flow rate (gm/sec).
The diffusion of the magnetic Tield causes.a loss of field-reversal
flux =3. From Faraday's law one obtains
$i = -2-7r 8 0/a (6)

lork nerformed under the auspices of the U,S. Deoartment of Znergy by the
Lawrence Livermore Laboratory under contract number '4-7805-ENR-48."
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where the diffusivity D =n /4 = , = being the electric resistivity. A
simple approximation for n is

8 7 ' 6 2
i D
-~ {emu} = — p — {7)
(Te) 3/2J = ( Yi )

where the term in brackets is the classical collisional resist1v1t£(4)
Ta is the electron temperature in eV, vp is the electron drift
velocity, and vy is the ion thermal velocity. The exponential term
approximates the effect of unstable anomalous conductivity effects near
their threshold. As these turbulent effects try to grow, the increased
diffusivity D causes the current sheath to broaden, thus 1ower?n? the
electron drift valocity vp and stabilizing the current sheath.(®

The electron temperature T, is fixed at 50eV, in agreement with plasma
gun experiments. It is assumed to be constant throughout the flow due to
its high parallel thermal conductivity. The ion temperature T; is much
higher (Tj>>Tg), so that the adiabatic equations (1) - (3) apply to
the ions only.

These eguations were combined into a differential equation for the
rate of change of pressure with axial distance z.

_d£=_L..('_P_)”2 93,  gropp )
dz Y 27 dz ua R2

where the first term approximates the clipper coil effect, and the
second term is the diffusive ef‘ect.

Figure 2 presents results for one exanple, where Y = 5/3,
2C0cm, R = 20cm, F = 6gm/sec, Pg = 2 atm,

up = 100cm/ u sec, zp =
Py = .25 atm, and To = 50eV. In this example,
2 z z
2 (MG -em) = 47 &= (1 - (9)
Q z, z,

The largest flux losses are found to occur in the low field regions
where the plasma density is lowest (Figure 2). Additional calculations
showed that the flux losses increase strongly with decreasing mass flow
rate F, These trends were traced to the sheath-broadening effect of the
anomalous resistivity factor in eq. (7).

Figure 3 shows a two-dimensional MHD caleulation(8) of a similar
protlem, but here the clipper coil flux ¢4 is time-dependent.
At t = 11.2 = sec one of the plotted flux surfaces has reconnecved near
z =152 cm due to magnetic diffusion downstream from the clipper coil.
The velocity plot shows strong axial velocity divergence in that region
because the upstream flow i< being stagnated by the clipper coil. This
lowers the mass flow rate F near z = 152, thus enhancing the anomalous
diffusion effects, with consequent enhanced reconnectioen.
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in summary, low density and low flow rate regions experience
enhanced diffusion which broadens the current sheaths. When the width
of these current sheaths approaches the scale size of the plasma,
reconnection is rapid. A clipper coil compresses and stagnates the
upstream flow, but the reconnection region is downstream where the 7low
rate is minimal.
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FIGURE 3

2D MHD CALCULATIONS
OF REVERSED-FIELD PLASMA FLOW
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PEYSICS OF THE OHTZ

T. Ohkawa and the OHTE Group
General Atomic Company, San Diego, California 92138

It is commonly known that stable tovoidal magnetic plasma confinement
requires both polofdal and toroidal magnetic fields. In axisymmetric con-
finement, the poloidal field is gemerated by teroidally directed plasma
currents, while the toroidal field is supplied by external coils (zokamak),
plasma paramagnetism (spheromak), or a combination of the two (reversed-
field pinch). 1In tokamaks the dangerous m=1 curreat-driven kink 1s stabilized
by periedicity (q2l) while average magnetic well scabilizes the interchange
modes. This g-limit drives tokamak designs toward low aspect ratios in order
to obtain % values sufficient for fusion. In reversed-field pinches (REPs) a
conducting shell and magnetic shear (q<<1) provide scabilicty. Since toroidal
periodicity is irrelevant in RFPs, "cylindrical' tori of high aspect rati: are
preferred. Relatively compact fusion reactors have thus been pradicted, taking
advantage of the high engineering 2 and the likelihood of ohmically heating ths
plasma to ignitiecn.

The poleidal f£ield mav also be produced independently of plasma currants
in helically symmecric torcidal systems by the combination of the magnetic
field from a helical winding (helical field) with a strong externallr generaced
roroidal field to provide rotatlonal cransform. This is the basis of stalla-
rator and torsarromn devices. Like rokamaks, thev are limited to q{l and co low

it is also possible to provide a nmer toroidal field by translational
rransform thraygh the combination of a helical field with a pradominancliy
noloidal f£ield (q<<1l), such as that of a paramagnetic pinch, and this is
the basis of OHTE confinement. The similarities and differences ameng
these toroidal systems are illustrated in Figure 1. Ideal MHD stability

in low=g svstems at aigh I

TOROIDAL MAGNETIC CONFINEMENT requires high shear throughouc
the plasma. This is achieved

AXISYMMETRIC HELICAL only if q(r) decreases wono-
TOKAMAK , STELLARATOR tonicallv and reverses, and in

fact, RFP e=xperiments yield
stable plasmas at higher 3
than stabilized pinches wigh-
out reversal. The reversal
of q in RFPs is achieved
aithaér bv fast programming
ot of cthe toroidal field during
i nlasma setup or by self-
reversal when the pinch
raclo 3 = B,/<B > at the
plasma boundary exceeds a
profile-dapendenc value
trpically between 1 and 2.

Fig. 1. A comparison of tokamak, stellarator,
RFP, and OHMTE configuratians.
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However, in RFP experiments self-reversal 1s driven either by turbulence
(nence poor confinement) or by a reversed toroidal E~-field (Povnting vector
out of the plasma, hence 2 transient siruation). 1In OHTE a steadv-state
g-reversal is independently Imposed on the cuter portion of the plasma by
the evanescent nelical fleld; q in che iaterior is determined by the plasma
current profile and paramagnetism as in a conventional RFP. Since the OHTE
aspect ratio may be large, it is technically feasible to drive large plasma
currents inductively for long times. Calculations show thar ohmic heating
to ignition will be possible if erergy loss 1s not much worse than Alcator
na’ emnirical confinement. Because of the large shear, B is expected to be
high. Therefore, an OHTE reactor should be smaller and simpler than a
taokamak.

Ideal MHD numerical calculations in the straight helical plasma approxi-
nation with varying degrees of paramagnetisam and a range of profile parameters
have been performed for Z=2 and i=3 configuratious to map the parameter space
of OHTE equilibria. Figures 2 and 3 illustrate typical 1=2 OMTE flux surfaces
and pitch (P=qR) versus helical flux profile, respectively. Numerical equilibria
are being casted for local, pressure-driven ideal incerchange stability using che
criteria ziven by Mercier (1) and Greene and Johnson (2). he minimum energy

Zforca-free helical pinch amalvtical equilibrium given by Tavler (3) is a special

case of the <=1 OHTE.

0.5 1.0
FLUX

Fig. 3. Plot of a rypical pitch
versus flux profile. Fg
and Fg are centrai and
olasma boundary fluxes,
respectively.

Fig. 2: Typical 2=2 calculated
OMTE flux surfaces.

Fileld line tracing was used to study the loss of q-reversed volume owing

to error {ields. In this calculation, the transform reversal persisted Zor

both a uniform verrtical field and a local strav field up to 7% of the poloidal

“ield at the separacrix.

Free boundarv current-driven instabilities in nelical plasmas have bheen
investigated by two techniques. The first is to use averaged fields in the
cireular mode equaclion given by Robinson (4). It 1s Zound that nelically
ennanced pitcn reversal tends to draw resonant surfaces iaward, transforzing
some <inks into tearing medes. & stabilizing contribucion for kink modes is

al ‘o obrained for a given current profile. The second technique is o analwze

R
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the helical free-boundarsy force~free eguilibrium Tx§=u§ in a eclrcular con=
dugring cylinder, adopring the approach of Rosenbluch and B3 .ssac (3). The
analvsis can be Zormulated amalvtically when the perturbarion nas the same
periodicicy as the plasma. A shiftc of the mode resonant surfaces is again
found, and the stabiiity condicion is the same as fotr 2 mode of the same
qelicity in 2 cvlindrical equilibrium.

The OHTE experiment is under construction and is expected to begin

operation late in 1980. It consists of a single, thin stainless sceel

bellows vacuum chamber takeable to 125 C and pumped by turbomolecular

pumps. The major radius is 1.24 m and the maximum internal minor radius

is 0.19 m. The vacuum chamber is surrounded by an aluminum alloy conducting
shell 15 mm thick, with internal aminor radius 0.20 =, which provides scabili-
zation against plasma kinking. The flux penetration time through the shell

i5 approximately <0 ms. The shall also supports and aligns the helical
winding, which is assembled by bolting together machined copper half-turn
segeents. An (=3, m=16 helical wiading driven by a motor-generator-reccifier
sveram was selected for the initial experimenrs. A toroidal field up to 5.2
tesla in either direction can be produced by supplying unequal currents to

the positive and negative helical windings. A separate vertical field system

is used to null che varcical field resulcting from this mode of toroidal fieléd
generarion, maincain plasma radial equilibrium for long discharges, and caacei
the local stray fields at the conducting shell gap when radial equilibrium is
maiptained bv image curreancs in the shell. Plasma currant is driven inductivelr
by zn independent coil, which is rated for a 2.25 weber flux swing {unid<zac-
iopal current) to allow for ar least 200 ms discharges at 300 kA. The coiil

is designed for either inductive storage of externally driven modes of operatica.

it is expected that the filling gas will break down inside a smail dia-
Tetar i=3 stellarator confizement volume produced bv the scrong helical Fiald
and a weak torvidal field. Current rise time will be 2 to 10 ms, and zas
purfing will be used in actempting to program plasma density. If the elac-
tran energy loss obeys the empirical Alecator law, it is expected that canzral
plasma remperatures will be V1 keV.
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FORMATION OF TOROIDAL PLASMA CONFINEMENT CONFIGURATIONS 2Y USING =0T
ELICTRONS *

C. W. Hartman, Lawrence Livermore Laboratory, and M. A. Levine, Lawrence
Berkaley Laboratory

I. INTRODICTION

net electrons in toroidal or mirror-torcidal hybrid confinement. In add”=-
tion to in situ heating of dense plasma,’' the hot electron diamzagnetic
curreat can be employed to shape hydromagnetically unsimble field config-
uraticna, as %n EBT,c or to increase the allowable 8 of a closed system

238 in Torrae.+ Alternatively, hot electren current along B, nearly dis-
sirationiess iIf cla;sical, can be used to "construct®™ torgidal, pines-like
£i..2s as in SPIRE.Y In either case the tendency of hot electronr plasza
to be izmune from usual MED instabllity can play ao icportant role.

This note discusses possible msans of producing ¢losed, toroidal
pinech-lika conilgurations with hot electrons starting from a collision-
less, mirror-confined; not electron plasaa. The final configuratioas are
directly related to Spheromak, Tormac, and the stabilized Z-pigez.

IT. Initial Plasma and Field Shape

The "preheat" phase consists of estatlishing a mirror confined hot
electireon plasma either by well-known ECR heating or by injeeting energetic
electrons from 3 pulse source. Possible axisymmetric initial mirror con—
figurations are shown in Fig. 1.

Typically, at the end of ECR heating or injection, a hot electron
plasza could be produced with parameters, nugh = 1011 - 1072 og-3,
Tep = 3.3-0.5 Mel, and £ = 0.2-0.7. If 21l of ngy could be directed
to carry current at vp = ¢, current densities of 500-5C00 As/cm? would
be achieved.

III. Teoroidal Pineh Formation

Starting Witn the torvidal hexapele mirror (Fig. 1a), the formacion of
a hot electron pinch has been discussed earliasr neglecting all contribu-
tions to current other than by hot electrons.? 4 drivirg flux is iatro-
duced inside the x-point radius which induces toroidal pinch current to
zodify the poloidal field configuration of Fig. 1a to that shown in Fig. 2
wnich is qualitatively the same as that obtained im the Tokapole.? The
subsequent buildup of current and collisionless reconnection of field
lines in an anisotropic plasma can be seen from a singls particlz view-
point. Guiding center_trajectories shown in Fig. 2 drift perpandicular o
B, wita veloeity vp = Iy X 3,/33 as in Ware pinching in tokamaks

# ek performed under the auspices of tne U.S. Department of Energs by
tke Lawrenece Livermore Laboratory under 2ontract number W=TUD5-TC-48.
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when the driving flux ¥ is changed. aif the X-point the bannana underazoces
a topological change (Fig. Z2c). Further drift carrias the bannama into
tokamak-like orbits whizh drift towards the J-poinft to ¢nter passin

orbits as shown in Flg. 2b. Passing occurs whan either the reflec:tion
points merge or When tha bannana {lattens to sencompass the O-polnt,
depending cn the particle grroradiug and the field distribution. Zlec-
trons on passing orbits ere then accelsrated by B¢ contributing current

to pineh hHuildup. Qutside the closed region almost all electrons oscil-
late inv and j is a pusely diamagnetlc current. t wouyld appear there-
fore that field reconnection would be uninnibited by the bot electrouns.

IV. Spheromak/Tormac Formation

The formation of a Sphervmak/Tormac configuration begins with the
Levitron-like, Min B mirror ahown in Fig. 1b or the zun conflzuration of
Fig. 1 ¢. To form an isolated, closed fieid region in Fig. 1b the curreat
in the two small radius coils would be increased as shown in Fiz. 3. In
Fig. 1c the gun would be fired with the emerging plasza and embeddsd St
stretoning the field to gause reconnecticn and an isolated riag. Zlsetron
gulding center orbits {similar for both Fig. 1b and 1¢) undergo togpolog-
ieal transitiocns as illustrated in Fig. 3. Additiomal electrons trapped
against the toreidal field 2radient, have bannana orbits whizhz do zot
intersect the midplane. These orbits undergo the transitions described
earlier into trapped, tokamak-like bannanas and bannanas trapped sn the
spall major radius side of the midplane ring. '

The orbits shown in Fig. 3 211 maks 2 tramsition &0 passing elz2ctroms
in the pinch region and are accelerated by the flux changs of the small
radius rings to increase tha pinch current. If the small radius ring
currant if Flg. 1h is turned off, the pinch would be attracted to the
ocuter ring and the quter x-poeint would flatten forming ‘2 Tormac bi-usp
cenfiguration imbedded in 2 not electron, mirror coniined plasma.

If the cuter ring is levitated, plasma forzation without a vacuum
toroidal fizld bpecomes possible. For this caze the slectron gulding
center ordits collapse to zero poloidal width and nearly coincids wi
poloidal flux surfaces. The <ransition in orbit topclogy at the x-goint
takea piage by nonadiabatic scattering at the x-point {3y = 0} 22¢ tha
fleld lizes reconnect fn the presence of both hot elegirons and cold
plasma. The resulting pinch (or field-raversed-mir~or) currsent wonld be
carried largely by diamagnetic current of the hot electrons. The ring
without 3¢, would be expected to be hydromagnetically unstable. However
stabllity may be achieved by the tendency of hot elsctrons to be immune
feom MED and other instabilities in the praesence of dense cold plasza when
the precessional drift frequency 2xceeds the lon gyrofrequency.

Alternatively, 1if a toroidal field is negessary for stability, the
potential of very long lif2tize of the het 2lectron nings (1-10 sesonds?
zakes it possidle to turm off the syxtarmal ‘oroidal flald, redova %:e
winding, apd remove the ring o0 a technically nondemanding tirescals.
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PARTICLE-FLUID HYBRID SIMULATION OF FIELD REVERSAL IN A MIRROR PLASMA

3. I. Cohen and T. A. Brangle, Lawrence Livermore Laboratory
Livermore, California 94550

A one-dimensional, cylindrically symmetric hvbrid simulation code has
Seen develaped to investigate field revew=sal in a mirror plasma. The fluid
momentym egquation is used to detarming the alectron current density with
nemedVe/dt = @ and ng * 0y Large-orbit jons are followed by
integrating particle equations of motion. Momentum-conserving electron-ion
drag is included. lon current is accumulated on a radial grid. J; + Jg
is usad ‘n Ampere's law to determine the magnetic flux ¥ = rA,, and from
Féraday's Taw Ee = TaAs/cat. On open field lines [les{*<d or 5 Te, and
alectrostatic effects on ion orhits are negligible for TE << Ti'

However, 2lectron temperature ‘clamping and shoriing of 2iectrostatic fia'ds
need not occur on closed Field lines., Good parcallel electron conductivity
forces : =~ :{y); the code incorporates this Sy flux-tube averaging:s diB'I".
‘4= + 3E/3t) = 0~¢=%(w). OFf particular interast in the simglation are
~alaxation of electron return currents opoosing ion-beam injection, the role
of Ohkawa currents in sustaining field reversal, and large fon orbit effects

on the diffusion and relaxation of an imitially field reversed equilibrium.
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Physics {ngredients in code:

Axisymmetry {3/3% = Q) and 3; = 0

-Particle ions obeying Newton-Lorentz equations - 310"
“"MassJass" fluid electrons with drag on ions ~ 39(A3,$)
-Limited use of quasi-neutrality in electron mementum eq.

*Open field Tines -—- Tine-tying

o~ T§°1d << lm. <vz >
2

-2 1 <_aT qion =134,
Tyt 7R TS Ey =" 5t"

ion velocity-cnace loss hole
*Ciosed fiald Tines

Simultanecus soluticn of

(T, - Laer 47 L0 ¢ 5 (85, 9)]

Tz = 2
and
. Tion _ e 5
JAL 2 [an T+ Pagoy - 27 15 0.
o ~E &

Electron temperature evolution

*Injection of not fons
Boundary conditions: conducting ra2dial limiter and continuity of A,

and 3 at separatrix.



Lode eguatiogns:

particle fons:

-

d - — - (-b -b‘
= + + A -

n— zse(E VSKB/C) Mvealvgmve)

s dt

fulerian mesh

- s = specias index
s = 7,

dt

"massless" fluild eiectrons:

where

R F an T T g
1 eneE en v, X 8/¢ Pa

2 - -
T = ~
3 Ueﬁ['; nezg Ky Ve)]
Po = MTg, T "e(Teu' TEL) bb
A
L 4/FNge \
Vai = 3.&1;—77 (c\ais1ci1] ar anomalaus
e b = 8/8
and n, =32 z_n
e “s's

-~ 3 =n eV; = nonlinear function of € and 8

STZO]G open field lines (line-tying)
T =,
e (Te(flux, time) due to convection and
Coulomb coliisions with icns on closed lines

or Pa s Pa (Ut)

IS |

LT

-
iy
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Field equations:

e
For axisymmetry {3/28 = 0} and 89 =0, & = T and

2 1 B U 2,
(7 =35 A= [y + 3(ag,® )]
r . cold
minuscule for es/T, = d(1)
on open field lines
-r_ - - - l 3 +
B = 7x AE,‘ E9 -z -3?
y 2
{ Boltzmann-Tike on open field lines - negligivle far To7'%cc Lmed

z determined on clased lines by

3t
“3q/ 30> =

quz JCRF +J/----Vd:]=0
8

-

and %- electron momentum equation-

3o . p) 2
e s Te {w) 3¢ L Mg sacondary dependence

Solve equations iteratively. e guarantee continuity of A, and g at
separatrix. There is a conducting wall at the radial limiter. An Eulerian

mesh is used.

So far only a 1-0 radial version of the code exists.

Work performed by Lawrence Livermore Laboratory for U.S. Department of Energy
uncer contract W-7405-Eng-48
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TWO DIMENSIONAL TIME-OEPENDENT TRANSPORT IN FIELD REVERSED EQUILIBRIA

S. P. Augerbach, H. L. 32rk, J, &, 3ovd, B, McMamara, D. Shumaker
Lawrence Livermore Laboratory, Livermore, CA 94550

Goal: Study buildun, steadv state and decav of fisld-reversed mirrors, with
emphasis on studying effects of neutral beams,

Method: Qur method is very similar ta H. Grad's "¥3-0" methad, with some
Technigues from N. 3yrne and H. Klcin's G2M code. Each time step is carried
out in two s*ages, a transport stage aad-an equilibrium stage, as outlined

next.

TRANSPORT STAGE '1

(9 Calculate transport coefficients and fluxes relative to {moving)
magnetic surfaces using trznscort mode} and eguilibrium fields

1

N2’
Update adiabat.c v—r1ah195 {entrooy and safetyv factor) and value
of ¥ at 3-point {5 =0 on plasma boundary and z-axis)

EQUILIBRIUM STAGE

me Calculats new equilibrium with updated adiabatic variables and i1
range of ¥, using Grad's 1% D method _—

The computation domain is shown in Fig. 1.
r

0-point — >

Fig. 1 Computaticnal domain

The transport stana sglves eguatigns for the adiabatic variables .
particle nutoer, enI:235Y 3nd safaty “actar.  The 2d{abatic variables are

consarved i fnera is 70 trarsdort. in cetail, we solve the following:




BT et

Particle Number:

0 dl'r s 2
ot (" ) E_— =
Entropy:
DS 2/3 dP dr l
L Sp . 2d ooy
( ) {ﬁ_;du Jv--"3lrd +§d$’ 9 V>}
5/3
=% (%%) Q. - YR +a >
(21)5/3
av
Safety Factor: Flux at 0-point
Je. L &g il =S g,
472 A o S 0-point e &
In these equations
0/0t = 33,
r = species label
v = poloidal flux, V = volume inside a constant-¥ surface.
< > denotes averaging over a constant -¥ surface
<cp> = particle scurce due to beazms
<og> = entropy source due to beams
r = particle flux across {moving) constant-¥ surface.
Q> = heat flux
Q> = tempe;-ature equilibration term
YR = work against drag force R -

The last 4 lerms above are computed from whataver transport madel is usad.
At present, we have in place the full surface averaged 8raginskii egquations
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The equilibrium stages altarnates bSetween salving the 2-D equilibrium

equation {31 =0 for simplicity):

with

and

=
"
<
=
=
-
~
—

o
]
o
—_
=
—

elliptic boundary conditions

the surface averaged eguilibrium equation

. 573
- - (sw) &) )

with

Vo= wv)

$ = 5(¥)

Boundary conditions at plasma edge and at O-point
We itarate between these until consistency is achieved.

Pres

Some special features of the code:

a} 2-D equation solved with 5-point ICCG algorithm on non-uniform r-z

grid.

b} We allow houndary conditions at iafinity, or specified coil
currents.

c} We can deal with moving plasma boundary, and separatrix touching
the r-axis.

d) Surface averages near the O-paint are computed by fitting a
polynomiz]l to ¥ near the O-point, and using analvtic formulae for
averages,

ent status of the code:

A)

(3
—

Equilibrium: the equilibrium solver and the 1% D algorithm have besn
extensively checked, using values of S({4) computed analytically for
Hill's vortex; i.e., we put in S{%) and checkad that the self-consistent
solution reproduce Hill's vortex.

Transport: the transport stage is working, though more testing is
required.

Interfacz: the intsrface between the transport and sauilshrium stages
is still being tested and debugged.

W jwr—

[ |
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"Work performed under the ausnices of the U.S. Department of Energy by the
Lawrenca Livermore Laboratory under contract number W-7405-ENG-43."
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A STEADY STATE BEAM DRIVEN FIELO-REVERSED MIRROR

J. H. Hammer and H. L. Berk, Lawrance Livermore Laboratory, University of
Catifornia, Livermora, California, USA

We present here a method for sustaining a current in a beam driven field
reversed mirror. It has been shownl that attempts to drive steady state
Tield reversed configurations (or Tokamaks, Spheromaks) with neutral beams
may be foiled by electron currents. The plasma electrons are accelerated by
coliisional interaction with the beam-produced ion current, causing the net
current to vanish asymptotically in time.

We show that the current cancellation can be avoided by weakly breaking
the toroidal symmetry of the device, for instance by the addition of
quadrupole magnetic fields. The symmetry breaking allows angular mamentum
transfer between the electrons and the external coil structures, without
having plasma in contact with material surfaces. The momentum transfer is
manifasted as an additional drag force con the electrons, preventing them
from accelerating to the ion velocity and cancelling the current.

The detailed mechanism for transferring momentum is magnetic pumping
(synonymous with paralle] viscosity, non-adiabatic pressura effects). The
injected beam causes a torojdal flow which convects tubes of poloidal flux
(Btoroidal = O for this apalysis) in the ¢ direction. The flux tubes
undergo a periodic compression-decompression as they move past the
toroidally varying structure, causing electron pressure modulation. If the
electron collisien frequency, ve, were zero, the pressure would vary
double-adiabatically, i.e., the magnetic moment and parallel velacity are
conserved, at ieast in the long field line Timit. If the electron collision
frequency were large, Vo/Sgtatign > > l, the pressure variation would
again be adiabatic, Py ~ ne:95,
< =, the pressure may vary non-adiabatically, causing 2 net transfer of
energy from the flow to electran thermal energy. Corresponding to the
energy transfer ic a force which damps the flow. This force is the extra
drag force on electrons that prevents current cancellation.

To see how the extra force arises, examine electron force balanca:

" Bo *enalE * up x 8) = meneveiluj - ue)

If we take the toroidal average of 1/eng x (toroidai component) of this
equation w~e obtain:

1 2. - .
—_t - > 4 + = nd
<ene ’Pxe qu unB ud

T flow normal to flux surfaces

*This work was performed under the auspices of the U.S./ Department of Epergy
by the Lawrence Livermore Laboratory under contract number W-7405-ENG-18.

In the intermediate regime, 0 < ve/lrotation
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This is the usual Ohm's law except far the prassure term, which might be
described as a thermo-slectric effect. For symmetric systems, 3 - P e =0,
sa this term vanishes. For adiabatic non-svmmetric systems, & - VPLE and
would be 90° out of phase giving zero average, Yhen collisions are
1nc1uded a phase shift arises that gives a non-zero average. We find:
v

2
e

e L 5eap >t b qflavew?
an » e e T T Le S\J @@ uy- 2
e 3e g Ug

v /i < &
for oY 1

This is always of the correct sign to prevent current cancellation.

Using a fluid ion model and the long, thin approximation self-consistent
steady state equilibria have been obtained by including the extra drag term
in Ohm's law. The gize of the symmetry breaking perturbation, €, must
typically be of order i6-1 to obtain an equilibrium. The directed
valocity of the beam must be of the order of the jon thermal velocity and
the required particle input rate of the beam carresponds to a particle loss
rate close to the classical ciffusion rate. Explicit substitution af
2xperimental parameters into the theory for devices at LLL (Beta II, MFTF)
indicates that steady state equilibria may be maintained using the present
heam current and voltage capabilities. The necessary symmetry breaking can
be provided by the existing yin-yang coils. A limitaticn on available
facilities, however, is the need to run the experiment for timeés longer than
the resistive decay time in order to test the existence of 2 steady state.

Two other considerations are necessary to complete the theory. First,
in the region within an electron orbit size of the field null, the electron
fluid equations break dewn. This is an important region since any
2cuflibrium must have finite current at the null. HNear the field null it
~2n be shown that shear viscosity effects become important. Estimates

ndicate that the shear viscous force alone is sufficient to prevemt current
<-ncellation in this region.. Second, the quadrupole (or other symmetry
ireaking) field must be matched to the solution. Implicit in the analysis
nas been the assumption that the quadrupole fi=ld in the bulk of the plasma
is neqligible Penetration of the quadrupole field is deleterfous to any
field-reversed scheme since the field lines are opened up and the advantages
of closec flux surfaces for confinement are lost. In this regard the
equilibrium flow plays an important role. The toroidal flow "sweeps"” the
quadrupole field cut of the main body of the plasma, confining it to a
.gundary layer of order ro/ vfﬁ; In thickness. rp i5 the plasma
radius and Rp is the magnetic Reyrglds numder Ry ~ worpf,
typically Ry > >1. A boundary layer analysis shows that the vacuum
Juadrupole figlds can be smoothly matched to the interior solution where the
adrypole field vanishes.

Re? ~snces

D. T Baldwin and T. K. Fowler, Lawrence Livermore Laboratory Revort
5C1w 17681 {19773,
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CALCULATION OF IDEAL MHD GROWTH RATES AND EIGENFUNCTIONS IN FIELD REVERSED
WIRRCRS IN THE LARGE TORCIDAL MGDE NUMBER LIMIT

3. Y. Anderson and W. A. Newcomb, Lawrence Livermore Laboratory, University
s< Catifornia, Livermcre, California, USA; and D. C. Barnes, Los Alamos

Scientific _zboratory, Los Alamos, Mew Mexico, UYSA

The observation of MHD stable configurations in field reversed theta
pinches has led us to review the ideal MHD stability theory. We produce 2D
r,z squiticria from assorted models, including Hill's vortex, which are
intended to match various profiles measure] in experiments such as the FRX
series at Los Alamos. These equilibria are used as the starting point for
several stability calcuTations:

T. MALICE Sevaral 3D ideal MHD simulations of statianary and
rotatine plasmas have yieTded good qualitative agreement with
exper:iment.

2. RIPPLE VI 3D linear ideal modes with m = 1 *ave besn evolved
showing an unstable tilting mode.<»

3. ALIMO 2D m =0 Jinear axisymetric modes are seen to be stable or
have very small growth rates.

4. MHC-2D 2D non-linear modes seem stable,3,d
5. STA3GROW Growth ratés are calculated from the generalized energy
" principle. This report is limited to the subject of STABGROW.

fau-librium Model

Pragsure balance and Ampere‘s Law are expressed by

Eld
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*TAis worx #as per-ormec nader the auspices of the U.S. Deparzmers ¢ Zrariy
Sy tre Lawrsnce .ivermore Laboratory under cantrict number 4-7C55-715-33,
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Specification of the equilibrium is compteted by giving the pressure
function taken to be

v M

Pl = (1-H)Py (Pm) + Hp1{1 + cos [ (a+v tamh(ay + b})]} )
s v

A special case of this H =0, ¥ = 3, m =1 is Hill's vortex:

P(L) = Pov. ' (2)

Conventicnal Energy Principle

From Bernstein® a generalized Sturm-iLicuville equation

1 : -
£ = 32+ (=0 = g f R &

is used to determine stability (instability) if the smallest eigenvalue . is
positive (negative). This equation is obtained by taking the toroidal mode

number n - = which is the least stable mode in jdeal theory. However, sincs
the above aguation is obtained in the norm

,
1=%fdsls‘— (6)

the value of &4 carnot be related to growth rates.

Energy Principle with Growth Rates

To get growth rates we need to use the kinetic energy norm

1=r\=2f@-5-~—g)+(32)1 i (7)

Now the parallel displacement Z cannot be analytically 2liminated from <he
energy principle. After minimizing with respect to X and Z we obtain

AP D 3Z
LB ¢ (g - 2D - A g i (3)
A P LI g v ape 3. oS

B 3Ly, ABZ = .2 (—2X )

35 1/8% + 14p 25 3 /82 + 14P
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Here the growth rates are obtained from .20 = A. As before Anip > O
Jives stability.

Reduction to First Order Equations

The form of the above equations is

3 3% - Z y

_—&?(f E)*‘hX-C'—S , h = n(A) . {9}

2 3 ]

T sk (X)L K=kl

N s . 3% , 52 .
With the substitutions U = f S=and W = g = + cX we arrive at the

“irst order system d

U _ 3. EL

Tecio == urf - (10)

W, 8L _ W - X

s T K % g

These ertations together with the equations defining a field line

ELg EI 3z Eﬁ (11)
35 B ’ s B \

are solved using a shooting method which adjusts :\ until all toundary
conditiens are satisfiad.

Properties of the Numerical Solution Obtained in STABGROW

The equilibriz are accurately known either from the aquilibrium code
CYLEQ (which employs a bi-cubic spline representation with the ICCG
algorithm} or from the analy:ic Hill's vortex formula. A bi-cubic spiine
representation is alse used in the stability code such that

v, 8, 78, k*-b+7b, 78 =0

are calculated analytically. From these the field lines and the
coefficients in the above stability equations are known to arditrary
precision within the spline representation, These Sturm-Liouville like
equations are solved by shooting first with a fiaite diffarence integrator
and then when near convergence with the GEAR method., The GEAR method 27119ws
finite diffarance errors Lo be reduced arbitrarily to rocundoff levels.

It follows from the foregoing that, within the spline reprasantation,
one can calculate the oxact 2igenfunctions and eigenvalues to roundoff
precision.
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TOROIDAL REVERSED FIELD-PLICH EXPERIMENTS=*

Compfled by D. A+ BAKER
Los Alamos Scientific Laboratory, Log Alamas, New Mexica 87543

Small Experiments

The small Reversed Fleld Piach (RFP) experiments are lisced 1n Taple I.
These experizents dempustraced the favorable stability of the reversed-fiald
profiles, which were predicred by MHD theory. 35eif reversal of tue taroidal
nagnetic field has been demonstrated im wmany wmachines bur the important
feature of the reduced fluctuation period (quiescenc period) following che
turbulent starc up was aot observed. The best results oa ZI~S vere obtalned
by programming, i. e., by forcing the field reversal by reversing the curreat
ia rthe tciofdal field windings. Well~behaved pinches were observed for
~ 40 ws. The pinch terminated in an instadility when the f£ields profiles
diffused and bera became too high.

Receatly a pitch programming mode has tbeen studied on 2T-5 in whicn che
toroidal and pcloidal fields rise together. The method has been successful o
that decreasing values of pitch (P = rB,/3,) programmed at the wall resulred
ia favorable monotomically decreasing values of pitch wg radiug i{n che plasaa.
This mechod can give vtise to reduced diffusion and a smaller energy loss
during the set up of rhe RFP. When done slowly the method requires gross
stadbilicy duriag the programming; mecheds for accomplishiag cthils are being
studied theorecically.

ETA BETA I

The ETA BETA II results are discussed inm derail in cthe following paper
and {in Ref. (Ll]. 1t is worch ‘ewphasizing hece chacschis experimenc is
siznificant {fn that it has shown thar the tramspert and radiation lossas can
be overcome in an incermediace-slzed experiment (ovore = 25 cm) using a 0.1 ms
rice time. The experimenc has reproduced maay of «cite rasults of rthe much
larger 2eca experiment (l m bSore) and has reached electron rCamperaciures abeve
L3Q eV by ohmaic neating following a turbulant startup.

2T =40

The I7-40 experiment 13 ume of a new geaseration of reversed-fiald piacaes
{(RFP) rtaat incluges ETA BETA TI and HBTX-lA. These experimeacs will =2xtend
the plasma camperatures and coufinemenc tilmes by an order of a@agnizuae adagve
arevious RFP experimencs, and Will establish the physics dase for tna naxt
generation devices RFX and LCX.

The ZT-40 device has a major dismecer for the 2.28 o and a Q.4 @ ainor
diagecer for cthe wvacuum wall (99.5% aiunina). The experimear is designed ta
operate over a range of plasma currear risecimes, 0.0l to 0.7 as. During tne
initial operacion che risetime of plasma curreat Ls ~ Q.. ms, comparaple to
enat of ETA BETA II [1] in which the limictacion of oXygen impurity radiationm
was overcome.

The device has operatad in the fill pressure range of 3=-10 acorr. Aftzer
abour 200 discharges 7izh cutreats up ta 400 ki, the inicial ~ 0.l5 ms currcaat
decay time was 1increased cto ~ 0.23 m$ snowing ap iacrease in the plasma
condyctiviry and a reduccisn ipn Che energy lodses duye <o ia;puriczias  as
disanarze claasing of che vacuun chamber 2egurred. There nave been a faw tfest
413cnarzes wisn currents up to cne full desizn walue of 330 «a. A sarplie
curzent wavelform 4 saown ia Fiz. 1(a). A zerc=qg.zensiinal plisma a0ael
coo5isting of a coupled set of equacioas goverainmy tne deucarium ana  1apuricy
ionizacion scaces, the elaccron Credperacture, cthe {Jn :esperacure, and ctne

#Work performed under the auspices of the US Department of ZInerzy.
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cireuit benavior i3 used ro evaluate the ZT7-40 performance. A primary
impurity, as determined spectroscoplcally, i$ oxygen: Line radiatlom can
explain the observed curreat decay times {f oxygen is presenc io awmounts of
~ 7 x 1012 g3 (~ 12 at 10 meorr deucecvium f£ill pressura). The model alse
indicates that wich the expected further vceducticn 12 the diampuricy level
and/or a lower deuterium gas deasity a "burm ecnrough' aof the oxyzen line
radiation will occur and the plasma temperature will rise aoove 100 eV with
the preseat passive crowbars ro extead the curreat.

Tne initial wvalues of the piloch paramecer (9 = BEualL/aco) have ranged
from 1.5 to 3.5. The toroidal field windiag 1is crowbarred af 1icts maximum
curreat- Becaurea of tne small amount of toroidal flux outside the discharge
tube ia this device, self-reversal is readily obtained without any prograumed
reversal of the curreat in the ~oroidal field windings [see Fig. l(b)].

A mulri-chanpel interferomecer  sipultanecusly measures the lipe-
{ategrated electron demsicy aloog seven parallel ¢hords acrosg the discharge
tube. A sample display of che data is shown in Fig. l(d). After a period of
lazrge density excurdions, a reduction 1o the total deasity and in the
fracctional fluctuation level is cften onserved starting shortly afcer curreat
peak [es:g. at ~ 0.l4 ms in Fiz. 1(d)]. This period is sugtained duriag the
current decay wuntil the reversed fleld diszppears [~ 0.2 ms in Fig. 1(b)].
The necessary conditions for this plasma behavior are toroidal currents above
500 kA and initilal £illing presSsures below 6 metorrs This incerval of reduced
activicy is similar to chat observed ian ZETA and ETA BETA II.

Further discharge cleaning techniques will be used t»n reduce the iapuricy
level and cthe expected burna through of OV aud OVI ionization stares will be
observed spactroscopically and the 1increased electrom ~emperacure will be
measursd ty Thomsoca scattering. 1o situ bakiang of the ilumima torus caa ve
used to furcher reduce cthe impuricy level.

A power crowbar, to be installed inm early 1980, will axtecad che curreac
duraticn to times > 2 ms. The plasma behavior for longer currenr risetimes
will be investigated when the fmpurity radiation barrier is overcome.

REFERENCES
{1l 3UFFA, a., COSTA, S., DE ANGELIS, R., DI MARCO, J. M., GUIDICOTTI, L.,
MALESANI, 6., NALESSQ, Ge #., ORTOLANI, S., SCARIJ, P., "First Zesul:s

from the ETA BETA 11 RFP Experiment,” Wincn ESuropean Coafar:nce on
Contrrolled Fusion and Plasma Physics, Oxford, Englana, Sepremnce 1979.

Table I

SMALL P EXPERIYENTS

EAPERtEnT COLATRY FALR RABILS 4IHOR RABILY L
(ra) 2 L2}

Mg o 1 . 3.5 5
3 s 20.% 7.5 3
AT Al 0 5 s
Y Y o) 5 ¢
e LH 2 4.2 1
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SQME PROPERTIES OF THE HEATING AND CONFINEMENT IN THE RFP CONFIGURATION

$. Ortolani, Cencro di Studio Sui Gas Ionizzati, CNR-Unfversita’di Padova,
Associacion CNR-EURATOM, Padova, Italy

In this paper sSome properties of RFF plasmas a3 obgserved in the
ETA~BETA II experimeat - are discussed; and some comments on sScaling laws
appropriate Gto cthe RFPZ are pradented. In Fig. | che main experimencal
parameters of ETA-BETA I1 are summarized and the ¢time evolutien of cthe
toroidal plasma curreat, I,, and of the coroidal field at the vacuum wall, B ,
1s skecched. The results obtainad on ETA-BETA I1 can be summarized as
follows. At high filling pressure (> 10 mtorr) radiacion losses by light
elements (oxygen in particular) dominate and preveat the plasma heating beyound
a few tens of eV. The detailed study of the variation of the current decay
time and of che electron cemperature as a function of the f£illing pressure is
discussed i{n Ref. ! and here only a compariso~ between a RFP discharge and a
nonreversed (NR) discharge in the nomradiation~dominated rzgime is discussed
in some decails. In Fig. 2 some resulcs for cthe NR plasma {(Fiz. 2a) and for

RFP plasma (Flg. 2b) are compared. In particular in the figure are shown
a funeticn of time. from top to bottom, the toroidal current, 0IV and OLV
s:ble line intensities, cthe dI_/dc signal, and, only for ctae REP pliasma, a
steaal. picture and ctne loecal dB/dt signal as measured by a magnetlc probe
Jeasuriag tile poloiaal flux at ~ 3 cm inside the 1ineer convolucion of cae
stainiess steel liner. The results shown 1n Fiz. 2 can oe discussed as
follows. At low filling pressure (< 6 mtorr) burning chrough of oxygen
impurities is observed but in NR discharges complete overcome of the radiation
barrier is not quite achieved because the temperazure 1s probably held down by
turbulent transport associlated wich che high level of fluctuations as measurad
on the toroldal current trace. Whem a RFP configuracion i1is {ormed, naizher
temperatures are obtailped with curtent e-folding times of up to 1.5 ms lastiag
for about 0.7 ms. This ~is assoctated with a distinct reduction in chne
fluctuarions of the dI /dt signal observed im the RFP as compared tc tne MR
discharges. Internal magnetic probes {dB/dt) show a significant reductic. ia
the flucruation level during the slow current decay phase of a RFP discharge.
Temperature measurements nave also been made’ and abou: 50 2V are measured oo
axls at the time of current peak. During the slow current jecay tne
temperature increases up to ~ 100 eV before current termimacion. sy ising the
filling density wvaluve a B8g of ~0.1-0.2 is estimated af ctne cize of the
current peak. If che density remalas about coostant in time, B85 will increase
by more than a2 factor of 2 due to the imncrease in temperacure and to the decay
of the plasma curreat. Ao inscability due to too hign beta 1s tnem likely cie
cauge of the curreat termination. The behaviour, in time, of che RFP plasmas
on the F, 8 diagram (where F = B¢w/<5 > and § = Bp./<B,> are compured just
inside ¢the wmetal wvacuum linger) is grawn in Fig. 3. "Several dischargzes ars
superimposed iz the figure and chey all indicate chat cthe RFP state is
characzerized by [Flg 0.5 and l«5 £ 3 £ 2.5. The lmportance of the external
vacuum regilon separating the plasma from the flux conserving wall and the
comparison with ctneoretlcal calculations 13 described by Turmer in anotaer
paper at chis neecing.?

The resulcs, shertly discussed here, obtained on ZTA-BETA II are rather
zncouraging and iladicate good confinement praoperties of tne RFP conf:guracion,
but tne following questiong -are usually asked about cthe overall incerest of
tne RF? as a magnetic confinement fusion axperiment.
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- why che temperacure in the RFP i3 so low as compared to a cokamak of

gimilar current?
- how can the too high beta (wnich eventually terminates the discharge) be

avolded?

To possibly clarify cthese points a short discussion of some scaling laws
appropriate to the RFP aod a comparison with tokamaks is given below.

From tokamak research we know that there 1is an upper denmsity limit
aggociated with the problems of radiatlon losses and of plasma disruptions.
This limit 13 usually written ZIn terms of the average particle densicy as:

B
.1019 _¢
n €510 = N (L

where B is the ctoroidal magnetic field and R is the major radius of the
torus. Sy using the g parameter this 1imit can be writtem in terms of the
average curreat denmglcty as

n =3 3220 107l aem (2)
q

which for high field tokamaks (q ~ 2-3) can siumply be writcten as:
TN > 10714 A (3

Indeed, cthe high field tokamak experimeants (as Alcator aand FT), aiming at
large ohimic heating and long energy confinement times, do opcrate in this
range of parametera. Operation at Jlower densities is easily achieved in
tokamak experiments but shorter emergy confinement times are obtained in cthis
case.

There 1s also evidence that, tc obtain a good performance of an RFF

plasma, experiments must operate above a minimum value of I/N.

In facc, in ETA~-BETA II, to overcome the line radiacion barrier due to
light impurity elemeats, we had to operate at I ~ 200 kA and p, € 6 mtorrt.
Only under these condicions was tha good RFP performance (slow current decay
and temperature increase vs time) obgerved Ln ETA-BETA II. These parametars
correspond to I/N as given in Eq. (3). Optimum conditions for quiescence 1ia
ZETA were obtained with I > 0.42 MA and n = 501019 m'%“ corresponding again to
I/N as given in Eq. (3)-

I ignition 1s eventually to be reached by ohmic heating alone, a minimun
critical wvalue for J/n will be required to overcome bremsstrahiung radiation;
with clasgical resistivicy this value is easily found to be described by

Eq. (3).

Tne value of J/n can then define a class of experiments capable of
scaliopg to ignition conditions by ohmic heating alone, provided the overall
logses remain acceptabla.

is  in cne tokamak, tnere ars arguments in the RFP posing limitacions on
the upper value for I/N at which an experimeat can operate.

S g ="
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On ZETA, quiegcence was not obtained at Eilling pressures lower thaay
~ 1.5 mtorr and streaming induced wmicroinstabllity could have enhanced che
transport and limited the achievable cemperature. Values of I/N =~ 2+10~1% A
were not reached with quiescent pearformance.'

Streaming induced microinstabilities should arise at high I/N values and
a limic om I/N can be set as

T4 € 35007 T A, (%)
with T in keV.

All these considerations suggest thea that a value of I/N substancially
largey than 2410~}4 A.q can be i{ncompatible with achieving good confinement of
the plasma. The following optimum range of values:

107 am < 1/8 5 201074 4, (3)
is then indicaced by the previcus discussion.

Pressure balamnce simply requires for Che average cemperature:

T = 1.510% B N(I/N)? xev (3)
or

T o= 15478 B.I(I/N) kev -, (7

with T in keV; with the ahove discussed limicarions on the values of [/3, this
glves: . 1

T = (1-2)+1.5°1078 g1 . (3)

Compared to a tokamak with similar currteat, the tempervatutre ia the RFP will

thes be at least lower by /8 = 0.1-0.2. As an example, a camparature
EREP/ ¥ OT! 2

of ~ | keV wich I/N ~ 10'13 A-m-req8§res:

3¢ ~ 0.64+105 &
which, wich 8¢ ~ 0.1, prescribes:

T ~ 6.5 Ma N (3}
ard

N ~ 6.5+10%0 g=1 {10)
These Eisures' are of course inversely proportional to B8y, bur oace tpe
radiation losses are overcome and transport losses dominate, the eiantual 33
will be lipited, and ome way £o be couservative about the tramsport losses is
to coaceive operaticm at 8 = 10%.

There are reasous to believe that dno RFP will Have a larger and mere
persistent level of fiuctuations than a tekamak, because of the large number
cf resonant surfaces which characterizes the RFP as compared to the few



-

resonant surfaces that characrtsrize the tokamak configuration. Moreover, the
ifon heat conduction should be more relevant in the pinch than in the tokamak
because of Cthe lower magnetic field.

all these considerations support the idea that a very nigh 85 will not be
reached in large-current experiments.

The study at high temperatures of the resistive stcability properties of
the RFP will be a major objective of the future experiments, but the
temperature regime ia which these atudles can be dome must f£irst be achieved.
If we base our estimaces on 86 ~ 30%, ve assume to already know chat hizh
temperatute Stabilizing effect will lead to low fluctuations and to traasport
properties at leasc as good as in tokamaks. Compared to tokamaks, RAFP‘s do
not require high toroidal fields, but it cas be expected that large toroidal
currents (even taking into account the poloidal currents) will be necessary Cto
overcome Lhe losses.

The discussed sealing 15 plottad in Fig. 4 where graphs of I va N and of
T ¥s N as given by Egs. (5} and (%), ars drawn for Sa = Qs1=0.2.

There 1Ls clear evidence cthact high curreat (> 2 MA) experiments are
required for a significanr grep coward high Ctemperature (0.5-1 keV] RFP
plasaas. .
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RELAXATION OF TORDIDAL DTSCHARGES*

{ Leaf Turnmer, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545

The variatiopal priaciple of Taylor! provides che guiding spirit for
caleulations concerning the relaxation of turbulenc plagma discnarges.
The princliple states that 4 tutbuleac, high-magnecic-Reynolds=number
plasma confined by a perfectly comducting shell will achieve the state of
minioun magnetiec suergy conslatenr with specified magnecic helicity and
magnetic flux. It yields the Euler equation $'x % a ) where, for
reverszd-field pinch geometries, che eigenvalue A 13 3 comtipuoys variable
that specifies the ratio of net goroidal curreat to net toroidal magnetic
flux. Although this priaciple has anot as yer received rigorous
juseification, 1t has been able to reproduce much of the gross
experimental features of the British reversed-field pianch expariment 2ZETA.
The quiescent ZETA plasma was observed to follow closely the theorecical
F~8 trajectory predicted by use of cthe Taylor primciple.? {Ses
Fig. L+ [F(r) = B (e)}/B3V8(r’ <Ry, O8(r) = Bo(r)/BSVE(r’' <R)]} For &
quiescent ZETA plasms with field reversal, 1.2 ¢ & < l.6. On the basis
of the Taylor priamciple, the upper limir is explained as thac pntu; beyand
which che symmecric (m = 0, k, = 0) stace is no louger the inimum energy
state; the lower limit 1s that point at which fileld reversal firsc occurs.

The Tayler principle received some theorectical support in the work of
Moncgomery, Turner, and Vahala.? By representing the velociry and magnecric
fields in terms of a truncated expansion of Chandrasekhar-fandall vector
eigeufunctiuns“ whose time-dependent coefficiencs obey a Lipuvilla theorea
for che case of three-dimensional ideal magnetohydrodynamics, an absolute
equilibrium ensemble was established tnat gpecified rne probabilicy
discribution of cthe coefficieatrs. It was observed :spat the stace
corredponding précis.ly Lo the alnlmum egergy scaca of Taylor was the only
state that was q .lescent in the sense: <¢Z-= 0. The study suggested a
physical mechanism causing evolutioa toward the minimum energy sctace;
namely, resistive dissipacion, which, acting predominantly act aign wave
nupbers, wmore readily dissipates magnetic energy chan magnetlic helicicy
because (l) tne magnectlic energy Spectrum Deaks at hnigher wave nuobers

than cthe correstonding magnecis helicicy spectrum, and (2) the natural
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direction of magunetic enmergzy flaw iz toward higher wave ormbers whereas

that of pagnecic helicity flow 13 coward lower waveoumbers.

Racently thece have beesn conceras 3 © regarding the possaibility that
cthe continuous nature of the eigenvalue gpactrum of the minigum eaergy
stats 1s a pathological result of the aasumption of a circular plasma
¢rosy section. To 3llay thede fears, Rasband and Tuzner’ demonstraced
that the continuous spectrum £ar A is neicther an artifact of the straight
¢ylindrical geomectTy nor of the eircular paturs of the croass seccign.
They proved chat for any value of A, the solution of the above Euler
equation fno aither & stvalght cylindrical or a toroidal geowmecrry with
arbitrary croas section can be reduced to the the solution of either an
inhomogenecus Halmholtz equation or an inhomogeseous Grad-Sbkafrapov
egquation with simple Ptoundary condiziona. Using scaandard Green”s fuactiloc
theory they obtained analytical soclurions for the case of ractangular
cross sections; with relevance to farce-free vegions wichin cusped
gecmecries. Furtner support for cthe prasaasce of the coutinuous spectrum
comes from the current numerical work of Baker and Mann wno are solving
the inhomogeneous Grad=Shafranov equacion for a comstant 'pressure plasma
utilizing che LASL axisymmetric toroidal magnetohydrodynamie equilibrium
code.d It 1is crucial to remar® here that there is culy a discrece
eigenvalue spectruz for plasmas contaized in siaply-comnected raglomns:

e.g., spheromak plaszas.

The mest recent reversed-field gincn axperimeat te achieve the
quiescenc-like resulcs of ZETA is the Padua experiment ETA-BETA II.9 This
experimenc has a plasma column coufined to a radius of 12.5 cm by a
stalnless steel limer. A vacuum occupies the region between the liner and
che Elux~coaserving shell at radius 17.8 ¢m. In an atfempt to explain the

0

experimental data, we have made a generalizar.icn1 of thé variacticmal

principle of Taylor to the case where an insulacing or resistive liner at
radius r, maintains a vacuum region between the plasma column acd the
perfectly conducting shell ac radius R.

We demand that
Sjg = K = ¥ ~ 2 8.(ch) =B ) (] w0 (L)

for arbitrary variations GBE(F); SBZ(F) in the plasma and for arbicrary
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variacions of the independent components of the wvacuum magnetic field.
The paramecsrs ), y, and 7 are undacermined Lagrange multipliers. Since
the tocal magnetic flux % wizhin the flux~conserving shell is ctime-
independent and prescribed, we define K tc be the totzl magnetic helicicy
instde the flux-cunserving shell in order chat the field equations remain
gauge—-invariant. This imvariance is physically required by the dyaamical
isclation of the plasma from magnecic fields exrernal to the flux-
congerving shell. The jump in che umermal component of F at the liner
[Bo(g5) - B {r7)] 1s constrained to be zero. We then solve Eq. (1) for
the state of minimum magnetic energy within the flux~-conserviag shell, e,
with prescribed values of K and 9.

We find thac {io the minimum energy state the confined plasma is
force-iree and euvelored by a skin curreac. (See Fig. 2, for example.)
The F - 8 trajectory evaluated at the flux-couServing shel]l with ETA-BETA
11 parameters is depicted in Fig. (1). The 6 interval discussed above has
become in this case l.4 ¢ 8 < 2.2. .

Note that skin curreats amust also occur at the surfaces of relaxed
(force-free) spheromak plasmas wherea liner wmaintains a vacuum region
between the plasma and the conducting shell.
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EFFECTS OF IMPURITY RADIATION

ON REVERSED-FIELD PINCH EVOLUTION

E. J. Caramana* and F. W. Parkins

Plagma Physics Laboratory,
P. 0. Box 451, Princeton, N. J, 08544

Spheromak and reversed-field pinch plasmas share
the property rthat Ohmic heating must overcome strong
radiactive cooling by oxygen ilmpurity atoms which peaks
at a temperacure 1'° : 25eV. We preseut results of ctraus-

port code studies of this phenomenon, for several reversed-
field pinch devices, and summarize these results in terms
of two nondimensional parameters which parametrize the
impurity content and the device zize.

3oth sphercmak and reversed field pinch plasmas depend on Ohmic heating
to raigse the plasma cemperature past the peak of the radiative cooling
¢caused by the presence of oxygen impurity atoms. The peak of this cooling
curve* lies near Ty = 25eV. Two conditrions Just be sacisfied for chis co
First the Ohmic heating pcwer n(TO)j‘ must exceed the maximum

[C(Ty) = 9 x 10717 erg emi/sec]. 1o other words

oceur:
cooling rate C(To)none
the inequality

ind "C(To)““ne 1)
¢ T iZ L ¢

must be sarisfied over a good portion of che plasma. Secondly, the energy
expended in heating the plasma to a temperature Tl T 40eV, must be a small

fraction of the magnectic emergy stored in the poloidal magneric field or eise
a serious eroslon of the poleidal field will result. The f£irst cricerion is
evidently a criterion involving impurity concentration, plasma density, and
current density. The second criterion, which can be written as

3.2 - 22
& . la
T‘ << Fy— (const. ) - \2)
- e e ~

involves device size and plasma demsicy.

*Present Address: Los Alamos Sclentific Laboratory
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4 transport code for revarsed-field pinches, which mbodies classical
transport and impurity radiacion loses, has been developed? and appiied to
the three devices listed in Table 1. The resules are summarized in Figure 1.
The evolutionary parametar T 1s giver in terms of the loss of poloidal

fleld energy Wp

T x 1r, dple=0) (£=0) . (3)
2 Wp
The definition of B is B, = s 4)
e de tio o T - 3Hp(t-0)

where U 1s the internal kimetic energy content of the plasma. The para-

meter | is defined by L E@)<mpyreng” )

0 n(ro) <j>2

where the < > brackets indicate a mass-weighted 2verage. In practical
units, the formula for E is

2
lkAs. 2 <, > < g ¥
T = (0.005) = 2 — . (6)
° <1 10%2em™3 1014ea~?

In terms of these nondimensional
evoluticnary paramerers, each of i

the three devices is quite simi- i s
lar. TFigure ld provides an i R gt = We ' B0
empirical fit £o many transpert | " ,
Cand 4 7.3 H =2 cn . 53
code runs, giving the 3, | Canducfyis 2 ! = il =
which will be achieved for a {1 cerzemr . M o7a ) soexa . tsowa
ziven expenditure of magnmetic Do : ' : !
fleld energy (parameterized by v) ~ _ .. Flela i 4000 G. | :2.500 5. . Sled G -
as a function of impurity concen~ : onams : h ; '
cration (parameterized by 'L' ). ! ) ! . . i
_ < : Denl;t;! 1 132547 P CLL I PR J'__,—J i
The location of varicus devices © On Axia R ¥
(with SD being the ET value 'omeial ' 1 av j 10 av i 13 av i
at 40eV) is also shown. ——pimann : .
, Inieisl Toszw TR 1 Y ST ¥ S
y F 3 l :
Tadle )

figure 1ld is intended to provide a design guide for reversed-field pinc¢h
and sphercmak devices. For a given design, one computes Zg from Eq. (5} or

(8) and the BD value corresponding to T = 40eV from Eq. (4) and plots the

resulting point on Figure 1d. A design falling in reglom I (I > 0.45)

LG
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will not break through the radiation barrier. Designs in region Il
(0.25 < 2: < 0.45) will experience substantial difficulcy in breaking

through the radiation barrier and should be regarded as risky. Region III

7, €0.25, B, > 8. (t=0.05) ] corresponds to devices that have too

small a size for their density. In the shaded region IV, the plasma should
safely break through the radiaticn barrier. Within region IV, the value <t
corresponding to a design point gives, via Eq. (3), fraction of the initrial
poloidal field emergy which must be expended to achieve tempera._ure of 40eV.

According to Figura ld, 2T-8 was much too high a density {or too small
a device) to break through the radiation barrier. The ZT-40 device is pre-
dicted to work well for oxygen concentrations below 0.4%, but to ermerience
grave difficulvies at 1.6% (glven the demsity of Table 1). The RFX para-
meters produce a successful device at 2% oxygen impurity coucentration due
to its low density.

Clearliy, oxygen impurity radiation cooling remains a key iasue for
reversed field pinch and spheromak devices.

This work was supported by the Alr Force Office of Scilentific Research,
Contract F49620-76-C-0005 with University of Colorado and by The Department
of Energy, U. S§. DoE Coutract EY-76-C~02-3073 with Princeton Unlversity.
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Fig. 1, (a-¢)

Sondimensional Evolution of the reversed-field pinch

plasmas listed in Table 1, for indicated concentra.ions of oxygen im-

purities; (a) ZT-8,

Fig. 1d.

(b) ZT-40,

(c) RFX.

Design guide for reversed-field pinch plasmas.

Full,

halZf,

and quarter-shaded symbols correspond to the maximum, halfemawimum, zad

quartar-zaximud oxyzen concentTations of Figs. 1(a), 1(»), and 1(c).
represent ZT-40, and (1

The . represent RFX, O
Note that 2T-S is off=-scale.)

reprasent ZT=-S.
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Field Reversal Experimeuts,
FRX-A and FRX-B Resulesg*

W. T. Armstroong, R. K. Linford, J. Lipsen, D. 4. Platts, and E. G. Sherwood

I. Iatroducticn

The equilibrium, stability, and coafinement properties of the
Field Reversed Configuration (FRC) are being studied 1in two theta pinch
facilities referred to ad FRX-A, and FRX-B. The configuration is a
toroidal plasma confined n a purely poloidal field configuration
containtng both closed and open field Iines (see Pig. 1). The TIRX
syctem producos highly elongated tori with major radius R=3-5 cm, minor
radius & ~ 2 em, and a full length & ~ 35-50 co- Plasma coanditions
nave rsnged from Te ~150 eV, Ty ~ BOP eV, and Ogax ~ 101 Jem3 to Te ~
100 eV, T, ~ 150 aV, and Npmax ~ & % 10 5/cm3. The plasma remains in a
stable equilibrium for up to 50 wa followed by an o=2 rotacional
insrability which resnlts ia termigation of the FRC. The plasma
behavior with regpect to equilibrium, stability, and rotation is
consistent with recent theoretical work ia thegea areas.

IT. FRX-A Rerept Results .

ILaderendently drivea, crowharred mirror coils were receatly
included on FRX-A. With optimum mirror timing, it was found that the
parcticle f{noventory increased as compared wicth plasmas created with
passive mirrors or without any mirrors, the increase being largely due
te greater plasma lemgth. It 1s thought that the wmirrors produce a
mure localized tearing and reconnection of field lines during the
formaticn phase by providing more favorable fiald curvature at the
ands. This should contribute to increaged inveatory. After Che first
few microseconds, the wlrrors act more like an extepsion of the
implosion colil which would also iacresse plasma lepngth and inventory.
An ipcrease fo plasma lifetime from 20 to about 35 us is also observed.

An experiment in plasma translation was performed by discoanecticeg
one of the driven mirrors. Where the remaiping mirror was activated
0=5 us before the implosiom, the plasma was observed to Ctraaslate
tewards the opposite end with an initial dzift velocity of 3-3 cm/us,
exiviag the coil) in 15 us. This time 1y intermediate between the
plasma stable time (t,) and an Alfvén cragsit time (ra) so that the
plasma cen undergo a colfective tranglation prisr to instability. A
6328 A fractional fringe interferometer,_external field prcbes, and a
side on streak camera all indicated a well defined plasma column
forming in the center of the implosion coil and then drift.iag uniformly
out of the gystem. End-on framing photography indicated reteatiocn of
an agnular equilibrium as the plasma woves axially.

*Work performed under the auspices of the U. S. Department of Energy.
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ITTI. FRX-B Spatial Scans

Radial scans with Thomscn scattering have recently been made on
FRX-B. The gcattering gystem has all {ts componeats rigidly mounted to
a single table surface such that a.l relative aligoments remain fixed.
To shift the ipstrument for either radial or axial scans of the plasma,
the table 13 traaslat>d by means of air bearings. This versatility is
permicced because a three grating polychromatorl has been emploved.
This {ipstrument has sufficient rejection at 6943 A to obviate the
necessity of a beam or viewing dump. Oblservations were made on the
axial midplane at a constant filling pressure of 17 mtorr. Over the
gtable 1ifetime of the plaswa, the electron temperature wga esssentially
coastant 1n both rime -:nd gpece at gbout 100 &V for radi{ interior to
the sepecatriz. Relative density was &glso fairly coastaat as a
funetion of time at these radif.

Line~integrated density acrogs a dizmerer and excluded flux radiug
have bheen detérmioed aa a function of axial coordinate {z).
Measuresments were taken aloog 2 half-leagth of the coil at 17 mtorr
fill pressure. Interferometry measurements i.dicate a plasma
half-length of about 22 cm. The excluded flux radius near the midplane
is found to be close to the separatrix raedius, ae inferred from Thomson
gscatte={ng 4&ad 1image converier meagurements. This correlatiom is
expec:ed from several equilibria models. Plasma shape modeling is
required to uaifold the data iz cthe region z > 20 em due to field
curv ture effects in this region. .

IV. FRX~B Scaling Studies

Scaling of plasma pavameters with fill pressure have been made for
P, =9, 13, 17, 21 mtorr. Density measurements were made usiag Thomsoa
scattering and two fractional fringe interferometers operated at
different wavelengths. The Thomson scattering measurement W&l made
aear the tidplane with r = 4 em, the appraximate value of the wajor
radius. The peak density (corresponding to r = 4 cm) was unfolded from
the incerferometers integral measu-ement through profile information
from excluded flux and luminosity measurements. The peak density
(deterpined at 10 us) varies from 1.8 x 10153 cp =3 with Po = 9 atorr,
to 4.2 x 1013 em=3 with Po = 21 mtorr.

Electron temperature measurements were made at the axial midplane
snd r = 4 cm with Thomscn scattering. Ion temperatures were deduced
from CV(2271A) Doppler broadening measwrements. The carboa impurity
radiation was ccllected along a diameter ip the midplane of the plasma
configuration. At all fill pressures, the electron temperature appears
rather constant in the range of 100-150 aV. Whereas, the {on
temperature Approaches the electrons on an spproximately classical time
scale- T, (megsured at 10 ug) varies from ~500 eV with Po 9 mtorr, ¢to
~180 eV with Po = 21 mtorr.

Interferometer, Thomson Scatterinog and Doppler broadening
measurements were used to examine pressure balance with the measured
externel fleld as a function of tige and £i1l pressure. The errors
gasoclated with the determination of the temperatures and peak densticy
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result {n a cumulative uncertafnty in the plasma pressure of 40%3.
Presgure balance i3 satisfied wirhin these uncertainties.

V. Rotation

The plasma lifetime i3 limited by the cnset of an n=2 rotational
instability which has been treated theoretically by Seyler2 using a
Vlasov fluid code, and by Freidberg and Pearlstein3 using an FLR
expansion. In Seyler’s model -W./o% = 1.64 where we is the real part
of the perturbation frequency, and * {3 the diavagnetic drift
frequency. For FRX, this ratio 18 about 2.0 where . 45 determined by
end on framing photography. The Vlasov fluid model also indicates a
critical valve of & = - Q/0% = 1.40 for stability wheve 1 13 the 1ion
rotational frequeacy. Attempts have been made to establish the value
of & experimentally using the Doppier shifted profile of the 2271 A
line of CV. The measured value of 0.4 is highly suspect for the
following reascan. The ion fluid equilibrium equation Trequires that
when CV and D* ions are both rotationally aand thermally equilibrated
the CV density profile must be highly pesked at the major radius. The
experimentally determined CV radial distribution 1is 1n total
disagreemeat with this requirement. The failure of the data to satisfy
the theoretical criterion w_ < n 1is further evidence that the
assumption of rotational equilfbration is faulty The eritical @
however has been observed to scale with {* as predi-ted. .

The mo3t plausible explanatian for the spin-up of the plasma has
alsc been advagced by Seyler‘ where the pceferential loss of particles
with negetive angular momentum is ngnsidered- These particles are
found to be located either outside the seperatrix or enciv~ling the
axis, precisely the locations of anticipated large losses. This
mechanism requires ~50% plasma loss for a = [.5. Inventory estimatas
of particles were made from combined measurements of plasma parameters
at 17 meorr. Particle loss at the time of the rotatizeal dinstability
was ~40%. The ‘..erent. uncertainties 1in the determination of the
particle fnventory preveat a definitive correlation with Seyler’s
hypothesis, however, the regults are oot incainsistent with this model.

VI. Transport/Scaling

The eaergy confinement time during the stable period is of the
order of tens of microsecoads which i3 a31gnificantly shorzer tham a
classicgl diffusion tipe. One candilgte for echanced transport is
anomalous diffusion due o the lower hybrid drift (LHD) instabilicy
which 1g driven by gtrong pressure gradients. A 1D hybrid code
developed by Hamesekid e¢p constider both classical and ancmalous
transport has yielded preliminaty Tesults indicating significant LHD
transport exists near the separatrix. From this ccde, times for 5%
particle loss are caleulated. The scaling of this loss time with 1/3;
and 32/91 compgres favorably with stable time scaling from FRX-A aand
FRX-B (gee Fig. 2).

Experimentally, the sgrudy of transport and scaling 12 limited by

the relatively restricted parameter raange of existing machines. A
larger experiment called FRX-C has been prooosed to alleviate the

difficulcy.

| s
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VII. Conclusions

Considerable progress has been made inm defining the equilibrium,
stability, and vrotational properties of the FRC, These afforts have
been aided by the addition of Thomson scattering and excluded flux
measuremencs to FRK~-B, and by gJubsrantial new results from the
theoratical comminlty. Many key issues however remain uatedolusd both
experimentaily and ctheoretically+. The range of equilibria for wnich
the FRC will remain MHD stable is scill poorly defined. Tne srabdbllity
of the plasma to resistive zodes hgs got yaf beeu characcerizad eirher
by experiment oOr theory. Finally, <tramsport aud acaling aze
inadeguately undergtood particularly with regerd to anomalaus
processss, The next generation of euperiments combined with more
agphiscicated 2P computer codes will hopefully elucidate these kay
poincs.
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FRX={ AND MULTIPLE~CELL EXPERIMENTS

R.E. Siemon, and LASL Compact Torus Scaff
Los Alamos Scientific Laboratory, Los Alamas, New Mexica 87543

Background

Two new compact torus experiments have recencly been proposed1 and one
(FRX-C) 1is nov under cogstruction. The proposed experiments are based om
recent theorecical advances® and experimental results obtained <ith the LASL
FRE-A and FRX-B field-reversed theta-pinch devices.3 Thede recent experiments
demonstrate a formation method and establisn some of the confinmement
properties for oune type of plasma compact torus--am eloogated prolate plasma
torus confined by purely poloidal magnetic fieid. The plasma displays a
quiescenr phage, £free of any groas MHD instabilities, that persiscts much
longer than either characteristic MHD times or open-field line loss cimes.
The quiescent phase 13 terminaced by an n=2 mode ther 1s correlated
experimentally with a steaaily increasing plasma roctaciom that eventually
exceeds the Eheore:ically predicted threshold for ipstability (approximarely
1.5 2 woere R 1is the angular diamagnectic drifc frequency). The roiation 1is
interpreted as resulcing from a preferential loss of ioms tnat carry angular
momentum in a particular direction leaving the plasma to gpin in the opposite
direction. According to this point of view a significant fracticm (about
‘¢ne=half) of the plasma must be lost co the closed-field configuratiom before
the plasma reaches the chreshold £or instability, and therefore the n=2
disruption can be viewed as a secondary consequence of che more important
croas—-field ctransport processes. Both the FRI~-C and Multiple—Cell experiments
are intended to investigate ways of reducing cross-£field tramsport.

FRX-C

The FRX-C experiment is a scaling scudy which will extrapolace che FR{-3
results rtoward rne higher temperature and longer lifetime needed for fusioa.
As shown ia Fig. 1, the FRX=C coil dimension- ara approximacely cwice tnise of
FRA~B. Two nigh=voltage banks in a dual-feed arrangement are uged to produce
strong impiosion heating. Larger variation of plasma deasity and ctemperature
should be possible as a result of the higher voltage, bLecause tne nizher
-7olcage allows a larger variation in initial fiiling pressure as saown in
Table (L. For the same teoperature in FRX-C as im FRX-B, the larger diamet:r
coil results in an increase of a/pi. wnere a is the plaswa uinor radius and py
is che iomn gyro radius. Thua, the important scaling of couiinement with
plasma size will be tested. .

Another important design objective of FRX-C is to use a small amount of
a .ezbatic compression, and thereby td> ptoduce a "fat'" plasma characterized by
a large ratio of the separatrix radius to the metal wall radius, rs/rw. As  a
general rule, better confinement iu this type of field-reversed c¢onfiguration
has been observed expar.mentally whea r_/r, 1s mage larger (see discussion of
literacure 1ian Ref., l). The reason for improved comfinement wich large values
of rs/:w (typically > 0.4) is, theorerically, a result of reduced pressure om
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the separacrix and 4 correspouding reduction of cross-field tramsport ar the
boundary of the plasma. It is a necessary comnsequence of preasure P;&ance
tnat the plaspé pressure af Che deparatrix is reduced as rs/r“ increases.

The minfmum amount of adiabatic compression (maximum rs/rw) resulcs wnen
the maximum reversed flux 1s trapped in che plasma. Trapping che maximum flux
in the ordinary Cheta pinch requires reversing the magnetic fileld quickly,
because during the reversal phase cthe preionized plasma tends to expand,
interact with che wall, and allow flux to be lost. The high voltage of FRX-C
produces a rapld magnatic field reversal, and the resulting ratio rg/r, should
be larger chan in FRX-A or FRX-B.

The FRiI-C experiment 13 located adjacent to, and on a centerline wich,
che CTE vacuud tank and d.c. magnetic mirror coils. Thus, che device is
slamned to serve as a plaswa source for confinement studies of CI°s containing
no toreoidal fields As much flexibility as possible i3 veing designed in rhke
FRL-C syscem ce 2allew variacion of che basic configuration. Important opticus
are the addirion of eleccrodes for I, to include tarotdal field,“ and the
introguccion of bagrier fields and trigger coils for study of the Rurtmullaev
mode of operation.

Multiple~Cell Experiment

In addicion €p possible reactor implications, a linear array of cowpacrt’
torus plasma cells makes possible ilatecresting studias of che coaofinement
system. In a single-cell experiment such as FRX-B, the plasma on open field
lines is unconfined, aod ions leave in approximately one thermal transit time.
The radial pressure [ . ofile presumably drops abruptly ac the separactrix
producing enangnced cross-field cransport. In cthe proposed Multiple-Cell
Experiment, cthe confipement of plasma oo cpen field lines is expected ta be
markedly improwved by the influence of multiple magnetic mirrors creaced by the
linear array of oplasma cells as shown im Fig. 2. The resulting pressure
ptofile should he amaother aad the plasme coofinement im the closed=field
configurarion gshould improve.

The improved confinement on tne open magnetic field lines 13 a
copsequence of multiple magnetic mirror effects that become importanc when the
classical ion wean free path beconas comparable to thne cell lengen. For the
plasma paramecers expected in the experiment, the mean free path is
approximately 30 cm, and che required condition i3 sacisfied. Consequencly,
the plasma decay time on the open fields is increased from approximately 3 us
io FRX-B (T ~ L/v:n where L 13 the nalf-leagtn and ¥.n 15 the iom thermal
speed) :3 approximately &0 s in the proposed Multiple-Cell Experiment

T~ sz /XVcn where M is the pagoetic mirror ratlo, and A 19 the me..u free
pagn) .~

An experiment to test the effects of muitiple plasma cells can be 3jone Sy
a scraighcforwvard godificacion of the existing 5-m Scylla IV-P thera pinen.
The coil, discnarze tube, and capaclcor bank wiuld be modified to maccn the
FRX-B8 experiment in 4ll respects except length. Providing field line cearing
and reconnection cac be conti¢lied to generate a linear array of cells in cne
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Fig. l. FRA-C experimert gnowiag tigh-voltage capacitor hbanks, dual-faed

colleccor places, thecta-pinch coll, aud discharge ctude.
arrangement wmakes optimum use of the available space adjacent to the CTX, a

vacuum tank and mirror coil for coapact corus Cranslacien,

confinement studgies.

TABLE I.

FRI~C Expatimental Parameters

Theta-Pinch Parameters
Coll diameter (cam)
Coil lengtn (cm)
Source voltage (kV)
Magneric field (kG)
Field quarter period (us)

anticipated Plasma Parameters

Initial filling pregsure (ztorr) 2.4 _
Plasma density (em ) 1.2 x 0%
Zlectron temperature {(eV) 500
Ion temparature (eV) 1100

150
250

l.o

"Gull wing"

crapping, and

24 ;
6.8 x 1013

290

| e
(] d
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/ METAL COIL JMAGNET(C FIELDUNE

Fig. 2. Scnematic drawing of magnatic fields surrounding lipear array of
compact torus plasms cells.

Sen coil, the influence of myltiple cells can be studied for a plasma witn the
known dipgle-cell c’ aracreristics of FRX-B. It has been pointed our rnat weak
ma2gnetic mirrors in the extermal coil structure wmay not produce Iearing;
preliminary cests of wmethods £for coatrolling teariog are being planned for
FBX~-A or FRX=3.
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COMPACT TORUS THEORY—MHD EQUILIBRIUM AND STASILITY

D. C. Barnes and C. E. Seyler, Los Alamos Scientific Laboracory, Los

Alamos, N. M. 87545 and D. V. Anderson, Lawrence Livermora Laboracory,
Livermore, CA Y4550

Incroduction

Field reversed theca pinches at Los Alamos and elsewhere L2 nave
demonstrated the production and confinement of compact toroidal
coofigurations with surprisingly good MHD scability. In chese
observations, the piasma is eithey lost by diffustion or by the loss of the
applied field or is distupted by an n = 2 (where o 1s che torocidal mode
number} rotacting 4inscability oaly after 30-100 MHD cilaoes, whea the
configuraticn begins to rotate rigidly above a critical speed.

These experipents have led us to iovestiga.é the equiliprium,
scability, aud rocaction of a very elongated, torcidally axisymmecric
configuratien with no toroidal field. Many of the above observations are
explained by recent results of these iavescigations which are summarized
hare.

Ecailibrium

The MHD equilibrium of a very elongated, field reversed conftiguration
has been considered by a pumber of authors. =7 Suppose aa elongacad plasma
13 reflection symmetric about a midplane and 1s terminated by a separacrix
wrich 4s of radius r, ac the midplane and which extends cto che axis ac the
plasma en- Asgupe further that this equilibrium 13 conrained in a
uniforz cy .ndriecal conductor of tadius 1, which extends axially well
beyond the plasma end.

Incegrating the 2iuilibrium equations over the volume bounded by the
omidplane, the cylindrical wall, aod an endplane laads to

4
f¥ede (p-L132) -fr":.sr(?--l-az)
0 2 midplace 0 2 eandplane

where 3 1s the {(predominantly axlial) magnecic fileld and F is che plasma
pressure. At Che eadplane, Pl- o, = B, which is approximacely constant
in r. At the midplane, P + B2 = -8, where B s the external pagnecic
field. Fioally, sgiace the me vituun flux passes through the aidplace

and the endplane, Bo(rg-rg) - Bgrén Using rtnese, Eq. (1) beccomes

x
< - - —f 2
8> 1 (2)

i -
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r
where <g> = Z/rg fa’ £dr (P / %85). is the average 5 and where x = r./r,.

For apecific pressure profiles, the rslative pressure ar the
separacrix, 4 = P(r)/P = B(r;), may he exprassed as a functiou of the
radial -oaprassion, «- mfgo examples are shown in Fig. l. As x + QO (vary
compressed plasma), Eq. (2) ipdicaces zhac <3> + !, the csatral 8. Thus,
in tnis 1iimit, che profile becomes very f£lac, 34 approaches 1, and che
decails of the profile are less important. This is indicated by the
convergence of the two curves as « + 0. Experimentally, < = .5, &4 = .7,
which is consistent with either profile considsred.

The above analysis gives no details of the axial sctructure of the
equilibrium. Elongatad solutlons have been fouand numerically usiag a
two-dimensional, r-z, equilibriua code, CYLEQ. These soiutions have
gradval z variation and assgclated elliptical flux  surfaces.
Exparimentally, the z variation occurs over only a fracticmn of the plasma
leng:h and the overall picrure 1is of s more racetrack like equilibrium.
This feature 18 oot well understood, but might be explained by considering
configuration® wich i{nternal islands.

Stability
I

The simplest modces to consider are gross displacemencs of the plasma.
For very elongated configuracions, the applied field has a maximum in the
midplane. Thus, aideways displacements of the equilibrium (normal to the
axiz) are stable. 4Axial displacements are unstable without a conducting
wall but are neutral for a smooth cylindrical boundary and become stable
if the wall is moved closer.

To examine srability’ in_ wmovre detail, conaider aub, For
incoapresgible modes W may be written as .

-2 L322, g2(By2 _ poog2
& zfd“'“”"{?iﬁﬁ(ax)*'a(aw) P X% + £Y | (3)

where Y and £ are funeticnals of X defined by

1 1 8 5y 2 298 .
e e e — B = f m "+ P
ot = n? J 3x J ax 8 ay x ).

and where the notation of Ref. 6 has been used.

Since all eigenvalues of L, are negative, the lasc cterm im Eq. (3} is
oegstive definite. An examination of the remaining terms fadicaces that,
for elongated configuractions, W 1s large and positive, uniess i = xrB_  or
X « xrB,, wnere x is 2 slowly varying function, L.e., does not have rapid
variacion near the turniog points of the field lines. The choices 3: and
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3, in the above lead to axial or radial displacements respeccivaly. Foc
the axial mode

o, =X fe2p2 [ _ 1 rBxya L qard%yg Y5
2 zjvadx{rBrL?ZEzJ—zLax,l +3._3¢, ]-rf‘z’, {3)

The second term on che rignc above Ls amall for ellipcizal, elongated
equilibria. The first term vinishes for x = x(9). Thus, we fiad chat
axial, incernal displacemencs are unstable for all n for sufficieacly
elongated configuracfons wicth glliptical flux surfaces. For racecrack
equilibria, ¢this scaling does mot apply, and the possibility of
stabilizing Small n modes exiscs. Similarly, for radial wmodes, the
stability of smsll 0o wmodes 1s determined by the externsl boundary
conditions.

These conclusions are reproduced by numerical simulatlogs. Using
equilibria generacted by CYLEQ as imitial conditions, the MALICE? code has
been used to study stability of large scale modes. Equilibria complecrely
stable to n € 3 have been consfructed. When < i3 made Coo small, however,
the a = 2 radial mode is found to be unstable. These results are snown iz
Fig. 2- In independent work, Shestakov et al.° have observed an n = !
iaternal, axial! inscabilicy. This 1s related to the spheromsak ctilciog
mode WBuL becoces nearly an aziwucthally varying axial translacioa of the
7lasma for the very elongated case considered.

Local modes with n + @ are of two types. For the interchange =mode,
the aormal displacemenr is approximately conscant along a field linme and
the plasma coumpressibility must be taken into accounr. Interchange stable
sglutions have been comstructed by analytic’ and aumerical means. For ctne
remaiging co-interchange modes, compressibility is less izporcanc. 1In an
independent paper, we report recent work on these local modes.

Rocation

The rotatioomal stability of infinicely loag fileld reversed cheta
pilaches has beea studied by Pearlstein®’, Fretdberg <, and Seylar .
Freidberg used the finite Larmor radius egquations in wnich he Creaced the
field null in an ad hoc manner. The preadicted wvalue of cthe critical
roration veleocity was about R = 1.6 w,, where w, is che ion diamagneric
drift frequency. Using the exact Vlasov-Fluid equat .12 ip which no Zield
oull singularities occur, Seyler found che critical rotatioan wvelacicy to
be asomewhar lower, 2 = l.3-1.5 w,, depending upon the arofiles. Both
results, however, are in gualitative agreement, the threshold for n = 2
rotational instabilicy is 8 > w,, Direct experimental measurement of che
eritical rocation veloeity is extremely difficul=z, however, the real sart
of the eigenfrequency has been oeasured and is 1o agreement witn the
theoretical prediction, thus lending indirect experimental support For the
cheory-
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The mechanism which causes the plasma to spin up to chis inscability
threshold has 0ot been positively Ideotiffed. However, thres cypes of
explanations have been proposed. Firsc, che plasma wmay initially rocate
and bscause of proiile chonges related to LTARSPOTT larer reacn the
crizical rotation. The magnituda of imitial rotatiean for this explanation
to held requires the 1ions to cazry a large fraction of the curreac
inicially. Siace this is inconsistent with observarions in other checta
pincnes, this explanacion seems unlikely.

A sscond possible explanation of plasma rotation might be end
shorting on the opea fisld lines and viscous cransfer of rotaticon o the
remainder of che plasma. This is unlikaly to be the full explanation
because the energy avallable in the open field region 1s much less cthanp
the final rocaciouadl energy of che plasma.

Finally, particle loss frow the closed field region might result in
the lcss of angular mozeatum from the system and corrasponding plasma
rocation. This appesrs to be che most likely cause of rotarionm. There
are five types of particle orbits in a field reversad coanfigurarion and
those encircllag the axis or queside Cthe separatrix bhave negative
2echanical angular xocentJm. These particles are lost in a cherzal
cransit time, resulting in a nat gain of angular momentum by the confinzd
plasma. Iz fact, for a reutral plaswa, che total mechanical angular
2omentun of 2ll particles 1s a constant of che motica. Thus, 1f a
fraceion F of particles gre lost from a plasma with no initial rocatiom,
this conservatlion law is approximately

(1-F)m,¥R? + Fm N<rlup = 0 . (6)

whare my, 1s the fon mass, N is the ctotal oaumber of particles, R is the
plasma major radius, wy is che drifc frequency of an iom at radius r wnere
ic is losc, aud < > {ndicaces aa average over the particle discribucion.
For a rigid rotor diszributias with cold eleccrons, che rotaticoaal
velocity reaching the instability threshold requires the loss of about one
half of che plasma. Experimental measurement of the particle confinenment
cime gives a value of about 35X :l5% for the fraccion of particles losc at
che cime cthe rocarional lostability (s observed. This result i3 somewhat
incoaclusive in determining the rotation mechanism, towever, other factors
could account for voctation 1in additiom <to cthe particle trassport
mechanism»
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Figure 1 - Normalized separacrix pressure,
D, as a funcci¢n of normalized plasma
radius ¥ for two profiles. Hill’s

worcex curve for P7(y) = = A

(zomscant). Rigld rocor profiles

S:p 2°(w) = oaoexp (- Wig).

Figute 2 - Results of three-dimensional
simulacions for nwo different elongated
plasmas. Curves indicate P in midplame
as a function of r for cwo cases.
Conducting wall posirion ts iandicaced
by shaded line. MNensity comcours ac
lace times indicate n = 2 ins:abllity
for compressad case, scabilicy for

less :zompressed case.
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TWO-DIMENSIONAL SIMULATION OF COMPACT TCRUS FORMATICN

D. W. Bewett, Los Alamos Sclentifie laboratory, Los Alamos, New Mexicg 87545

A recencly-developed two-dimensional algori:hml is now being used in
formatisn studies of the FRX configuragion at LASL. The new procedure is
part of a quasi-neutral R-Z hybrid code which, by representing the ion
component by the particle~in=-cell techalque, correctly represencs the
complicated orbits exhibited by the 1ons in guch field~reverged
configurations. The electron and Maxwell’s equations are combined fin the
new part of the algorithm in the zero-elecfron-inertia limit to eliminate
electron tfime Scales. The vresu'ting combindation 18 solved so0 that
electron source terms and the electric gnd magnetic flelds are provided
gelf-consistently even i1n strongly inhomogenesus plasmes with arbitrary
plasma=-vacuum infermixing. As will be seen, this last feature makes
simulation of ruch highly dynamic configurations as the FRX much more

tractable.

Th. FRX formation studies are accomplished by simulating the time
evolutfin of a homogeneous plasma with a negative bias Bz—field (=500
gauss) which i3 subjected at ¢ ~ 0 to an exterpa! dimplosion B _-field (5
EKG). The d1mplasion f£ileld drives the plasma toward the axls where it
exhibits rapid radial oseillations for a period of abouz 1.5 3. After
this 1initial chaotie behavior, the plasma settles intd a configuration
which, while not 7et ip thermal equilibrium, attains the macraiscopls
appearance of an iofinitely long fleld reversed 9=pinch configuracion.
Figure I shows the ion particle positioms in R-Z gpace at this time. The
surrounding magnetic flux contour i{s alse shown.

Afrer the gross radfal motion has subsided, the plasma develsps
inhomogeneities along the outer surface of the configuration 1in the
Z~direction. Given the restrictions of R-Z geometry, thege perturbations
are necesdsarily m = 0 modes. 4s is appsrent in Fig. 2, these
perturbations continue to grow, and after approximacely 3 1s from the
t = 0 implosion break the axially homogeneous configuration int: elongated
current Tings orf compact torolds with dimensioas of roughly 2.5 cm in
winor radius in the R direction and 10 ecm in minor radius 1in the
Z-direction. The initial corfiguration had a 10 em radius and has a
periodicicty length {n Z of 50 cm. Alsco shown in Fig. 2 are rhe coantours
of constant toroidal flux, which now indicata reconnection.

The t = 0 temperature of both electrons and ions was 1 eV and at
t = 3 us the ions were rToyghlv & keV. A gelf-consistent eleecron
temperature has not yet been Jncluded in the model. For this run Te was
artifically raised from | eV to 50 eV linearly during the first 500 S of
the simulation and then held constant. The electrical resistivity 1s the
Spitzer value consistent with this electron tewmperature.

1. D. W. Yewert, A Global Method of Solving the Eleetron-Fiald Egquatfors
in a Zers-Iaertia-Electron-Bvbrid Plasma Simulation Code", accepted
for publication {n J. Comv. Physics, (1979).
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Two-Dimensioral Compcression in 3Seneral Compact Taprl
sCleill 2o

Z. Hameir: and W. Grossmann

Courant Institute, New York Uriversity, ¥ew Yoo, N. Y. 10012
Introducticn

Field-reversed f-pinches are observed to rotate, presumably as a result af
:f the loss of particles. If the rotating plasma is compressed, conservation
of angular momentum dictates that the rotation frequency will increase by
approximataly the square of the radial compression ratio. Thus, even a small
initial rotation may affect the equilibrium state and stability properties of
the compressed plasma.

In this work we generalize the adiabatic compression code of H. Grad (1]
to Include the effects of rotation. The situation envisioned is z comeression
srocess much slower than acoustical transit times across the major dimensions
£ the plasma. The alasma waves then cause Sast 2quilibration and on <he
ompressichh time scale the plasma is seen as <resping from one equilibrium
tate to> the next. The different states are related to each other Dy maintain-
ng ccnstants of the moticn of the exact dynamical system, namely: the magnetl~
Tlux and the mass and 2angular momentum within 2ach flux tube. The comcression
52lf Is created sither by Increasing the magne+tic flux in <he vacuum region,
r oy moving the sxternal wall To a new radial position (to simulare the liner
xceriment).

[SCHT IS I3

(Y

Tor the werk described here, transport processes have been neglectad and
e plasma Is assumed to obey the Ideal MHD equations. We also assume that the

asma is cuiitained completrely within the clcsed separatrix. This represents
slight departure “rom reality since experimenral measurements have shown a

ail but ‘1nz'e sressure on the separatrix. It ofifers, however, a substantial
idvantage in eliminating surface currents which may appear in a
mpressed plasma which spills outside the segaratrix. In addition, the
sumtzion makes ir ;ossiblﬂ o guarantee <thas the computad ecuilibria will de
terchange s=able. (The -n‘ercnarge stability critericn was gensraiized to

r rotating systems.)

-]
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Iz a retating axisymmetric equilibrium state, if the magnetic Field 2zs
a toroidal component 3, , compression of the plasma will gemerata both
toroidal and roleidal flcws. To avoid this compllicaticn and consider surely
toroidal flows we assume Bg = 0 If the plasma rotates. In the szazi: case
we 2liow 35 # 9O,

ngtating 2quil -br*nm state can be descrised Sy 2 peloidal Slux Suns
= f x Y/r, and three Ffunctions of ¥: ~he enzrecy (%),

such <hat 3
szroidal rortation Srequencr A(w), 2and the 3ermouili Suns=isn H(w).
(Motize <hat fach field line must protate like a rigid sady.) eguiliZriun
2zuations are then
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. 2 2 e s Ye oL
= div (J/2%) = r offer pH - p'3/(Y-1) {1)
Yso TT/(Y-1) = H ¢ vo02/2 (2)

with the dot derivative denoting 4/dy. Given the value of ¢ on the plasma
Soundary, and using equation (2) to solve for the density o = o(r,y), Eq. (1)
Decomes a standard elliptic problem. Notice that (2) can be easily solved for
y = n/{n=~1), w'th n some integer, since then y-1 = 1/(n-1). The correer v

value (5/3} batween n = 2 £y = 2) and uw = 3 {y= 3/2). Here, for simplicity,
we Use ¥ * 2,

During compression, s{#) is unchanged but H and Q vary. To find them it
is convenient to present a vapiational formulation for the rotating equilibrium
(along the lines of a known static formulation [2]).

¥inimize E = [ 8%/2 + p 2%0%/2 + s0T/(v-1)

{ 2 (3)
subtect o J a dv = M(y) | f ra @ dv = L()
Yws V(y)

znd the range of ¢ in the plasma is aiso given., ¥(y) is the domaip withiz 2
zartizular ¢ surface. The two comstraints rapresent consarvation of mass an
zngular momentum, and the Ffuncticns s($),¥(v), L(¢Y) are unchanged during
somprassicn.

Tallowing Srad (1], we introduce a surface average, <5 = f 5 dS/in],
«#izh the function Y(x) describing the volume within anv yY-curve. 7We also
Zefine <he inducvance function X{V) = <1vv52/r7>. AZter differeptiaring the
censyrainTs with respect to V and defiaiag u(¥) = S M7 , A(¢) = Z//4 and
o = ¥ p'u {y' = ap/adY), tae variarional problem takes the form

Minimize = = ,('iL' K2+ 225 et ¢ Tedl> /(-1
(8}
subfser o <> = 1 .

Assuming for -he time being that the gecmerry is knowh, i.2., 7(g) is given dut
=zt w(g), K(V) is then known and averages can be zaken. The Tyler aquaticn Sor
d

vields (for v = 2)

)

wm

u e alv) + () . ¢

cu> = I implies u = 1 + (r2 - <r2>)b. This expression is inserzed iav~ (4],
vielding an unknown function b{v) instead of ulx). E now ls minimized with
respect ¢ ¥ and b by solving the corresponding Zuler equations (an ZDE for u,
an algedraic cubic eaquation for b).

Mumerizal Alzorithnm

(6]

1al level curves iIn the plasma region are assumed.
{ is

f sbzained -y solving a mized ODE-z2lgebrais svstem zs Zes
efore. The shkoorting wmethed is used 2 satisy the beundar: zonci~i
£ ziven ¥ values at ¥ = 0 and at the Toral nlasme velume.

i)



+ =120~

(iii) A comparison of (2) and (5) enables us to determine #, 3 at each point in
space.

(iv) The right-hand side of (1) is svaluated as a function of x. In narticu-
lap it is setr to zero in the assumed vacuum regionm. Za. (1) is solved as
a linear Poisson problem. The boundary condifions used are a constant
value of ¥ at the outer wall aaxd ¢ = const,*r“ at the two ands of the
device. This last condition equals the behavior of y in the absence of
any plasma.

() The geometyw of the new sciution is determined. Steps (ii)-(v) are
repeated untii convevgence is achiaved.

Interchange Stability

When Bg = 0, all field lines within the plasma region are closed, regard-
lass ¢of retation. Thus, the relative positions of fluid elements carrying
scecifiz mass p and angular momentum A, zannot be predetermined but have to
be Sound as part of the solution. Specifically, it means that instead of
specifying the functions u(y),A(w) one gives the set of values of these func-
ti-1s but allows "cermutations". Presumably, the plasma will pick a permutation
corresconding to the lowest energy state. From a numerical peint of view,
Nowever, this state Is rather difficult to find. We treat the problem as a
stapility preblem (the vsual misconception) where we specify u(¢),A{y) and
ther check if the energy decreases after local permutations. After some experi-
aentation it Is possikle *o5 find staves which vemain stable *+hroughout the
compression.

The czriterion for stability can be obtained in the fallowing way: sscecify
Suncticns uo(w),Ao(W) and let u{g) = ug(£0h)), AQw) = Ag(E(WY}). £(w)
axcresses The original flux cocordinate or t he particle row residing in #.
Seczuse of the flux conservation, f is required to be measure rreserving, wizth
the measure expressing total flux. Thus me2s{z HE)} = meas{E} for every se:
~he ¥ inzarval. For a given magnetic field and density, the energy haes

T(S(y),¥) d¢ and kas To be minimized with presrtect o all meas-

£, It can Be shown that a2 necessary sonditicon for the functicn
a loecal minimum (local in the maxinum norm sense), is to aave
at £ =y , for all ¥ in *he plasma. In terms of the variablss in
ity reguires

Y

. =l . 2
st{uCeau’>p" " ) (y=1) « X 4 (W/<pTw )} < 0. (5)
zult to decide analytically whern the criterion will be satisfi=4

the static case X 2 2, Them u 51 3n? we have the conditicn

2. This is recognized as the well .“oun inverchange stability criszris:n,
= (

wher < is cointad syt that Zmyt = da/B)~L and wp'Y is +he pressure.
In : Is.and region o a reverse Si21d configuraticn it appears that zlways
“T 0, hewvce we need y to e nondecreasing towards the boundary. Netice that
:ressurs can s=ili vanisk at the plasma zcundary i 3' + 0 -“ere.
mately, this is the case sinee X + ® at zhe Scundary due <o the

larity assoclated wi<h the secaratrix while X', which Is the ToTal

ial current, remains Sfinite. The current dexsity however depends =n zhe
ve 2F singular gsuantizies and will <and =3 I <7 *=cwards <he

rix. Thais "skin curvent” ascpears regardless of =he rotation only

..... 5t =n inverchangs s<ablie 2gquilibria, The omrutaticn alsc suggests that
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* igs fTavorable for szability to nave 12 gecrease towards the separatrix.

Resuits

a1 compressions by increase of the magnetic flux in the wacuum region,
t make Slux sur.acﬂs circular wh'le cresewving the aspect *atio

axis).

2.  Typieal liner compressions tend to slonga=ze the flux surfaces.

3. in all cases 8 increases by a few percent during compression.

(B is defined in terms of volume integrals over the plasma region.)

4. The Mach number of the rotation (with respect to the relevant fast
magnetoacoustic wave) Increases by only a few percent during compression,
thus removing the possibility of shocked solutions as the result of the
increase in rotaticn frequency.

. The evolution of the ratio a = @/, , with 0, the dlamagnetic frequency
(¢, = ¥oxB/(2rneB?)), was monitored during compressicn. o < 1 is kaown
[u] to be a sufficient condition for stability within t-2 FLR medel. We
£ind in the few cases computed, that a decreases during compression thus
suggesting that the :omoression itself will not give rige to rotational
instabilitles.

an
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TZARING-MQDE STABILITY ANALYSIS OF A CYLINDRICAL PLASMA
?f L. Berk, J. Sayer, D, D. Schnack, University of Califormia, Lawrence
Liveruore Laboratory, Livermore, CA, USA

Reversed field 8-pinch experiments exhibir long lifetimes,l-3 and
the question of stability to the tearing mode frequently arises. In this
note, wa use neighboring equilibrium argumruts origically developed by
Pfirsch’ to show that tearing—ﬁode stability is stroogly enhanced if two
conditions are fulfilled: the first that the flux tend to be excluded in
the bulk of the plasma, and the second that the plasma edge lie close to the
axis. Such conditions tend to be fulfilled in reversad~field g-pinca
experimeats and may be responsible for lack of obsarvations of tzaring
instabilizy. This beneficial effect can also arise in steady—state plasmas
with a significant bootstrap affect, where the flux is low throughout the
body of the pler:ma.

First, let us consider a class of MHD cylindrical equilibria tor the

flux v that satisfy the Grad-Shafranov equatien,

3 law . 23m :
et w0 o (1)

. ; iy
vhere p is the pressure, and the magneric field Bz - % 3=- We choose

.o Pyety -, (2)
El) e .

where Ve is the flux at the plasma edge.

The solurion to Eq. (2) in the reglon containing plasma is
TT5Th pecfor—ed undar the auspices of the U.S. Department of Energy by the

s *ivermore Labora:zory undar contract nusher W-1403-ZNC-43.
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3, cosh [:;(:2 - rg)/Z]

-e,a
. 2 2
s sinh [a{.o re7/2]

N
N

o <r” <2 -—zz (3?2
e e

. 2 2, .
- Be sinh {a(r L /21

o\ (a(rg - t:)/?.l

Here T is the positiaon of the field null, and the inner and outer

boundaries of the plasma are - ri, Zré - r:', respectively, We a2ssume
the presence of a wall (rz = r‘z__) that traps the flux of the plasma.

To apply the neigihoring equilibrium method, we need. to considsr

perturbations of the fora 4y = v, (v) exp (ikz) that sarisfy the equration

2
3
-;_a_la_.s-;,'kzw._rZ_an, . %)
dr ¢ It wz

. 2 a
with the boundary coadiiion 39{r” = 0) = 0, If we ean show thatc 5¢{:~) has

2

ro nulls betwean O < v < ti, then the system is stable to tezring. (This

is the same tecanique used by Marx.?)

We now have, from Eg. (2),

2
K - A IR SIS
3¢2 e 1 e e

- . o2 22 .l o L _ 2
2 o(: .e) 0(2.0 T, )

z.

(¢

/2

* 3 £ 1':;(: - re) + 3 = (ng - ri)l ]% (51}

e



Hence the aquation for &% becomes,

5o 2
%% (% %) - 326:,'; ez - rg) 5(21‘3 - r: - r2) - '.:25;‘,/:2
260 2 2,1/2
el R AR EI TR IO BT N bt St R (6)
a

The easiest case to 2nalyze (and the most difficult to stabilize} is

k = 0, and w2 nov limit ocurselves to this case.

After solving for Ed. (§), the marginal stabllicy condizion found is,

. " 2 arz Q[!cz, - rz] l
G-’E"'ZSinh[:t(ra—rc)] I—Tecocb { 7 2 ]) . (7

The =5t dramatic aspeszt of this ragsult is the improvement of the

stabilicy criceria for large «ii r::z <2, 1f we f[irst comsider r_ = B,
we have
2 -
2 2 ;3T 0
K4
— — 3
2‘:0
2
-3-‘3 axp (ug) r  &ry > =
ary

which shows that the wall can be expouzentizlly far 25 @ becomes large.
Physieally, ¢ increasing corresponds to increasing the flux exclusion in
the plasaa. The flux contained in the plasma is -‘ﬁ(re) - ¥(rgd, whizh from

Eq. (3b) gives,

bl

ﬂ‘l'd

= ('2 -r) Zi51
s T ac
crg"ﬂ 9 € 0

2
g‘;(re) - l!v(ro)—-—

&
-
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The sisbilizing property of flux exclusion disappeaxrs If the plasma

2
edga is away from the axis, i.e., :'.::,’2 2 1. Assuming &g >> I,
ur:, Eq. (T7.) is approximately
'-‘.rz
2 e a2 sinh (ar2) - (9)
v — ed e ay 2 0 5

o e
Then a wall outside the plasma can stabilize only whea -5 — < 1.
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THE TILTING MODE IN THE REVERSED-FIELD THETA PINCH*

A.1. Shestakov, D. D. Schnack, and J. Killeen, National Magnztic Fusion Energy
Computer Center, Lawrence Livermore Laboratsry, Livermore, CA 94550

1. Introduction

There 1s currently active interest in plasma confinement schemes in wnich
the separatrix extends to the major axis. Fusion experiments based an such
configurations (e.g. the field-reversed theta pinch, the field-reversed mirror,
Spheromak, etc.) are expected to avaid certain engineering difficulties
associa;gd with conventional toroidal devices. Higher values of 8 may also be
attainable,

The MHD stabiTity of such egquilibria has been investigated analytically by
Rosenbluth and Bussac [1] who used 2 modified energy principle to determine
marginal stability to all ideal modes and most tearing modes. They found
stability against magnetically driven modes for all toroidal mode numbers n>1,
but found an unstable n=1 mode faor prolate spheroidal plasmas (prolomaks).

This mode,which is characterized by a rotation of the major axis inside the
separatrix, is termed the tilting mode.

In this paper we describe preliminary results of a numerical investigation
of the resistive stability of such devices. We employ an initfal value ap-
preach in which the linearized resistive MHD equations are used to follow the
time evolution of an arbitrary perturbation in a known equilibrium configuration
until an exponentially growing eigenmade appears. The fastest growing mode is
thus determined. This differs from previous work [2] in that Fourfer decompo-
sitfon is performed only in the toroidal direction so that two-dimensional
equilibria can be treated. The specific model is described briefly in section
2, and in more detail elsewhere [3].

We have applied our model to a numerically determined equilibrium [2]
which contains no toroidal field and closely resemblas the FRX-8 experiment at
Los Alamos, We find this prolate configuration to be unstable to an n=l
tilting mode, in qualitative agreement with ref. [1]. These results, and
their relevance to experimental observations, are described in section 3.

2. Computational Model

#“e assume that the hydromagnetic approximation is valid, that the re-
sistivity is isotropic; neglect pressure and jnertia terms in Ohm's law, and
take the fluid to be incompressible. when a static equilibrium (v_-O) and
constant density are assumed, and the effects of perturbed resistivity are
neglected, the resulting linearized resistive MHD equations are:

aa'l - - (:2
Bl C oo y) . ik
aiv By = 0, div 3] =0, - £
{ =
;3v1 1 |r-" -
-3, VZ\SE')' 7 curl curl 1(30-7)51 + (g]‘q)ﬁo, . (3]

=jork performed under the auspices of the U.5. Department of Enercy by the
Lawrence Livermore Laboratory under Contract Mumber W-74Q5-ENG-43.
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We cbtain Eq. {(3) by taking the double cur] of the equation of motion.

The component equations are written in cylindrical coorginates and the
equilibrium s specified by: B,= F B, {r.z) + 4 Boy(rsz) + 2 By (r,z). The
Perturbations are of the form f{(r,z,t] exp (ine). °In the following we con-
sider non-axisymmetric fnstabilities (n#0). The conditfons (2) allow us to
BXprass vﬂ]. and B 1 in terms of thefr corresponding r and z components. The
Reversed Field Theta Pinch (RFTP) exgariment contains no toroidat field
(33°. 0)}. This allows us to consider only the four variables vr1, vzl, Be1,
and Byi. [n the general case with non-zero Bg,, we need to compute both the
real and imaginary parts of the complex perturgations giving a total of eight
unknown quantities.

It 1s convenient to put the equations in dimensionless form. There are
two characteristic time scales in the problem, the resistive diffusion time,
Tp = 4ma2/ci<n>, and the hydromagnetic transit time, ty = a(dm<py>)1/2/<B>,

e symbol <+> denotes a characteristic value for the enclosed variable; "a"
denotes a characteristic distance. We non-dimensionalize time by ty, spatial
coordinates by “a", magnetic fields by <B> and velocities by va= a/ty. The
magnetic Reynolds number 1s 5= tp/Ty.

In the RFTP case, the above substitutions in Eqs. (1) and (3) yield faur
equations of which we present only the Bz] equation in detafl:

a8 B E]]
21 . 7 s an( rl 7]
5t § LBy S \8z __ ar )
av . av 3B 3B
2} zl 20 20
* (Bro w * % T T Vet 3 vzl) )

rere e L3 o Yy - B,

Implicit Difference methods are used to solve the system of four equations.
The same equations are assumed to hold inside the plasma and in the vacuum. We
prasently assume constant rEa1st1vity {*1) in the plasma but set n ta an
arbitrarily high value (=10°") in the vacuum.

These assumptions allow the use of a modified leap-frog, predictor-
corrector algorithm to advance the system one equation at a time. 1In the
n=constant case under consideration, Eq, (4) does not contain Bn1. Given 8,7
at time nat and (n-1)at and vy at t= nAt, B;] is advanced by its implicit
discretization at (ntl)at, and 2 leap-frog discretization of v, at nat. Once
Bgf‘ is com?uted. a Similar approach fs used in the analogu? of E?. (4) to
compute BRY!. Using By at t=nAt and the newly computed BRY', B?T ,_the vpe1, Vg
equations are solved by fmplicit methods to compute the po?oida velocity. This
describes the predictor phase of the time advancement. The fields can he
corrected in a similar manner, however in practice the correctfon cycle is
rarely used.

We are alsg able to compute axisymmetric (n=0) 1nstab1!1ties by simitar
initial vaiue methods. The equations in this case are modified and are
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described elsewhere [3]. Results for the RFTP indicate that those insta-
bilities are 1ess dangerous than the n=1 case to be described below.

3. Preliminary Results

We apply the methods described above to a numerically obtained equilibrium
with zero toroidal field [4]. The particular case has a haif-laength of 45 cm.,
and a c?nducting wall of r,= 12.5 cm. The resulting plasma properties are
n= 2x1016 cm-3, Bzwa11= 8.54 K&, and T= 100 eV. The midplane plasma radius is
6 cm, the vortex radius is 3.4 cm, and the separatrix radius is 4.7 ecm. The
separatrix intersects the major axis at Zgep™ 20.9 cm, so that the plasma
resembles a prolomak with elongation zgep/rsen= 4.45. This configuration
closely models the FRX-B experiment, and the Boioida1 flux surfaces are shown
in figure 1. As stated above, we model the vacuum as a highly resistive
region, and choose the scale Tength to be a= rya1) = 12.5 em. This results in
a magnetic Reynolds number S = 103,

As described above, we exnite an n=1 perturbation and follow the solution
forward in time until an exponentially growing eiganpede appears. ,In figure
2a we display the resulting poloidal velocity field vp= v r + v 2, and
figure 2b shows contours of constant toraidal velecity v,. We remark that the
results portrayed in fiqures 2a,b 1fe on distinct ¢= const. planes that differ
by an angle of 7/2, This is due to the description of the perturbations as
Refu{r,z,t)exp{ing)] and the use of Eq. (2) to express vy, in terms of v, and
vzi. While the largest displacements are clearly concentrated near the vortex,
a more detailed anaiysis reveals tha: there is net flow across the major axis
corresponding to a tilting of the plasme inside the separatrix. Figure 32 ,
shows the magnetic field vectors for the equilibrium confiyuration Eg= Bry r
B, z. This is to be contrasted with figure 3b in which we plot B = +.1 B,
this displaying the distortiaon due to the presence of the eigenmode. ?he
tilting of the major axis is evident,

We have found the growth rate for this mode to fe wry= 0.47, approximately
independent of resistivity. This corresponds to an e-folding time of ~ 2usec.
However, experimental results indicate that such configurations can persist in
a quiescent state for times approaching 30 psec, the discharge being lost due
to a rotaticially driven n=2 interchange instability. There are seve.?]
possible reasons for the lack of observation of the tilting mode [5]. Firstly,
it is thought that the experimental flux surfaces may be more "racetrack” than
elliptical, as they are in our model. In that case the concentration of
magnetic field in the regions of high curvature may be stabilizing. Secendly,
even if the experimental flux surfaces were elliptical, nonlinear effects may
cause the field in the high curvature regions to fncrease, leading to a reduced
growth rate or complete saturation, Thirdly, the effect of finite particle
orbits on this mode is unknown, but is probably stabilizing.

References

1. M.N. Rosenbluth and M.N. Bussac, Nucl. Fusion 12, 489 (1979).

2. J.A. Ditiase and J, Killeen, J. Comp. Phys. 24, 158 (1577).

3. J. Killeen, D.D. Schnack, and A.I. Shestakov, Lawrence Livermore Laboratory
Report UCRL-83332 (1979).

4. D.V. Anderson, W.A. Newcomb, and D.C. Barnes, these proceedings.

5. D.C. Barnes, C.E. Seyler, and D.V. Anderson, thase prgceedings.



rra.

e

sy v s e s s B0 sy

i
;

k
E
oS
t
4
<
-1
S

Fig. 2b, Perturbed toroidal velocity

=129~

Fig. 1. Equilibrium p,
r/o.

G R A A B I B R R R R A N ]

P P VP W

LI I o8 L : B I N . (1

d

~
~N

-gri

Fig, 2a. Perturbed poloidal velocity

r/a

Fig. 3b. B, + (.1)E,

LE-ERT TR A R RN B I N R

rra,

-

< Ja. Equilibrium B,

el ¢ L P E L
-

Fig



-130=-

PERIODIC FIELD-REVERSED EQUILIBRIA
FOR A MULTTPLE-CELL LINEAR THETA PINCH*

H. Meuth and F.L. Ribe
University of Washington
Seattle, Washington 98195

I. Introduction
Analyvtical solutions for azimuthally symmetric reversed-fiald MHD
equilibria were the object of several early investigatiaons.l Recently,
there has been renewed interest in these solutions, particularly in the
investigation of the MHD stability of a Field-Reversad Theta Pinch.2,2
In this paper we report the possibility of producing periodic field-
reversed equilibria in the High-Beta Q Machine.* e give analytical
solutions within the framework of a linear flux approach:$

p' = dp/dy = P-{a + by)
(1

12" = d12/dy = 1 (rga + rng) .

where v is the Jongitudinal flux, p the plasma pressure and I the longi-
tudinal current. A1l other quantities are independent of r,z. The
disposable parameters a and b are constrained by certain stability criteria2

for the case where I=0 and ¥ ic periodic in z.

Y

1I. The Problem
A. inside the plasma: %We assume p # 0 and take the Fourier expansion of
the real gquantity ¥ = w+a/b. After a change of variable {0 x = cre,
the differential equation for the flux! takes the following form:
2 2 2 2
2 . brg - k% . 1 a{rg - rg)
Depending an the sign af b, we can choose the scaling parameter = con-

veniently to transform {2} into the form of the Coulomp-ilave eguaticn
(b>0) or into Yhittaker's standard form (b<G).5

For ¢(r=0,z} = 0, and with X(p)= %JTET ré p)s the general solution of
the homogeneous part of {2} {i.e., ra=rp) ‘reads® as foliiows:

{1) .for b<0:
w = 2 1Y % v ik 4.-,'.
v(r,z) ToT (1-1{%:ky) dK(O)’%(ZXJ) + kéOM‘Ek)’H(ZX)(ARET Z 4 A enik2)(3a)

where <(k} = -k&/4vTbT='Xp.. The M's and W's are the reqular and
irrey. lar Whittaker functions raspectively.
(2) For 5>0:
¥(r,z) = % (G, (~=hpiX) = 1) +k§0 Fola(k) . X) (Ageike + a_ o-TkZy | (3b)

]

*llork supported by tre U.S. Department of Energy.
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where n{k) = kZ/4/6 - %X,. Here F_ and G, are the reguliar and
frregular Coulomb-wave function.®

For reference we give only the resulting fields on axis (r » 0)
for [ = 0;

Br = 0; BZ = g (ZAO + kgo (Akeikl + A_ke-‘IkZ) . (4)

if there is only one non-zero Fourier component, (4) implies for
a multiple cell solution: 2A; < Ag + A_g.

B. Vacuum sclution: For p = 0 (and alsc for p' = const) the k-dependent
solutions are modified Bessels functions form = 1:

tyac(riz) = AY + Bfr + r E ETkZ(AE I1(kr} + BY Kylkr}) + c.c. (5)
Regarding boundary conditions, three cases are of importance:

C. Boundary canditions across a current sheath {coil): For a current
Jelr,z) = s(r-b}-expikz-j,  on a cylindrical surface one has, in
addition to the continuity of wk:

. d L% 42
lllg (zr—z !’klbc*e o ‘!’klbc-s) = % Jg,k * (5)
D. PBoundary condition on a metallic wall {perfect skin effect):

p(roby) = 11? vy (by-¢) = const {7)
€. Plasma-vacuum interface: This interface is determined by the condition
p-0 in the plasma and p = G in vacuum. This boundary condition fis
non-1inear.. Geneérally, it has to be evaluated numerically, for on the
surface both flux and its derivatives have to be continuous, and
¥(rg,zg) = ¥, where ¥ is the first zero (w.r.t. increasing r) of p(s).
In our case (c.f. (1)), depending on the choice ¢f a, b, and
po = p(¥=0)/7: _
Z p
ve-2./8 .28
v D= DT o . (3)

0f course, we raguire pg < a%/2b in the case b > O to ensure real 7.
For preliminsry demonstration, we have assumed appropriate surface
values.

Results

The following stability criteria may be applied:?

A. Interchange stability: Finite pressure en the separatr<x, i.e., 3<0."
With (8), this always holds true for b0, but for b<0 °t implies that
v within the plasma never exceed a/'b]+(ad/b + 2p°/§bi)i. This is tne
case for multiple cell parametars, '

“We chaose 7>Q inside the separatrix.
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B. Surface stabilization: _Zero pressure gradient on plasma surface
vpls=p'7¥|s = 0, i.e., ¥ = -a/b and therefore b>0 and pg=aZ/2b, where
we used (B) and (a).

C. Roman candle stability: A sufficient condition is p"<0; i.e., b<0.

In conclusion, we see that not all conditions can be satisfied simul-
tanecusly. For characteristic values of the parameters (cgs-units), field-
lines {+=const), 8igeal, and pressure are depicted in Figures 1, 2 and 3.

[V. Application to the High-Beta Q Machine
This is a 3-meter, low density theta pinch whose plasma radius is about
5 cm. Its compression coil s segmented axially into 30 rings which can
be excited with currents of alternating sign, before ar after they are all
excited in parallel to form the theta pinch, Figure 4b shows schematicaily
the periodic vacuum bias field which might be used to form the field
reversed cells of Figure 4a.
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ZERO DDMENSIONAL MODELING OF FIELD-REVERSE THETA PINCH MACHINES
Edward H. Klevana, The Pennsylvania State University

4 zero~dinmensional (0-D) time dependent computer model is developed to describe
post-implosion behavior of field-reverse rheta pinch machines.l=3 The model
consists of six equations, representing the rate of change of plasma particle
aumber, electron internal energy, and ion internal energy; radial prassure
balance; axial tensfon balance; and the change of the flux ingide the major
tadius R, where B{R) = 0. It is asgumed that the length 1 is much larger than
either R or the mimor radius a, so that parcicle and heat losses are taken to
be predominately radfal. Howaver, axial losses (through the X point, for ex-
ample) can be included by use of phenomenalogical coefficients in the particle
and heat loss confiuement times,

A rigid rotor model? is chosen to describe the radial behavior of the demsity
and B fileld: L

a=n_ sech’ R{(x*/RY) - 1] w

alr)

3 = B_ tamh K[ e2/8%) - 1] 2) 0
Fig. 1. n{r) vs. r.

where oy and R, shown in Fig. 1, and K are time dependent parameters, and B,

is a spezified function of time. The electron and lon temperatures are assumed

to be uniform Inside the separacrix. By secting B(rg) = -3(0). where r, is the

separatrix tadius, one finds chat rg = YZR. Thke minor radius is defined by

Linford? through the relation

.ng2TR(2a) = FTn2rrdr which ylelds R/a = 4K/(L + tanh K) 3)
Q
'Assuming axial unfformicy of n and B within the separatrix, the equations for
¥ = 127/7S dren(r) = falrr 2) = 27p 2, (tanh K}/R (4)
c g s m
0 = 2 rg - 2. e
Je ‘,21(3/2)Te I8 drea(r) Lﬂrs l.SLenm(canh K)/K (5)
[»]
s w9 Tg - 2 ’,
%i 22.(3/2)'1‘1 é drran(r} Eﬂrs l‘STinm(tanh K} /K 6)
can be reduced to
dn
._l.._m..-i-_z.ﬁ-}.ﬂ-( X -l)iﬁ T
n dt T, Rdt 1de sinh ZK K de
daT T, -T — B

L _e o t__e.1,__1 _41d4drR _21di @

A e € " 3IRdr - 3zac W &)

e e eq th e

28 Bl T 1 a1 _zia %)
T, dt T T i 3R dt 3 2 de

i i eq th

e

where 1, 1s the particle confinement time; 7. and T:h are the electron and lon
thermal conduction times; (l/Teq) is the gverage of the fnverse of the electron-
ion equilibration time, defined by

82T mellz ah Zzlnﬂ a_ :anhz e
(1- ) (10)

Tg - ]
ng drrn(r)/req(r) [ In, l.re3/2\l 3

(llreq) -

e



~-136-

where the Spitzer exprasaion for T, (r) wad uséd; and ﬁ, is the Ohmic heating
rate given by *
i - u‘ S darnen Py, 2 (11)

with n ,the classical cross field elecirical resistfvicy (associated with flux
annihilacion), and js, the diamagnetic current demsity, given by

2
35 = = 13 (3_/5r) = -(reRB_/2mR7)sech’ Kl (2/2%) - 1] (12)
Particle confinement is governed by T, = N/[Zwrsz(nu )_ ]. Assuming diffuaive
loss at the separatrix, T Ty

(adpg = =0 3« —tle?n Pat ) 1, + 11782 )} Galan)y, an

where 1 P is cthe resistivicy governing particle loss. Several expressions for
» ? have been tested, including classical resistivity and the lower hybrid drift
resistivity.® The former expression resulted in particle losses wiich were roo
small and did not agree with experiment. Consequently, we have chosen®

5/4 . 2
- 2312 By 1yp (TUT) 2, 2 1 1/4
n 5a, “‘1) 7> ('r 7y o2 Gat) 1L - (T e

wnere 2y Is the iom evclotron Erequency and g 19 the iomn plasma frequency.
The quanticy €, is the inverse gradient length, and ay is the fon gyro-radius.
When £, 15 evaluated at the separatrix using a rigid rotor profile, the value
eq 15 sufficiencly small that particle loss times are larger than those obsérved
axperimentally. Hamasaki® has found from 1-~D modeiing that the density drops
very rapldly outside the separatrix, so e, should be larger than the value ob-
tained from the rigid rotor profile. These uncertainties have led us to take
the quantity sjay as a parameter which can be varied. Typleally we have found
that c¢;ay = 2 ylelds good agreement with experimental data.

The treatment of thermal conduction is uncercain because the temperarure is

constant Inside the separatrix and is unknowm outrside the separacrix. 1If it
is assumed that hot ions which cross the separatrix flow out the ends without
collisicn then there is me ion thermal conduction loss across the separatrix.
Classical cross fleld ion thermal condvcrion with an ion gyro-radius cempera-
ture gradlent length has also been studied. Although the diiferences in re-
sults are not great, dropping iom thermal conduction gives better agreement

with experiment.
For electron thermal conduction we use

e
Tth
where i 1s the thermal sheath lemngth and K & is the classical value for elec-
tron chermal conductivity. The value of J is not kmown, but two choices were
exami-ed: 3 = a; and 5 = Yaja,. When § = ay is used, electron thermal con-
duction *imes are so long that electron thermal conduction is unimpertant.
When the hybrid gyro-radius is used, electron thermal conduction is no longer
negligible, and may be responsible for the observed "clamping” of the elactron
temperature, in spize of a continual energy input from the hotter ions. Con-
gsequently the hybrid radius was chosen for the present studies. [Radiacion

- we/(q:)rs where (q7); = K FQT /30)], = K F(T,/6) {1s)
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from oxygen impurities was also considered as a possible mechanism for elecrrom
temperature clamping, but it was found to be small.]

The unknowms in this theory are fyi K, R, 2, T, and Ty. Consequently three
more equations are peeded. The first is obtained from pressure balance:

(l/nm)(dnm/dt) = -[l/(‘l‘e + TL)](dTe/dt + dTI/dt) + (2/8_)(dB_/dt) (16)

The next equation represents wmagnetic flux change inside R:

ds/de = (d/de)/® dreB = f drr(38/5¢t) a”n
o

Using Ampere's Law and Ohm's Law to compute 3B/3t, the incegril on the right
cau be evaluated, The integral in the middle is evaluated using Eq. (2).
After differentiacion, Eq. (17) can be reduced to the expression

2d Y KtaphK _ ,,1dK_ 1 7=
R at t, " ‘Tog cosh K STl gl as)

where " (1R210g cash K)/(n‘¢c2Kz) 1s the dacay time for the flux.

The final expression is obtained from axial temsion balance (see Fig. 2}.

"w

o 2 )
,‘; ¥ arr(B (r,zo)/Sfr - p(r,zo)] "y m

G5 2 It

Fig. 2. B line behavior.
whete ry 1s 2 conducting wall, and 2/2 << z, < chamber half length. We neglect
particle pressure at 2,, and take B(r,z,) = B(z,). Also we neglect parcicle
pressure beyond the geparatrix at z = 0, and set B(r,0) = B, for rg < r < r .
Using flux counservationm, B(zo)'rrrw2 = B #(ry* = Tg°). Then Eg. (19) can be hd
evaluated, resulting 1o the expression (R%4/r 2} = 1 - (taoh K)/K. YNote that
getting rsz =282 = ruz resulzs in a maximm value for K of 1.91. Converting
the last expression intc a differential equation we obtain

= ér" dzr(Bz(r,o)ISW -~ p(r,o}] (19)

(2/R) (dR/dc) = [K :anh2 K/(K - caph K) - 1](3/K) (dK/de) . (20)
The set of six equarions can be reduced to obtain an equation for 2:

T : dp
14dg 3.1 e . 1 1 1 3B o 1 B
S==-Z=+¢ et )Tl it -G e (2D
2 de 3t T, + T w5 (Te + T, Tih 5 W, » 5 B, dt

where a i8 a function of K and is approximacely 0.5 for the LASL experiments.

It is seen that L can expand or contract depending on the relative size of the
heating and loss cerms, and the behavior of the B field. .

The set of Eqs. (7), (8), (9}, (18), (18) and (20) has been solved simulrane-
ously on the computer. Comparison with a recenr FRX-B secr of experiments
conducted at 17 aTorr fill pressure of D, are shown in Figs. 3 and 4. Initial
values correspond to t = 10 us in the experiment. Initial conditions are the
following: By = 6.8 kG, Ty = 200 eV; To = 120 eV; ng = 3.6 x 10 cm=3; K =
1.1; R = 4 cm; 2 » 50 cm and N = 1.3 x 1019, The magnetic field behavior is
given approximately by 3 = B,[l - (£/96 us)]. Fig. 3 shows temperature behav-
for. Ion temperature behavior, which is dominatced by ion-electron equilibra-
tion, 1is in good agreement wicth experiment. Electrons gain heat from ions and
and lose it slowly through electron thermal conduction. The experimental re-
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sults suggest a greater electron energy losa, either from anamolous electron
thermal conducticn or from radiation. Fig. 4 shows the decay of ¥ and ng, both
with an exponential decay time of v = 50 ns. These results are wichin the
large error bars of the experimental values. Quanticies not shown include
length 2, which decreased from 50 cm to 46 cm in 20 us; B, which incteased from
4.0 to 4.2 cm; and K, which Increased from 1.1 to 1.2. These results are con-
sistent with experimental observation.

028 .| ™ T
100 —- T , .
-\22 - "I'P)
2 T 1 < 1
=
2 ;
Z &
1
= 3 : |/
. I . ! .
A iz R 20) § ! 5 0 . 20 s} 35
s o ol e IR (usec)
Husec! Fig. 4. Nand n_vs. t.
Fig. 3. Te and Ti vs. t. (Eai) .2; 5= V;;;:
(Eai) =2, 8= #aeai

In conclusion, a 0-D model has been constructed which predicts behavior con-
sistent wicth behavior observed in FRX-B, Adiitional work on electron tempera-
ture modaling may be needed, The model will niext be used for scaling studies
and comparison with the 1-D model of Ramasaki.®
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SPHIRCMAX PCRMATIO.! BY THETA PINCE

v.%og1, #.0zgurs, 7.0sanai, %.Szito, S5.5hiinz and H.Yoshimura
College of Science and Technology, NIHON University
Xanda-Surugadal, Chiyada-icu, TOKYO 101, JAPAN

Abstract

sheromak configuration is formed by using a2 theta pinch
combined with a z-discharge. Torcldal fleld 1s generated by the
z=current flowing in the plasma and the reverse current on its
surface. The reverse mechanism 1ls investigated here by the
analysis of z=-discharge circuit including the plasma. It 1s
easy to reverse 70% of z-current on the plasma surface by using
a very low external inductance circuit.

L. Introduction

Ccmpact torus has a pumber of advantages in order to sim-
clify the maghine design+} However, it is not easy to generate
“he torgidal fileld because of the spherical design. The torcoid-
al field can be produced oy z-discharge current cperated with a
linear theta pinch. It is necessary for the formation of mag-
natic suxrface that mest of z-current flowing in the plasma
returns on 1¢s surface as soon as the reverse fleld configu-
ration 1s formed. 7Two methods are consldered to produce this
eclosed zurrent loop. One 1s the return cof z-current due to an
inverse volrage applled from an external clrcult between the
slectrodess) The ¢ther is that due to an inverse voltage
assoclated with the compression of plasma column. The latter
case 1s lnvestigated here from analysis of the electric circuit
including the compressed plasma. The analysis shows that the
iarge reverse ratic of z-current is obtained by the small exter-
nal inductance of z-discharge circult and the large compression
ratic of plasma. Ezxperimental results agres well with that cf
the analysis.

2. Generation of Reverse Current

It was already shown that the reverse torcidal current
smerged on ¢he plasma column when the tokamak plasma was com=
pregsed by the fast rising toroldal field3)It 1s expected tha=z
the reverse current can be also generated in the linear machine.
The z-current 1s initially flowed Iin the plasma along the bilas
field through the elkctrodes wlthout the selfl pinch. When the
surrent 1s compressed by the theta pinch fleld, the reverse cur~
rent emerges on the plasma surface. The reverse current will
link with the 1initilal current at the ends where the conductivity
ol plasma is very low. -

Two cenditions must be imposed on the generation of reverse
current. Cne s that =the f1leld diffusion time is longer than
“he compression time due to the theta pinch fileld. The asther 13
2 condision o the z-dlscharge circuit. The present experi-
mental cireculc 4s szhown in Flg.l-(a). 3ince the theta rinch
£4214 1s applied to the current after the short of the 15t crow-
bar cipcuiv,it 15 impertant to tage out only the -ight sl



work. Its eguivalent ecircult 13 shown simply in Tig.l-(t),
where L, and Re are the inductance and the reslstance of exter-

nal sirduit, respectivaly, and fp and Hn are the inductance and
che reslstance of plasma. The Lj Is sull of the extermal induct-
ance, Lue,s 2nd the internal induttanﬂe, L4, of plasma. Then the
circuit  eguation 1s written as follows

4 - - N L

FT oL+ L, 1 I3+ { Ry ~ Ry ) I=20 (1)

2y usi ng che conservation of poioildal flux in plasma, revers
ratis of z-current, o, 1s calculated from Eq.(1l) as follows
. = I, T ) (uol/2n)1n(a/rp) (2)
i, Le + (ugt/2m)1in(b/rp)
where Ic is trapped current in plasma, | 1s length of plasma
column, ‘a is ini<ial plasma radius, 13 cempressed plasme
rzdfus and b 1s Inner radius of condugtinc shell. From this
eguation the next condltions are needed for the effective gen-
erasion <f the reverse current; -
1) muehiszmaller-sxsernalindactance ofthe etrcu?s than that

of the conmpressed plasma,
large compression ratio,
small distance between the conducting shell ard the tube
wall as possible.
show the reverse ratio as functicns of the compression ratio,

and L, in Fig.l, where | , a 2nd b are values in the pre-

t expe*iment.
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3. Apparatus -
The experimental mzchine consists of a theta pinch system
and¢ a z-discharge one, as shown 1n 7ig.2. The machine is so
designed as to generate largely the reverse current. The theta
rinch c¢oll produces 800 G negative bias fileld and 10 k3 com-
pression field having 2 us rise time. The discharge tube has
two cylindrical electrecdes at both ends, which are 230 em zarpar<
eagh other. The z-current {lowing in the plasma returns to %he
electric circult Phrough the conducting shell. The zZ-current
can be obtained till %0 kA by variing the inductanece L, shonn in
F1gz.l. The lst crowbar circuit 1s connected iIn order <2 reduc
the external inductance, L. Thls switch is clamped at 2
suarter period of the current ringing. The decay behavior of
the current in plasma 1is main‘y determined by the inductance,
Ly, +and the resistance, R The 2nd crowbar switch Lis set for
deﬂounling the current flgw*ng in conrndenser with the current in
plasma. This switch s usually clamped at a half perioed of the
current ringing. The theta pinch fleld 1s applied to z2ompress
the plasma near tha time when the 2nd erswbar switch is clamped.
A typical wave form of plasma current is shown in Fi{z.3.

-

4., Zxperimental Results

At first the plasma is procduced Ty the z-2lscharge. The
magnitude of Z-current mUsSt De sel2acted o gRT 2 Inlitial rglasma
‘thout sell pinch., It 1s alsy necessary that most of the

-
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current flows in the plasma, but does not on its surface. The
reason i35 that the reverse current emerges on the plasma when
the plasma 1s compressed. The alaw rise time and the carawbar of
the plasma current are favorable to thlis condition. At the
oresent experiment, the current is adfusted to 10 kA with the
rise time of 10 us. The plasma current shows the rapld decrease
Wwith the inecrease of the compression field and the slow decrease
after the crowbar of compression field, as shown 1lr Fig.3. At
the present experiment threse values of 60, 150 and 270 nH are
prepared for L,. The observed values of a= 70, 62 and 49 %
coresponding to each inductance are plotted with small circles
in Fig.4. The radius predicted from the analysis is about 2.5cm
which 1s independent of experimental values, and Lg. The
similar size radius 1s an anticipated result because the com=-
pression ratic will not dedend on almost the external inductance,
Za. The internal proflles of magnetlc field are measured by 2
magnetlic probe Iinserted into the plasma in case of Le=60 nK.

The B, and Bg profiles at 1 us after the plasma compression are
shown in Fig.5 and Fig.6,respectively. The data of three shots
are plotted in these figures at svery radlal positicon. The
dotted line in Fig.§ 4s the current densicy profille calculated
from the chserved radial profile of the average value of Bg on
~he assumption that the z-current flows cylindrically along the
axis. Because of bad reproducibility of By near the axis, <he
current density 1s not calculated there. The current density
creflle shows the clear generation of the reverse current. The
plasma radius estimated from this profile 1s about 3em. The
radial pesition cf the null current surface in the piasma agress
well with that of B,=0. The total B, flux trapped in the :rlasma
equals nearly the flux procduced by the compressicn field wi<hin
2.5cm. This radius is almost the same within experimental arpec
25 the surrent flowing region calculated from Bg profile and =
radius predicted from the reverse ratio of the current,

. CZeneclusion and Discussion

froducticons of the torcidal {leld for spheromak configura-
tizn are studled frem the analysis of electric circult < z-dis-
charge. The znalysis shows the generation of reverse current on
the plasma column with the plasma compression due to the thete
tinch. Magneti:c probe measurements show clearly not only the
zeneraticn of reverse current, out also the establiskment of
spheromaik configuration.

Merits of the present method zre that the reverse of zZ-cur-
rent can be done ty using a simple technique like a theta pinch
and its magnitude can be controllad by such parametsrs as %he
external inductance of z-dlscharge 2irzuilc, the zcmpressicn ratl
and the length of plasma. The 2ff2ct 2f the externally supply-
ing voltage is sxcluded here, It wiil te needed Zn suzh zase
chat the studies cof spheromak cenfiguration are made at The un-
favorable ccondition T the generzaticn of Yhe resverse gurren:.
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FIELD-REVERSED PLASMA G'™N BASED ON THE INVERSE-PINCH DISCHARGE

W. D. Getty, Electron Physics Laboratory, Department of
Electrical and Computer Engineering, University of Michigan,
Ann Arbor, Michigan 48109

The inverse pinch (i.e., hard-core pinch or unpinch) dis-
charge possesses several properties that make it potentially
useful as the basis of a piasma gun for injecting a field-reversed
plasma into a confinement device. The ugeful characteristics are:
(1) the possibility of initial resistive heating by axial current
flow followed by compression heating; (2) the controlled genera-
tion of toroidal and poleidal plasma currents and the assoclated
magnetic field components; and (3) the relatively slow plasma
formation time which permits the use of pulse technology on the
time sca.e of several microseconds. These characteristics are
shared with the imploding-pinch concept upern which the Paramag-
netic Spheromak {(PS-1)1 is based, but in addition the inverse
pinch is theoretically stable to ideal MHD instabilities as pre-
dicted by the Suydam criterion<. It may therefore offer some
advantages in high-power regimes of operation or for certain geo-
metrical shapes.

To produce a useful hot plasma the pinch discharge must
be separated from the electrodes and translated axially to clear
them before further heating by compression or other means takes
‘place. Several recent experiments have shown that this separa-
tion can be done. .

The experimental properties of the inverse pinch discharge
were reported by Colgate and Furth?® in 1960 and by Aitken, et.
al.4, in 1964. Improved MHD behavior relative to the imploding
pinch was found, hut non-MHD instabilities identified as the
tearing mode were cbserved. This mode was apparently more prom-
inent in the Altken experiment, a result attributable to the
longer length of the discharge tube. More racently, the
inverse pinch discharge was successfully used as a preionizer
in a Marshall coaxial gun” and as a plasma injector for TORMACS,
The TORMAC plasma injector has recently been reported +o
nave produced a detached plasma ring with many of the proper-
ties expected from the analysis presented in this papers.

The basic operation of the proposed inverse-pinch plasma
gun is illustrated in Fig. 1. A discharge with an initial posi-
tive (or negative) B, bias field is accelerated radially by the
inverse-pinch J x B radial force. A toroidal field (B,) is
produced in the plasma by the z-directed current flow.” As the
plasma ring crosses the axial magnetic field it will develop a '
toroidal current J, to preserve constant flux linkage by the plasmz
ring, Thus a toroidal and poloidal magnetic field com>onent
will be generated in the plasma. The plasma ring must be
separated frem the inverse-pinch electrodes whilz maintaininc
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this magnetic structure, From the results of the TORMAC and
PS-1 experiments*’° it appears that this separation can

cccur. Following separation the ring must be transported axial-
ly to clsar the gun electrodes. Axial transport velocities ob-
served in field-reversed ring experiments range f£rom 1 to 20cm/
usec, limited by eddy-current drag in the adjacent metal wallslr3
Therefore the time scale for axial transport should be a few
microseconds, sufficiently fast in comparison to the pinch time
and the plasma energy confinement time (expected to be 20-40
usec). Radial compression could then follow to reheat the
plasma as shown in Fig. 1 (ec,d).

Inverse pinch experiments3’4 indicate that one can use
axial currents up to 300kA and produce plasmas with B_ and Ba
values in the 1-10kG range, and toroidal currents of feveral
KA. Electron temgeratures areg estimated to be 5 to 10 eV and
densities are 101% to 10l6/cm3, The B for the plasmas produced
in References 3 and 4 is of the order of unity. The aspect
ratio R/a (see dimensions in Fig. 1) varies from =0.1 in the
Aitken apparatus to =10 in the TORMAC gun. fThe range of B, and
B_, and the geometry make these plasmas similar to belt-pinch
of tokamak plasmas.

as shown in Figure 1, the ejected plasma may have an aspect
ratio of the order of 3 to 10, and the geometry is similar to
that of a tokamak. Since stability requires the safety factor
B
a °¢
q = 'ﬁ i =1 . (1)
this configuration will have Bp much larger than B, and
33=R/a as' in tokamaks; thus g=a/Rq? may have to be small to
madintain stability. 1In this geometry several arimuthal coils
would be pulsed to supply dB,/dz to translate the plasma ring
in a manner similar to the use of radial B-field control to position
a tokamak plasma wvertically.

By using a smaller asgect ratio one approaches belt=-pinch
geometry and

2 TR Bz
with 2a2R. Thus one can obtain g=1 with Ba=B, and high 3.
The axial inverse-pinch plasma current would control B% and
the azimuthal coil currents control B,. The magnetic field
and plasma parameters of the early experiments give g=1l from
Eg. (2) and B=1.

A plasma in the belt~pinch gecmetrv could be generated
directly by using a B, reverse-bias {ield in the inverse pinch.
Discharges with a revérse field of 4kG inside the plasma and
a2 positive Bz field of 3.5kG outside the plasma have been Dro-
duced by an inverse-pinch with 2a/R~4 at a time of 15 us after
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initiation of the dischargej. By forcing reconnection of the
field lines at each end, cone may be able to form a reversed-
field plasma in this geometry and translate it axially. Es'kov,
et. al.9, have raported doing this in a hard c¢ore device with
g=l and 3=.6-.%. In their device the hard core current did
not return through the plasma as in the inverse pinch.

an inverse-pinch plasma gun utilizing belt-pinch geometry
and the gisld reconnection and axial transport gcheme of Es'kov,
at. al.,% is illustrated in Figure 2. A plasma cylinder with
entrapped By and reverse-bias B, is injected from the inverse=
pinch electrodes and a positive B, field is applied by an exter-
nal ¢oil. A pulged ¢oil at one end forces reconnection at that
end and accelerates the plasma cylinder axially. A similar
pulsed coil causes reconnection at the other end before the pinch
electrodes are cleared, and axially compresses the plasma. A
transvegse octupole “barrier™ fiegld similar to that of Es'kov,
et. al.”, could be used to prevent the plasma from striking the
wall. The new feature in the scheme of Figure 2 is the entrapped
Bs field, which with the induced poloidal field should allow a
stable nigh-3 equilibrium to exist from the onset of the dis~
charge.

CONCLUS ION

The inverse-pinch discharge has a proven magnetic-field
coenfiguration with stability and geometric properties that make
it attractive for generating a reversed-field plasma. A high-3
plasma cylinder or ring can be generated with frozen-in poloidal
and toroidal magnetic field components. The inverse-pinch dis-
charge is theoretically MHD stable and has shown superior
stability properties in experiments. By choice of the aspect
ratio, one can produce tokamak- or belt-pinch-like geometries.
In the latter case One ¢ould use azimuthal coils to force
reconnection of field lines and axially compress the plasma.
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Inverse pinch stage with Bz bias field. (b) After
electrode and formation of

ig. 1 (a)
separation from inverse pinch
separatrix by induced azimuthal current. (¢) After axial
translation and radial compression. (8) After additional
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A TRIGGERED-RECONNECTION COMPACT TORCID EXPERIMENT

A.L. Hoffman and G.C. Vlases
Mathematical Sciences Northwest, Inc.

Field reversed theta pinches have been the subject of renewed intares*
both in tue Soviet Union and the United States. The primary reasen for this
interest is the attainment of plasma configurations which are stable for many
Alfven times. One particularly interesting and very premising compact torus
experiment_is the 8H-I device of Kurtmullaev and co-workers at the Kurchatov
Institute.l This group has observed plasma 1{fetimes of up to 100 usec in a
1 m long device. The lifetime was 1imited by electrical circuit parameters
alone, with no tendency toward rotational instabi1ity, which has been the
Tifetime terminating process in 211 other Tong lived field reversed theta
pinch experiments.

The principal feature of the BH-I experiment is carefyl control af the
field line reconmection process sc as to maximize the trapped poloidal flux.
A byproduct of this technique is an increase in the non-adiabatic plasma
heating through rapid axial compression, which has important implications
for both current experiments and eventual reactor designs. Mathematical
Sciences Northwest, Inc. (MSNW) has initiated a reverzad field theta pinch
experiment which is designed to incorporate and improve on the features of
the Kurchatov experiment, to thoroughly explore the controlled raconnecticn
process, and to investigate the full parameter space between conventional
"radial” compressicn processes and the axial compression brought about by
triggered reconnection. An additional principal objective of this experiment
is to explore the causes and cures for plasma rotation.

A schematic of the MSNW_experimental apparatus, which is closely patternec
after the Soviet experiment,! is shown in Figure 1. A bias field is created
by am “external" gquasi-steady solenoid. An additional quasi-steady ¢af1 at
gach end 135 used to apply a mirror or cusp field configuration. Eight pairs
of oppesitely directed longitudinal conductors are located as shown to form
a pulsed octopole field near the tube wall. In addition, at each end tnere
is 3 very fast pulsed mirror *trigger coil” used to force reconnection at tne
desired time.

o 0 BIAS FIELD COILS
wg-PINCH" COILS {QUAST-STEADY)
(FAST PULSE) MULTIPOLL ASSEMBLY (FAST FulSE)
TRIGBER COILS (FAST
PULSE}

PREIONIZER PINS
STEADY CUSP/MIRROR
Figure 1. Schematic of MSNW Experimental CT Apparatus
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figure 2 shows sketches of the field line topology at various phases of
a second haif cycle “"Russian operating mode". A bias fleld with a weak
mirrer is established, and the plasma is preionized (Stage 1). The main
fiele is then applied, first in the direction of the bias. It rings througn
the first half ¢ycle and reaches a maximum in the opposite direction, creating
a cusy in the outer field Tlines (Stage 2). ODuring the period when the main
field passes through zero, the octopole field is pulsed on in order to minimize
plasma-wall contact and to thus prevent rapid cooling and loss of trapped
bias field. This technique maximizes the compact toroid poleidal flux, and
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may also inhibit development of rotation. When the main field {s near its
peak value, the fast trigger coil is energized, causing rapid reconnection
(Stage 3). The resulting torafd is not in equilibrium and strong axial
compression o urs (5tage 4). In the Russian experiments, it was shown that
this axial contraction {ncreased the 1ine energy density and the separatrix
radiys, resulting in tong plasma lifetimes.

The MSHW experiment, while incorporating all of the features of the
Kurchatov experiment, has the capability of providing a2 higher rate of field
rise so that it can explore the trade offs between radial and axial “shock”
heating. It employs an axial Z discharge, so that high levels of preionizatior
are possible and 1t can operate on either first or second half cycles. First
and second half cycle operation is indicated by the B_ plots on Figure 32
labelled “conventional operation®. Also shown 1s a mode labelled "compound
magnet operation" which uses a quasi-steady outer sclenofd and a fast pulsed
concentric inner "theta pinch" coil! set. In this second mode, the initial
gquasi-steady field is nulled out by the inner theta pinch ¢oils, and aperation
from that point proceeds as it does in the "standard” mode. The principal
experimental advantage is the ability to achieve a fast rise (10 usac)
followed by a very long {~ 100 msec) flat-top, rather than the 100 - 200 wusec
decay of conventional crowbarred 9-pinches. The principal uncertainty with
the compound magnet technique lias in the Timited time to preionize, ard in
the relatively lower rate of field rise at the zero field cross-over point.
Both Aifficulties can be overcome, if need be, by a pulse shaping network
driving the inner magnets.

By /,a-_~\__.__---

BIAS E— -
) ~—=15t HALF CYCLE DPERATION
\ ~==2nd HALF CYCLE QPERATION

(a) Conventional Gperation

s {EJ

% savre 1 L—pREIONTZATION

(b) Compound Magnet Operation
Figure 3. Schematic of (perating Modes
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A drawing of the magnet System fs shown on Figure 4. The basic plasma
tube is 1 m long and has a 20 c¢m bore. Fast theta pinch ard trigger coils
are fed through gaps between the quasi-steady bias and cuts cofls. The
octopole rods can produce 0.20 tesla fields at the inner edge of the plasma
tube. Initial operation will be in the standard mode with 1 tesla theta pinch
fields produced with 3 usec qQuarter cycle times. The compound magnet will
be operable up to 2.0 tesla fields. Depending on the efficiency of the
axial heating process, scaling analyses predicts that toroids with 10'® cm-?
peak densities and up to 500 eV temperatures could be produced. Containment
times based on classical perpendicular thermal diffusion are 10 msec, and
the quasi-steady field decay time is designed to exceed this value by a factor
of 10.

i _BIAS AND CUSP
COILS

0CTOPOLE

POLE VY JaenTHETA PINCH

A% Y )l AND TRIGGER COILS
..i:".‘ ‘l.v:‘v" ’V"
r. t'-‘ “.'/ *

EEREERRE T L'; PLASHA TUBZ

Figure &. Assembly of Compound Hagnet

The experiment is supported by an analytical-computational program wnich
incorporates a 2-0 hydrodynamics code and examina%ion of the effects of
anpmalous transport and impurity radiation.
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PLASMA ROTATION IN FIELD-REVERSED THETA PINCHES

L.C. Steinhauer
Mathematical Sciences Northwest, Inc., Bellevue, Washinaton 98009

Field-reversed piasmas (FRP) have for many years been observed to spin up
and develop 2 destructive m=2 instability. While the instability threshold for
rotating modes has been reasonably well characterized, the cause of rotation
remains obscure. Several mechanisms have been proposed to explain the rotation.
The most promising seems to be the following: end shorting on open field lines
causes that portion of the plasma to spin up; viscous friction then transfers the
rotating mation to plasma on closed field lines. We develop theoretical models
to describe this mechanism.

Structure _and Rotational Stability of Field-Reversed Theta Pinches. The
separatrix in a field-reversed pinchdivides the piasma into two distinct regions,
the central closed magnetic field line region and the surrounding open line
region. In a straight coil theta pinch, the magnetic fields are purely polgidal
(field vectors in r-z plane) and have negligible toroidal field.

Rotating FRP stability was treated recently by Barnes, et u].] They cal-
culate that the stability threshold for the commonly observed rotating m=2
mode is o £ 1.35 to 1.55 x @, where @, = -(1/renB)ap./5r is the ion diamaqgnetic
drift frequencg; i.e., the threshold is similar to that predicted for non-reversed .
field pinches.

MHD Picture of Plasma Rotation. Treating the plasma as a magnetohydro-
dynamic fluid, the principal equations governing the rotation are the ion
angular momentum law,

] Dérzo.z 1 %e(riny ta) = E770r8,)
‘:' T - — 1 ur

(1

”

r nr*
and a reduced form of Qhm's law, which in simplified form is
8
2, - kit - s v 20
Bt(r‘) v [-7 V(rBa)} B, {(o+a,) =5 (2
N

where D/Dt is the convective derivative, v is the ion kinematic shear viscosity,
and S is a source term containing principally gradient terms in the poloida:
field, temperature and other plasma properties.

Evidently from (1), changes in angular momentum arise from efther viscous
forces or jxB forces. The latter are manifested heuristically as magnetic field
1ine tension exerting an azimuthal torgue on the plasma. The rotational kinetic
energy is not carried by transport processes or torsional Alfven waves’® (else
the waves would decay) but instead springs out of polarization energy Tatent
in the non rotating plasma. This is principally in two forms; static energy
due to fon displacement in the presence of the electric field (proportional
to E_%); and convective energy due to displacement when there is a radial ion
presfure gradient (proportional to Edp,/dr). The 82/2u and rotational kinetic
energies appaaring in a spinning plasma are, in the course of establishing a new
plasma equilibrium, drawn naturally from the transverse kinetic energy. p, and
axial field anergy B;/Zu. :
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Rotation on Open Field Lines. Open line plasma contact with end walls
shorts the transverse electric field. This initiates a torsional Alfven
wave which imparts an angular velocity of L = -2, to the plasma (if shorting
produces E. = 0). In the dissipationless problem, the interaction of waves
from opposite ends alternately sets Q to -0,, to -22,, then to zero, and so on.
The dissipation (diffusivities n;/u, Ner/u, v, appearing in (1), (2}, which are
comparable at 3 = 1) leads to sp5t1a1 spreadiﬁg of approximately :

1
s s y
Sqree = oy(L/%e) ™ (3)

where o; is the jon larmor radius in vacuum and L/Xg s the axial collisionality.

Evidently the spreading, =0y, is small compared to the axial dimension L and

would be negiigible if the torsional waves had uniform velocity aover the plasma
cross section. In fact, they do not since their speed VA « Bz/dﬁ' is very

high at low density and vice versa. Consequently, the rotation, @, quickly
develops an evolving closely-spaced spatially-oscillating radial structure
with length scales less than 9 In shart, dissipation produces a roughly

uniform rotation @ = -3, in at most a few Alfven transit times (based on
the Alfven speed at the separatrix).

gven after end shorting, a net outward-pointing electric field can
arise on a transient basis as observed by Ekdah1.4 “There is another effect
which even in quasistatic conditions c¢an cause a reversed {outward)-electric
field. If the electrical potential is uniform across the plasma at the end
wall, then the thermoelectric potential in the plasma interior is proportional
to kTe/e. If in addition, the plasma has a negative radial temperature gradient,
there“will be an outward electric field. Such gradients are expectad because
the internal closed line plasma remains hotter, not being in contact with the
end walls. The resulting rotation is found by applying the appropriate electric
field to Ohm's law

T
2= -q, r+—-9‘93(=5)<i-+r—]) (1)
1, \'i/ A o

where 3. - Te/(aTe/ar) is the local electron temperature gradient length, and
e
i 8
li.
consequence. of the expected 7T,. The thermoelectric potential then provides

a physfical basis for the outwardly oriented electric fields needed to_explain
observed rotational instabilities in non reversed Tiald theta pinches.

n corresond Tikewise to Ti and n. Clearly--3/0, can exceed urity as a

Rotation on Closed Field Lines. In contrast to the open-line plasma,
the cTosed-1ine plasma 15 spun principally by viscous forces rather than
jxB forces. Shorting can take place within a closed field line, but the result
only produces uniform rotation along the flux line, 2 22 (). This result
holds so Tong as n, T and T, are uniform along the flux line. Angular momentum
imparted by viscous drag to B1asma near the separatrix is therefore transmitted
at the Alfven speed to plasma on the same flux line near the axis; this in
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effect increases the moment of inertia of the outer layers.

The transient spinup of the closed 1ine plasma accounting for the inertia
enhancement and ignoring cross-field particle diffusion is governed by

e, 13| ' 50
ré’ws:[a-"(ﬁ)a—r ‘ )

where R is the radius of the magnetic axis (where B = 0). This is a simple
diffusion equation with spatially dependent diffusivity; since it is in fact
linear, it can be solved by a normal mode analysis. The transient behavior is
dominated by the lowest order (fundamental) mode, the decay time of which is

3
. a2t _(_%.g_(_).a’cmT/’eV
spin zu] g (usec) = {6}

for a deuterium plasma with T s =T and ZnA = 15; v, is vl at 31 s 1

\:. is based on the local magnet1c f1e1d) The proportxonal1ty factor 2 depends
on“the aspect ratio of the toroidal plasma; calculated values for a rigid
rotor density profile are shown in Tatle I.

Table I
Transient Spinup Factor

Aspect Ratia, a
R/A

16
3

mn Mo

2
165

N BEWwMN

Several trends emerge from this result.
(1) The transient spinup time scales with plasma size (minor radius) and tempera-
ture in the same way as the classical crass f1e1d part1c1e transport time

T, =a /Zwl, since vy # 3. Zwl/, (deuterium, T ) then -sp1n ) 2
a/1.6.

(2) ‘Ine proportionality factor « from Table I is extremely sensitive to aspect
ratio. The physical basis for this is clear considering that the kinematic

viscosity varies as v = n/8%T &; low aspect ratio plasmas have nign
average density and Tow average field inside the separatrix, therefare
they tend to be highly viscous; high aspect ratio plasmas have low average
density and average fields aTmost as high as_the vacuum field, Bo. of

course a highly viscous plasma wi1l rapidly spin up in response t5 a
r?tagion appiied at the surface, and a2 low viscosity plasma will spin up
slowly,

(3) Evidently for R/a ¢ 3, the transient spinup time is shorter than the plasma
decay time; for R/a 2 3 the plasma tands to decay faster than thas spin
transient.
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The above analysis only treats the transient aspect of the spinup.
The other side of the question is the quasisteady rotation rate that is approached.
The asympcotic State has uniform 2 (rigid hody) inside tne separatrix with
L= 55, the rotation rate at the separatrix. (Note, 2 is equal to or slightly
sreater than (3, s according to (4))}. If, e.g., the asymptotic rotation
rata, ._, were relatively fast, than the rotational stability 1imit (-¢/%, 2
3{1'} ¢3uld be reached in a time less than In this case the stable

T .
. - spin
tire to reach =/3, =1 is p

T @10 (8)

L
a=1 spin

where <Q,> denotes the average value inside the separatrixz. If, on the other

hand, Z_ < <.> then the asymptotic state should itself be stable. What dis-~
tinguishes tnese two cases is the plasma profile, in particular the radial pro-
file of 2,. If the radial pressure profile beccmes very stesp near the separatrix,
such as may arise as a result of endloss in the open fieid 1ine plasma, then

29 > <G> and Ty may te short indeed. If, on the other hand, the gradients naear
the senaratrix become more gentle, which is the case for an ancmalous radial
transoort sheath, then 25 > <@,> and the asymptotic state may be rotationally
stabise.

Summary. The apen field line region is Spun up principally by jx8 forces,
and the closed line plasma by viscous forces (although jxB forces insure uniform
= along a closad flux line). The non uniform speed of torsional Alfven waves
caused by end shorting creates 3 highly transient, highly structured radial
z-profile; dissipative processes smooth the profile in at most a few Alfven
transient times, producing @ ¥ -i,. The transient spinup time in the closed line
plasma scales inn the same way as the transverse particle diffusiom time, but

has extreme sensitivity to aspect ratio; it is short for "viscous" low aspect
ratio plasmas, and vice versa. Ultimately, the rotatignal stability depends

on the jon pressure profile; endloss (which steepens the profile near the
separatrix) is destabilizing, and anomalous radial transport (which flattens

the profile) is stabilizing.
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STELLARMAX A HYBAID STELLAAATIR - SPHEROMAX

Charles %. Hartman, Lawrence2 Liveramore Laboratory, University of
California, Liveraors, Calilornia 94550

I. Iatroduection

It ras been known for some time that nonaxisymetric, vacuvmefield,
toroidal confinanent systems can oe formed by combimation of axisymuietric
Quitipoie fialds and modified Stellarator-like fislds.? This "aybr.d-
ization” can result in improved negative V' properties and shear. In
addition, siampler coil topology, as compared with a conventional
Stellarator, is possiblas sincs the Stellarator-iike windirgs need not
link the torus. Initial calculations were concerned largely with vacuum
fields however, it is apparent that plasma current can alsc serve to
provide a poloidal field whigh ¢an then be transformed in the toroidal
direction by helical stellarator windings as has been recently
su.gse:tadz. i

This paper discusses aybridization of modified Stellarator-liks
transfaorm windings (Tewindings) with a Spheromak3 or Field-Aaversed-
Mirror confisuration.l‘ This cenfiguration-Stellarmak-retains the
important topological advantage of Che Spheremak or FRM of having ro
plazma linking canductors or blankets. The T-windings provide rotaticnal
transforzmation in toroidal angle of the outer poloidal field lines, in
effzct craating a reversed Brgnpigs1 Spheromak or adding average Br
to the FRM producing nigher shear, increased limiting 8, and possibly
grealer stability to kinks and tilt. The presence of field rippls in the
toroidel direction may be sufficient to innibit cancellation of dirscted
ion 2urrent by electron drag to allow steady state overation with the
toroldal as well as poloidal zurrent maintained by neutral beams.

II. Stz2lliarmak Configuration

The -asic hybrid appreach is shouwn ia Fig. 1. Axisymmetric fisids
are provided by I, the Lo rings, and a uniform 8; to give the
paloldal-fi2ld pattern shown. -Hdelical windings, centerad on “hs z-axis,
provide Stellarator-like rotational transform. The combined fialds give
ruzerically computed toroidal magnetic surfaces as shown with the
rotational transform on the small-pajor-radius side of the surlaces
provided by the axisvmmetris poloidal fizld and the trznsfarm ca the
large-ma jor-radius side provided oy the helical windings. Continuation
of che rotational transform by “he axisymmetric Bp elizipates ihe nesd
for helical windings which link the toroidal surfacss.

Application of T-windings to produce toroidal retati-snal transform
tr of the basic poloidal fisld of a Spheromak is skown in Fig. 2. Tze
modular T-windings ghown in Fig. 2(a) lie on 2 sphere and follsw
loxearonie spiral trajectories with latitudinal cross-liaks. & vacuunm
poioidal field line near ¥ = 0 passes near the axis of ths Spheromai,
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smerges at the poles, and returns rear the spherical surface where the
T-windings induce toroidal transiorm modifying the hasic Spheromak
configuration to that shown ia Fig., 2(b). IMumerical calculations in
progress (assuming vacuum 3,) have given tp/ty = 0% for 8 T-wind-

ing modules with Flux surfacss as snown in Fig. 2(c}. Alternmatively
T-windiazs for a higniy prolzse reversed~fisld- eonfiguration would aore
aearly resemble the helices of Fig. 1 and arbitrarily large tT/tp

could be obtained depending on the elongation.

1ZI., MED Stability Aspects

The most striking aspect of introducing tragsform windings to a
Spheromak/FAM is that shear and reversed toroidal transform can be
introcduced externally without hole-linking conduetors. For a large
agspect ratio stabilized Z-pinch the maximum stable 8 is increased from
15% to 40% in going from a fleld profile having Br = 0 on the last Yp
surfzce to the usual reverged By configuration. A similar faector of 3
in 3 can possibly be obtained for the Stellarmak providing bpallconing
limits are not eacountered. Similarly, T-windings added to the FRM can
lend shear stabilization to an stherwise MHD unstable configuration.

Since a conventional stellarator 1s stable to tilt and slip solid
body motions, the transforam windings would presumably give improved
stability in the Stellarmak.

IV. &gquilibrium Aspects

Probably the mest significant acvantage to be gained by iatroducing
symnetry perturbding transforz "windings is the potemtiazl of sustaini=zg the
plasma currents by injection of directed neutral deams. Electron
trapping and viscous effects caused by the field rizgie can prevent
electron cancellation of the ion directed current cpening the way to a
truly steady stabe system. For a large spheromak reactor with
resistively decaying currents the Q based on resistive losses is,

Qq = [Pp dt/ty = 100 ~ 82p2

50 that a relatively small current-sustaining bvesm paswar 1s necessary if

the process is fairly efficient. This is sspecially true i 2B is
inereased by a factor of 3 by ennanced stability.
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(a) Coil Configuration

"{v) Magnetic Surfaces

Hybritron Configuration. Intersections of
magnetic surfaces with the r-~z plame (Fig. 2(b)]
were computed for the cail comfigurat.on [Tig.
2(a)] with B, = 1/r, Bzo = 0.12, W ~0.12
{at r = 1, z'» +1) and"With a helical“cagnectic

pocential X = CAI(krz cos{A¢ + kz) where X = 6 =

k and Cy = 1.
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Fig. 2. Stellarmak Propercies. Fig'. 2{a) shows thrze
modular T-windings basad on loxodromic spirals
and latitudinal crass links. Also shown are
compensating loops. Fig. 2(p) shows heuyristic
field-line-trajectory projections in a meridical
plane. Also shown aie averagsz E.D and ws b
for Spheromak and FRM configuraricms. rig. 2{c)
shows computed Zisld-lipe projectioms in the
equatorial planz for 8 modular windinzs.

NOTICE
This report was prepared as an icGount of work sponsored by :he L'nited
Swaies Government Neither the Umited States nor the Unied Stares “Work performed under che auspicss of the
Depariment of Enétgy. nor any of their employees, nor any of thet- LS. Departr ant of Energy by the Lawrence
Jontractors. {ubcontraciars. or therr employees, makes any warranty. Livermore Laboratory under contract number
express or impied. of Jssumes any legal liabdity or responsibdity for the W-705-ENG-48." )
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UTILIZATION OF EZLECTROM COILS TOR AN ADVANCED TOKAMAK AND
CONJECTURE ABCUT THE CAUSE FOR CURRENT STEP (DOWN},

Shoichi Yoshikawa, Plasma Phyvsics Laboratory, Princeton
University, Princeton, New Jersey 08544

1., Ufilization of electron coils for an advanced tokamak

The use of relativistic electron beam current {(REB) in
the plane of plasma current in tokamaks offers several possi-
ble advantages such as:

(i) reduction in g;
(ii) lowering A(= R/a);
(iii)  avoidance of current driven microinstabilities.l

We repeat, thousgh, the above advantages may well be illusion-
aQrYyY.

The fourth advantage is the possibility of a current-
sustained tokamak. In this scenario, the REB electron current
or electron coil will be set up either by runaway discharges
& Ze¢ UCLA or by PEB injection 2 lz IPP, MNagova University.

The resultant configuration will be kept for a while until

the cold plasma trapped in this magnetic trap is heated to
high temperatures leading to ignition or high Q (Fusion Powerx/
¥.B. Power) modes. Then the REB current will be maintained by
the rf wave acceleration of electrons. This shouléd be
compared with the rf maintenance of plasma current.Z2 The rf
cower needed, Ppfy, £fOor maintaining the REB current is given
by

Pey © Dy Vgh Eqg = oy Voh nJ (1)
but
n
R el (2)
W o)

wilere m, is the beam density, W is the energy of relativistic
electrons, ne is the plasma electron density. Therefore

(v z c) =

»h

1 -
Prew © Ry, =373 g (3)

This should be compared with the rf power needed to couple
to super+hermal electrons, Pr:m, whizh is
T
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Ve vnh
Prer * Pp 7377 f‘-v:"
e

where £ may be between 1/3 to 1/10 and v

thermal velocity. The rf power needed
lower than Poem by the ratio

Prfw -~ 1 Te

-~ -

P v W
efT £1 VEE.)
e

which could be easily 1/10 to 1/30.

is the electron

for FEB is then

2. Conjecture about the Cause for Current Step

(4)

(5)

As Mohri har shown, the current in the SPAC experi-
ment” decays in step. One possible explanation of this
phenomenon is the inability of the REB beam to maintain

toroidal equilibrium.

REB is moving in toroidal directions, hence there is

a centrifugal force, F = (Fg, 0, 0). This
derivable from the surface function $(¥).

?p + f = $¢.

it is conjectured that the plasma pressure decays with
its own energy confinement time until when Eg.
be maintained. Then the equilibrium is lost.
partial loss of REB may contribute to the production of back-
ground plasma either by instability {(vet unidentified) or bw

force is not

The situation is
analogous to toroidal eguilibrium of rotating plasma under
gravity.? Thus the plasma pressure must.be finite, so that

{6)

(6) could not
The resultant

beam-wall interaction. The increased plasma pressures, ra-

stores the equilibrium by satisfying Fa.
repeats itself, hence current steps. Normal resistive inter-

(6).

The process

action between REB and background plasma is not expected to

keep the plasma temperature high.

The experimental verifications of this conjecture mayv
if the plasma

be done by measuring plasma pressure.

Also,

can be heated by rf or other means without upsetting the
electron coil, the current step may be avoided. Finally
Thompson scattering mav enable the measurement of pressure

gradient within the magnetic surface.



http://must.be

~161-

Yoshikawa, PPPL Tech. Memo, 260.

Yoshikawa and H. Yamato, Phys., Fluids, 3,

Mohri, this proceeding.

Yoshikawa (to be published).
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DYNAMICALLY FORMED SPHEROMAK PLASMA (PS-1)

G. C. Goldenbzum, Y. P. Chong, G. Hart, J. H. Irby
Department of Physics and Astronomy, University of Maryland
Coilege Park, Maryland 20742

Formation Phase

In this paper we discuss our racently reported observations of the for-
mation of a highly elongated sphercmak configuration.(l) In the present
context, we define a spheromak as a toroidal configuration with both toroidal
and poloidal field cowponents, but with no toroidal field coils and no
transformer. The torojdal field vanigheg on the symmetry axis and has a
maximum near the magnetic axis. Both the toroidal and poloidal fields have
aporoximataly equal maximum values. Our experiment is called Paramagnetic
Spheromak (PS-1). The present vacuum chamber 1is a circular cross section
cylinder (R=11 ¢m) filled with deuterium gas at a presgsure of 5 to 30 amlorr.
A capacitor bank is discharged into a single turn solenoid surrounding the
zvlinder creating an axial B, field. The field rises to 4 kG in 9 usec and
is clamped to give a 100 psec L/R decay time. At about peak B, field a
second capacitor bank is discharged between annular electrodes to produce an
annular shell of I, current. This current puts the By toroidal flux inco
the plasma. The current rises to 150 kA in & usec. Finally a fast rising
current is produced in the external solenoid creating a 9 kG B, field oppo~
site in direction to the initial B, field. This fileld rises in 1.5 ysec.
Presently, this circuit is cl_mped so that it decays to 1l/e of its maximum
in 58 usec. Most of the results reported in reference 1 were cbtained with-
out the clamp switch however, i.e. the circuit oscillated. The plasma
radially implodes at approximately the snowplow speed Lo give an ion energy
of Bzz/éﬂne, where B, is fast rising piston field and n, 1s the demsirty.

For the conditions of this experiment, the radially directed ion energy is
about 1.0 keV. Typically, in theta pinches, some of this diraecrad energy is
randomized resulting in larger ion temperature than electron temperature.
The lon and electron temperatures may ther equilibrace if there 1s no other
hearing ot loss wechanism dominating one of the species.

Three important physics questions arise in the formation phase: 1) Will
closed poloidal magnetic surfaces form? 2) Will the toroidal field be peaked
aporoximately in the center of the closed flux surfaces (paramagnetic
roroidal field)? 3) Will heating occur as a result of the implosion? In .
the praviously referred to paper (1) a2ll these questions are answered in the
affirmacive. An experimentally determined poloidal flux surface contour map
ig shown 1n figure 2, demonstrating closed surfaces. Flux surfaze closure
occurs within 0.5 usec of the start of the reversed 3, field. I[aicially,
two magnetic islands form which coalesc¢e to form the structure showm in
figure 2. In reference (1). it was shown that for the conditions chosen,
che maximum of teroidal field is about 6 kG and occurs near the center of the
nagnetic island shown in figure 2. The poloidal field sn the nuter edge
rises to about 9 kG. Finally. Doppler broadening spectroscocy has indicated
a temperature of 190 eV for carbon impurity fons while the same type of nmea-
surements on the D, line indicatas 290 eV at 2 psec. Thomson srattering o
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measurements give an electron temperature of 30-50 eV at the same time.
He-Ne laser interferometry indicate a density of 3x1015cm=3 in the ceater of
the i1sland at 2 usec.

Equilibrium Phase

In any dynamically formed plasma, am important consideration is the
relaxation of the impleded state to the desired equilibrium coufiguration.
An appealing feature of the gpheromak is che possibility of a near force-free
configuration corresponding to a winimum magnetic energy. Rosenblutk and
Bussac(2) have considered a classical force~free spheroid as well as slighcly
prolate and oblate spheroids. They find a tilting instabllity for a prolate
spheroid. We have no internal magnetic field data for times later than 2
ugec and consequently, cannot, with certainty, say whether the magnetic sur-
faces exhibit any tilcing after 2 usec. We do have interferometer measure-
ments of the incegral of the dengity alomg lines parallel to the z axis so
that the in:egrated density as a function of radius cam be determined. We
find that at 30 usec, the plasma scill exhfbits an annular shape with ne
indication of grossly unstable behavior. During this time there are about 49
Alfvén cransic times from the end to the center.

Since it is degirable to know what the largest 8 value is for which the
plasma remalns grossly stable, 1t is of interest to know what the value of
beta is here. We will assume an operaticnal value of bets defined as

o Bup(r=5 cm)
ae 2
Bz(r-ll &m)

Because the ion lines used for the ion temperature measurement burn ocut, we
do not know the fon temperature after ahout 5 ysec. Thomson scattering mea-
suremencs ‘ndicate an electron temperavure of zbout 30 eV as late as 40 ysec.
Since the elactron and ion equilibracior time is of the order of a3 faw micro-
seconds, we have to presume the lon temperature has dropped to the electrom
temperature. From the intarferometer measurements we get the line integral
of the density at r=5 cum as a function of tine. Assuming a length of 30 cm,
we calculate the density and hence the pressure. In figure 3, we ploc §; as
a funccion of time. We see that as the field, density and temperacure drop,
the valua of beta stays almost constant, im the vicinity of 0.3 to 0.4.

From this we conclude that it is possible to counfime 3 = 9.4 plasmas. The
quesiion of whether the internal magnetic field structure remains the same
during this time {s difficulr to answer at this time, We note, however,

that at t=2 psec, the radizal profiles of the torcidal and poloidal fields
are to a good approximation, given by Besgel functions, [By =Jy(krr) and

By 2 Jg{ker)]. The Bessel fun-tion model has the property of retaiming its
configuracion as it diffuses. Since the configuration decay time

(T -ch/k%cz) for chese parameters is about 66 psec, the comfiguracion should
pot drastically changs in 30 usec 1f only classical resistive diffusion is
present.

This work is supported by che U.S. Department of Energy under comtract
DE-ACOS-77ET 53044,
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Figure 1  Schematic diagram of the formation and equilibrium phases of
the spheromak configureation in PS-1.
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Figure 2 Contours of constant poloidal flux ac 2 psec after the scart of
the fast B, field. 7The contours are calculated from magnetic

field measurements made in the plasma and are plotted in intervals
of 20mkG-cm?.
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Figure 3  Time dependence of 8 . At 40 usec the externally applied field
has dropped to half ?ca maximum.
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SPHEROMAK EZQUILIBRIUM AND STABILITY AND NUMERICAL STUDIES OF & SPHEROMAK
FORMATION SCHEME

M. Okabayashi, 5. Jazdin, H. Okuda, T. Sato*, G. Sheffield, Plasma Physics
Laboratory, Princeton University, Princeton, New Jersey 08544, and A. Todd
Grumman Aerospace Corporation, Princecon, New Jersey 08540

Recently, intensive theoretical studies of the spheromak configuration
have been carried out to reveal possible advantages towards a commercial re-
actor [1-3)}. These MHD analyses have shown that stable configurations exist
at medium beta with respect to the extermally apnlied equilibrium field.

The focus of recent theoretical work has therefore shifted toward the study
of plasma formation processes without a toroidal or inductive coil om the
axisymmetric axis.

The formation scheme proposed by Princeton is quasi-static where the
coniiguration formation takes place over many Alfvén tramsir cimes {21000),
through a sequence of quasi-MHD equilibrium states. The process 1s ¢ontrolled
by three groups of coils: (1) external equilibrium field eoils; (2) a "flux
core" consisting of toroidal coils producing poloidal flux, and a toroidal
solenoid producing toroidal flux; and (3) a pair of "pinching coils.”

Initially, che equilibrium field colls are tummed on and the resultant
field, which supports the final plasma equilibrium, penetrates the vacuum
vessel. 41l subsequent field programming proceeds on a faster time scale,
Jtlereby the vacuum vessel acts as a perfect conductor. The toroidal coils .
in the core and che pinching coils are now turned on, to generate the vacuum
field pattern of Fi{g. la. Breakdown is initiated around the core and the
solenoid 1s energized. Field pressure balance causes the plasma to expand
preferencially towards the low field region on the symmerric’ axis side of
the core. As cthe toroidal flux penetrates the plasma, a reduccion of the
toroical current ian the core and an increase of the negative pinching coil
currents induces a posirive toroidal current in the plasma, leading to the
equiliprium configuration of Fig. 1b, The core curreants are now crowbarred
while the pinching coil currents are further increased unti]l a saction of
che plasma is severed from the core, as shown in Fig. le. The core and
pinching ceil currents are now turmed off leaving a 0.25-m minor radius
spheromak plasma with an aspect ratic of two, supperted by the initial ex-
=ernal field.

The formation configurations shown here were calculatad as force-free
MHD equilibrium solutions sarisfying A*Y = -Zwl[dg(?)lfd?]. where Y is
the poloidal magnecic flux and g(¥) = RBy. Such sequences are curremtly
being advanceu in time using the circuit equarions to produce a more seif-
consistent plcture of the evolution. However, it is clear that the {mpor-
cance of rasisciviecy wich regard to flux loss and field-line reconaection
requires a two~dimensional time-dependent solutiom.

#Permanent address: GeophySics Research Laboratory, lniversicy of Tekvo,
Japan. .
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The incompressible MHD equations are solved on a nonorthogonal grid.
Grid lines are lines of conscant 1 or comstant §. Derivatives with re-
spect to aither 1 or § have the other held fixed. If (x,4,z) are cy-
lindrical coordinates, then the Jacobiam 3§ = (531 x ap « 33)"1
= x{ (3%x/91)(32/33) ~ (3x/33)(32/51)]. The velocity and magnetic field are
reoresented in the form

2
Bevoxow g,

7= V¢va+i;-v¢ .

Here, ¥, g, A, and w obey the time advancement equations:
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a3 x2 . 538 xl 3 25 31577 7
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i el
~ il Es i _ w3 xgdu,wds
€ TIC3 3 533 T3 s 31T 83

i The core boundary conditlons are that Y +4 = 0, and that the voltages,
3E - dl1 1in che poloidal and toroidal directions, are prescribed fumctioms of
tioe. The equations are advanced uging 3 leap-frog scheme with Dufort-
Frankiel differencing of the diffusive terms.

We illustrate the results of one calculation using these squations in
Figs., 2-6. Figure 2a shows the poloidal flux suyrfaces {? = constant con—
tours) at time ¢ = 0, while Fig., 2b shows the computacional wesh (lines of

constant 1 and constant §). Initially, a current of 600 k amps is flowing

ia the shell (core) in the toroidal direction. Attime t = 0 wvoltages are
applied to rhe shell to reduce the toreidal current and to induce a current
in the poloidal directiom.

Figure 3 shows conctours of comstant ¥ (JaYy and ronstant toroldal field

(x-g,:) at eime t = 3,0 usec, when the toroidal core currenc is almost half
its or{ginal valuye and current has been induced in the plasma. Note that a
magnetic axis has formed near the inside of che shell and that some closed
zagnetic £iald iines now exist.
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Figure 4 shows the flux surfaces at time € = 6.7 usec zfter two-thirds

3f the current has been induced into the plasma. More closed flux surfacas
nave aow been formed around the plasma magnetic axis. Figure 5 shows the
flux surfaces at t = 36 usec, after all of the toroidal current has been
cransferred to the plasma by induction. This method of spheromak formation
is very afficleant in transferring current from the flux shell co the plasma.
Figure 6 shows the time histories of the currents in the snell and the
slasma, and the total kinetic energy in the plasma.

In addition to this incompressible code, we have developed a two-
dimensional simulation code which solves the compressible one-fluld resis-
tive MHD equations [4] using a two-step Lax-Wendroff algoritim. Initlally
a low-beta plasma is assumed to exist everywhere between the vacuum vessel
aod the circular core. The toroldal and poloidal magneric fields at the
surface of the core are given as functions of rime, and their penmetrarion
into the plasma is being studied. Preliminary results indicatz that the
toroidal fiald can penetrate Into 4 plasma, preferentially toward the axi-
symperric axis, in a stable mewner; hence suggescing the successful forma-
tion of a spheromak plasma under actual conditions.
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Design and Fabriecacion of the S-1 Spheromak Device

M. Yamada, J. Sinnis, B. P, Furch, M. Okabavashi, @, Sheffield,
T. H. Srix and A. M. M, Todd*
Plasma Physies Laboratory, Princeton University
Princeton, Yew Jersey 08344

ABSTRACT

The S~1 experimant will develop an eleccrodless “slow” spheromak
formacion technique co produce a 500 kA torald of a = 25 cm, R = 40 cm.
The formation scheme is based on a transformation of poloidal amd toroidal
magnetic £lux into a plasma from a flux core and two-dimentional MHD calcula-
tions of the formation process are deseribed in an accompanying paper. Physics
background and engineering aspects of the S-1 apparatus are presented. The
objectives of the S-1 experiment are:

(1) development of a slow "quasi-static” formacicn scheme, suitable
for future scale-up co large magnetic energy contents at moderate
foruing powers.

(2) invescigation of spheromak scability and energy confinement
properties on 2 slow time scale of magnecic diffusion time.

I. Intreduction

1.1 Thne Sphercmak Configuration and stability

The spheromak concepc is characterized by magnetic field lines that
are closed — as in a tokamak — and by a coil-blanker copnoiogy that does
not link the plasma — as in a mirrer macaine.l>2.3 The magnetic fiald
coniiguration of the sphercmak (Fig. L) imcludes both toroidal and poloidal
components, but the toroidal component is maintained entirely by plasma
currencs, and therefore vanishes outside the plasma. Correspondingly,
chere are no toroidal-field-~oils — only poloidai-field coils, as in a
nirror machine. The outwar? pressure of the toroidal field and of che
olasma is balanced by the inwara preassure of the poleoidal field.

The equilibrivn and stability of the spheromak cenfiguracion has been
invesrigated and it was concluded that ar oblate spheromak configuration
(Oblimak) of aspect ratio 2.0, ellipticity 0.5, having a peaked currenc
profile will be stable ro ideal MHD modes up to 3gdge * 13%. Global modes
can be scabilized by a loose-firrine shell. Another theoretical approach
to che problem is Tayler's (a,/ap > 1.5) treatment of RFP, which finds
that the idealized large-hole spgeromak is stable for low beta conditiomn.
However, it should be ncted chat a resistive MHD theory demands a close~
ficcing shell for stability against high number modes. It aglso prediccs
interchange modes growing at all 8 values although various stabilicy
effects due to finite-grroradius effects, non~linear self-gtabilizazion
and line-trying of the diverted edge plasma hzve o he assessed in che furura.
AR éncouraging feature of cthe experimencts '~ ;o date is that there is 7o sizn
i: %EOSS inscability even :hqugp the walls are not near. But che long=cine
conlinement characteristic of the spheromak configuracion is ver to be srovad.

“Grumman Aerospace Corporation, Princeton, Yew Jersev 08540
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1.2 Spheromak Forming Scheme

In the S-1 experiment, we will employ a "slui.® (quasistatic) sphercmak
formation scheme, suitable for future scale-up to large reactor-level experi-
ments. The formation time scale (-100 usec) 1s imtermediate becween the
dynamic, time scale (TA' % =0,1 usec) and the resistive time scale
(T =22" .1 mngec). We expect thar the present slow formation scheme will

R 2n
exploit a certain advantage of slow RFP (ZETA, Eta-~beta) experiments.

The propoSed scheme (Fig. 2) will create a spheromak plasma configura-
tion without using coils which link the compact toroidally shaped plasma.
In this scheme an initial poloidal field is generated by a winding imnside
a toroidal ripg-shaped flux core. The initial poloidal field is weakened
on the small-major-radius side of the ring by superposition of an extermal
vertical field. The ring also contains a toroidal solenoid, which is able
to generate an interior toroidal flux, and is therefore able to emit an
equa’ and opoposite toroidal flux on its exterior. When the toroidal solenoid
is energized, it induces a poloidal current in a sleeve-shaped plasma
surrounding the ring. The associated toroidal field distends the palaoidal-
field sleeve, stretching it in the directiom towards the magnetic axis, where
the poloidal field is weakest. When the pinch coils are emnergizad, the
plasma will be pinched off from the topology limked to the flux core,
producing a separated spheromak plasma configuration. The electric currents
inside the ring can then be allowed to decay, while the spheromak configuration
remains,

II. Parameter Survey for the Spheromak Experiment.

In order to select-parameters for an experimeantal spheromak device, we
begin by considering the simultaneous requirements of MHD stability and
microstability, which impose a limiration on tie line demsitv. We then
determine wvalues of plasma current, field strength and size that should
allow adequate plasma temperature.

Theoratical studies Indicate that optimal finire-8 stability will be
achieved in a sphercmak that is somewhat oblate and has an appreciacle
"£lux hole" around the axis of symmetry. Conducting-wall stabilization
also rakes piace more easily with large-hole devices. Beta-values close
tc maximum are achieved for a toroidally shaped plasma of aspect ratio
R/a = 2, as in Fig. 1. The significance of a central "flux hole" in
practical experimental terms is that an outer flux ragiom is maintained
free of plasma current, so that the shear at the edge of the current-
carrying reglon becomes large. Various options for realizing this situa-
tion are available, including appropriate initial field-programming, edge-
cooling, and shaping of the "divertor flux.” .

The range of appropriate plasma size density is determined basically
by the MHD R-limit and by the limic on the electron streaming velocity Vgrream:
The typical 2-requirement is _

2y 1/2
g* - .?;U_{L)—. < 0,02 . (1)

3 s
o 2

B0

Asssuming that YHD stabiliey con be achieved at this 2-~level, it will be
important, nexf, to avoid microinstabiliries. For this purposa, the z2lectron
drifr velocicy asscciated with the strong imternal currents of the magnetic
field conflguration has to be well below the alectron thermal velocity. We
require

ST a e,
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v
vs:ream < 0.03 . (2)
thermal

The comservative iimit .03 was chosen Uy examining data from varicus toroidal

pinch experiments and notimg that the onset of slasma anomalies very generally
cends co occur at this level. Combining the conditious on 3 and Yotream wicth

che large-filux~hole condicion (R/a = 2), we abtain

1/2
v / 11 -1
vs:ream - 3*10 - cn < 0.03 . (3)
thermal Bna
Qe

The parameter region that is stable from the point of view of Eq. 3 is
shown in Fig. 3 for the case 8; = 2%. This figure shows that in a sphercmak
plasma with R = 40 om, a =20 cu and a density ne > 3-10L3cm™3, one can ‘ope
to operate without generating gross MHD or current-driven microinscabiliiies,
asrovidad the bBeta limit is reached. Once the line-density is determined, N
the pmaxizum electron temperature te satisfy £q. 1 and Eq. 2 must scale asT.al,.”,
where I, is the toroidal currenc. In the desirable temperacure range T, > 110 ev,
a 300 kA toroidal current provides an appreciable operating margin.(Fiz.i) The

nature of cthe chmic-hearing power balance in S-1 is illustrated grarhically 1a Fig.

Above the 100 eV level in which classical magnetic-field decay time 1g exceeds
10 milliseconds, the olmic heating power falls below 10 MW. For ng = Lnt4ca=3,
this neacing >ower would pe sufficient co balance che radiation coolinz due to
one percent of metalic impuriries, plus transport losses comparable to Bonm
jiffusion. The most critical temperature limication in the imitial discharge
cycle 1s expected to arige from heat losses along field lines to the ring
supports. As a result, T, will probably be "clamped” in the S0 eV range. As
soon as some reconnection of field lines has taken place, so as to cre=te a
"private flux" within the spheromak section of the plasma, the local electrom
temperature will begin to grow again; finmally the temperature of the wiole
datached spheromak plasma will begin to rise to 2 new limit, In Fig. 6 a
typical avoluction of flux-core currencs, plasma current and plasra narameters
are shown together wirh a sequence of field configurations during formaticn.

III. The S-1 Faciliry.

The machine configuration awd its main components are shown in Figuras 7.
The flux ring contains the Poloidal Flux Core (PC) and the Toroidal Filux Core
(TC). These two coil systems induce the toroldal and poloidal currents of che
inicial plasma. The pinching coils (PN) are to separate a fraction of the
initial plasma and co move it towards the center of the vessel where It rakes
ou the spheromak configuration. The Equilibrium FTield Coils (EF) nold cthe
final spheromak plasma in a position near the center of the vessel.lhe vacuum
vessel is made of 1/2" stainless steel with no insularting breaks, since it
constitutes a passive element in the overall spheromzk magmecic circuic.

The EF coils are driven by a gemera.cr and have 2 relatively long pulse
length; the EF is basically constant during the time of the experiment. The
?C, TC, and PN coils are all driven by [ast capacitor banks. Principal nara-~
meters of the 5-1 facilities are as follows.



i
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RRING = 100 CM FORMATION TIME ~10C usec
aRING =15 M MAXTMIY VTOR .10 kv
TOROIDAL RING CURRENT <600 kA T MAXIMCM © 1.6 WV

POLOIDAL RING CURRENT <15 MA T EQUILIBRIE&LFIELD = 2.2 kG
TOTAL MAGNETIC ENERGY <1 MJ

The flux core concains toroidal and poloidal copper windings heused ian a4 in-
sulating ceramic material. It can emit 0.1 volt-sec of toroidal flux and caa
induce a 0.5 volt-sec of poloidal £lux change requiring abouc azMI of capacitor
energy for each circuit. The core will be covered by 10 mil chtck maralic
liner (stainless~-steel or inmconel) that will not only protect the care-surface
from sputtering and erosion but also will smooth an induced field ar the ini-
tial breakdown stage. The core is self supported against induced forces aad

is powered by six sets of electrical leads.
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TWO-DIMENSIONAL SIMULATION OF THE FORMATION OF THE PPPL
SPHEROMAK

Aydemir, C. K, Chu, H. C. Lui Plasma Physics Laboratory,
Columbia University, New York, NY 10027

This paper is a progress report on the simulation of the
formation of the PPPL spheromak with a dissipative MHD calcula-
ticn. We present the precise formulation of the problem, empha=-
sizing particularly the time-dependent bourdary conditions. W¥We
also present some very preliminary results, which are by no
means complete or conclusive, but which do indicate that the
general trend is correct and that this model has the ° isic capa-
bility to make a realistic simulation.

Assuming axisymmetry, we describe the plasma in the po-
loidal plane by the usual single-fluid MHD equations with dis-
sipation, see e.g. Ref. 1. The obmic dissipation used is
either classical Spitzer or anomalous, the thermal coaductivity
is usually (but not necessarily) taken to be constant, apnd ~is-
cosity is neglected, except for a small numerical viscosit o
remove numerical oscillations in regions of sharp grad: z:. or
low densities. Vacuum regions are not handled explicit.v: a low
density cut-off (or '"density pedestal™), typically O ! <f the
initial filling density, is used. Equivalently, one can allow
a small flow velocity from the walls into the plasma. Simula-
tiors of this type have been carried out successfullya*t screw
and belt pinches™, reversed-field pinches, and Tormac~-. AJAgree-
ment with experiment has been invariably good,

Initial conditions for the plasma are a low-temperiture
(say 1 ev) conducting fluid at rest. 4 vacuum equilib- =
“vertical' field is already present in this plasma.

The set of equations uses the variables , (dens ,
(velocity), T (temperature), g (the poloidal flux fun 1o0n,.
and y = rB,(toroidal field function). Boundary coadi on
o and v ‘are standard for inviseid fluids, while T, =nd
are given on all boundaries (or their mormal derivat wves).
Relating the boundary values of y and y to the externalliy con-
trolled fields and curreants is not immediately obvious, and e
shall describe it in some detail.

Fig. 1{(a) shows the <~ometry of the spheromak in ..e po-

levidal plane; detailed desc siptions are given elsewhere in th:s
conference=, The equilibrium vertical field curr = IP i=

]
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assumed to be d.c. and already fully established at t = 0. The
toroidal current I is also already on, and then drops as shown
in fig. 1(®%), whil€ the solenoidal current I rises as shown in
fig. 1(b). We have not yet simulated the pinching current ID,
shown in the same figure. ?

On the outer boundaries, we stipulate 3 = “initial® and

X = 0, since the conducting shell has essen:ially a frozen-in

field. OCn the inner tube, which is also conducting, we write

L wB(t), and x = xB(t). Here both Vg and Xg are

constant on the tubhe bhut .change with time, while winitial is

fixed in time but nonuniform on both the tube and the outer walls.
To relate 4, to the current I_, we must solve the prob-

lem in the plasma, then calculate 3y/ 9n on the tube boundary.
which is equal to the tangential B field, It is then given vy

I, = $ B-dl on the tube surface
Te relare Xg to the solepoid current Is, we note that x 15
alsa coastant everywhere inside “he tube, and in fact, :: is
equal to yxp - NI where N 1is the number of turns per uanit

2
radian. Thus, th€ total toroidal flux ¢ ipnside the tube can
be expressed 1in terms of the boundary value xp anod the cur-
rert Is‘ Now from the solution of the MHD proglem, we have
E=-vyx B+ j/o , and thus,

§ (-=x x B+ jjo )41 = - ddfdt on tube surface
which is the condition that lipks I, to x B

Using the differential equations and boundary conditions
shown in fig. 1(c), we obtained the results shown in fig. 2.
Fig. 2(a) shows the poloidal flux, 2(b) the density, and 2(c¢)
the toroidal field, at the peak of the toroidal field rise on
the tube boundary, These results are preliminary, in that we
have pot yet shifted to the correct time scale (our basic code,
written for pinches, deals with +5 us while the present problem
has a time scale of ~1G0 us), we have not understcod all the
seemingly anomalous results, we have not varied the inputr para-
meters or optimized them, and we are still dealing with a coarse
grid and crude gecmetry (e.g., the circular tube is replaced by
an octagon, etc.). JNevertheless, we see that (1) the poloidal
flux lines do close at the right locations, (2) the density
increases in about the same area, and (3) considerable toroidal
field is trapped in the closed peolcidal flux region. These fea-
tures indicate that the model as well as the proposed formation
scheme are operating in the right direction. More conciusive
~esults will be prorided at a later occasion.
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Fig. 2. (a} Contours of ¥ oat & yus,
(d) Contours of o .

{¢) Contours of X
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BIFURCATION OF TOROIDAL PLASMA IN A\ PCLOIDAL QUADRUPOLE FIELD

H. Ikezi and K. F. Schwarrenegger
Bell Laboratories, Muvt.,ay Hill, New Jersey 0797l

We have studied the effect of a poleoidal quadrupole
field on the elongation and bifurcation of a current-carrying
toroidal plasma. The experiment was carried gut by using an

argon discharge in a small tokamak wit™ the torvcidal field

w

t=2-SKG the major radius RD=11cm, the plasma curreat Ip=
2-5KA, T,=T =106V, and n=(3-17x10%%/cc.

The quadrupole field qu, which increases as a
function of time, is applied after the rokamak discharge has
settled. As B increases,.the plasma crossection elongates

qp
until Bap reaches a critical value. The photographs in Fig. 1
were taken from the tangential direction and show the plasaa
crossection. The crossection is circular when qu=0 [Fig. 1l{a)].

Near the critical value of Bq the plasma is elongated

P’
vertically as shown in Fig. 1ib). Theé elongation ratio, b/a,
reaches about 3, where b and a are the larger and the smaller
radii. The horizontal dark stripe at the middls of the cross-
section is a shadow caused by the quadrupole fieli winding.
When qu exceeds the critical value, the plasma divides in

;ﬁo within a few microseconds and each section migrates

toward the wall [Fig. 1{c)]. This splitting time i3 sherzer
than the resistive field penetration time which is about

20 -5, but much longer than the Alfvén time (0.03 .s:.
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We have measured the horizontal component of the
poloidal field Bp on the vertical axis, vy, which is crossing
the minor axis. Fig. 2 shows the profiles of BR, the
cuyrrent density J. and the safety factar q. The quadrupole
field is turned on at a time t=l. As qu increases and the
plasma elongates, BR decreases, which is consistent with
the theory for elongated equilibria. qu reaches the cric-
ical value at t=17 us. An oscillatory profile of By
indicating the existence of a magnetic island, is seen at
£=20 .s. The magnetic field reconnection occurs at this
stage.

We write the flux function of the quadrupole field

as

Y = %A rrcos 28, {1
where r and % are the minor radius and the angle around th=
TinoT ax:s, respectively: Strauss1 has shown that the
elongated equilibria are found when AlJ =AL/T,20.075. He
alsoe found that b/a=2.9 when A=a_
observed value of Acr is abcut 50% larger than the theore:r-

. The experimentally

ical value.
The addition of the quadrupole field to the vertical
field vields a large field index {the sign of index is

negative in our case), which constituzes an unstable fisld
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configuration with respect to the translative movement zlong
the vertical direction, No stable discharge has been optained,
if a DC quadrupole field is applied. We have also tried to
produce elongation in the horizontal direction. The experi-
ment has not been successful, however, because of the
positional instability.

The present experiment suggests some ideas faor the

.
design of a proposed spheromak plasma source” which requires

plasma splizting.

1. H. R. Strauss, Phys. Fluids 17, 1040 (1974).

2. M. Yaw.da et al., Bull. Am. Phys. Soc. 2 1022 (1979).
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Fig. 1 Photographs showing plasma crossectian,
{a) No quadrupole field. (b) Most elongated.
¢; After plasma bifurcates

S




-133-

.
o
O

~
_ 8
T T 77T

8

POLOIOAL FIELD, By 1GAUSS)

TURDIOAL CURR DENSITY,
4y (AZem)
-]

VERTICAL PORITION, ¥ (em)

Fig- 2 (a) Profiles of the poloidal field. The guadru-
pole field starts rising at t=0 and reaches the

critical value at 21" Ls, b, ¢

o
iy

e 31

factor and the toreidal current densi

(R 4

voge oT=l,



-184-

Start-up Scenario of Compact Tcri Based ¢n FES-injection

Developed ir SPAC-group

Kazunari ITkuta

Institute of Plasma Physics, Nagova

Quasi-static start-up of compact tori without torcidal
field coil is reviewed thoroughly in a proposal of the S-1
sphercmax. During the Zormation phase we shoulé note that

the rapld deat loss from the plasma will give a bad eflect

Zor the generation of the cenfinement confiquration.

In the case of fast start-up of the configuration plasma can
safely pass over the dangerous state of the instability
towaré the desirable stable state with a bonus of producing
hot plasma.l) By this reason it is intended to discuss a
fast start-up scenario of the compact tori based on REB

. . . 1
niection developed in SPAC group. )

Well~-Xnown coaxial plasma cun is assummed, tarcoughout
in this story, to act as a injection chamber of RE3 when the
gun is working. Consider a coaxial plasma gun with a third
electrode which is a REB ejector. One of the arrangemenc
is shown in Fig.l-a. A low temperature plasma iisc is made
to drift toward the end of the inner electirsde. As soon as
the disc reaches the end, the strong pulse -scltage is
applied to the third elactrode in order to eiect the REB
which propagates along spiral lines of Zorce to zhe Zdisc.
As soon as the REB is =rapped -n the disc plasma ‘Fiy. I1-o.,
it heats the plasma rapidlv. 2As the RE3 together wizh the

hot plasma emerges cownstream Srom the end o =he innmer

AR Y g T
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electrode the RE3 ring is formed and setxled in as shown
in Fig.l-c. Aftar adjusting and improving properly the
parameters Qf the plasma thus formed the confiquration

2}

could work as a reaciosr, The impurity problem must be

solved in this device.

1) a. Mohri et al: in Plasma Physics and Controlled Nuclear
Fusion Research (Proc.7+h Int. Conf. Inusburg)

2} X. Ikutw: Jpn J. Appl. Physics 19(1980) in press.
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THE SPS-COMPACT TORUS EXPERIMENT -

A. DeSilva
Department of Physics and Astronomy, University of Maryland, College Park,
Maryland 20742 :

I. Introduction

Balancing the apparent advantages of the spheromak configuratiom as a
potential reactor are the difficulties in creating such a configuration in
the first place. In particular, creating a toroidal f£ield without material
conductors threaading the torus is a nontrivial exarcise. We r.opose here a
scheme that utilizes an intermediate energy storage within the plasma in
the form of ordered kinetic energy, that may be released to drive poloidal
currents and chereby create a toroidal wagnetic field. The scheme 1s seen
as a means of obtaining, in a short time, a spheromak configuration
isolacted from external current sources, for study of basic stabllity proper-
ties.

The proposed scheme rests on some unpublished observations in rotating-
plasma machines made in Berkeley in the early 1960's, and on subsequent
work on normal ionizing shock waves performed at Columbia Universityl»2,?
and the University of Syd.ney."'5 In order to describe the propesal, it is
necegsary to first describe briefly the properties of the normal ilonizing
shock wave in a cylindrical geometry.

Ii. The Normal Ionizing Shock

Figure 1 shows the shock and driver schematically. A steady axial hias
magnetic field is initially applied. Application of a high voltage pulse to
the coaxial electrode structure causes the gas to break down, and a radial
current flows near the end insulator. This current ionizes the gzs, aid
through the j xB, body force, sets the plasma into rotation about the tuie
axis. The current front advances at constant speed parallel to the tube ‘
axls, leaving behind a rotating, nearly fully lomized plasma. Typically the
rotational kinercic energy per icm is about equal to the ionization emergy.
Such shocks have been studied extensively.Z:",

II1. Compact Torus Initiation

The compact torus is to be created by utilizing a reverse-bias theta :
pinch to make the poloidal fields and to perform plasma heating, with the i
normal iomizi-g ghock used to initially ionize the gas and to make the !
toroidal By field. TFigure 2 shows schematically the sequence of events.

Ionizing shocks having opposite polarities, and therefore the same sense of
axial current flow, are driven from both ends. The uapublished work
referred to fn the introduction concerms this phase. It was observed in
Berkeley that simultaneous application of opposite polarity potentials to
the end electrodes in such a geomerry did indeed lead to the creation of
oppositely-directed shocks. Un{ rtunately this ohservation was uot pursued.
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As the shocks approach one anocher, plasma energy is stored as rota-
tional kinetic emergy. 4t the time cthe shocks meet in the center, fuses
open the driving circuits, leaving the plasma without external current
linkages (Fig. 2b). At the midplane, the opposite potentials associated
with the rotation short-circuit Iin an internmal crowbar. Since Ep goes to
zerc, vg must also go to zero. The informacion thac Ep and vg are zero
at the midplane 1s carried axially cutward by MHD shuck waves with a
poloidal current structure as in Fig. 2b. The radial current flow in the
shock front provides the impulse that halts rotation, and the kinetic
energy of rotation is couverced to By magnetic field energy. The process
is analogous to the short-circuiecing to each other of two freely spinning
generators, with the result that a large pulse of current is driven and
the generator's kinetic energy couverts to fileld energy associated with che
short=circuit current.

As the MHD shocks propagate outward, the reversed theta piach is
rapidly applied, compressing and trapping the plasma through field line
recornectlion ac the ends (Fig. 2¢).

Iv. The SPS Experiment

A schematic of the experimental apparatus is showm ia Fig. 3. Initial
experiments are directed at determining whether the sequerce ‘f events pos=~
tulated in Sectiom II will work out iIn practice. 1If so, a theta pinch coil

and capacitor bank will be added to the circuit to complete the necessary
set of drivers.

V. References .

1. W. B. Kunkel and R. A. Gross, in Plasma Hydromagnetics, ed by
D. Bershader (Stanford U. Press, 1962).

2. B. Miller, Phys. Fluids 10, 9 (1967).
3. R. T. Tausslg, Phys. Fluids 8, 1616 (1965); 3, 421 (1966).

i. M. H. Brenmam, J. A. Lehane, D. D. Millar, C. N. Watson-Munro, Aus. J.
Physics 16, 340 (1963),

5. R. C. Cross, R. 4. Gross, R. W. James and C. ¥. Watson-Munro, Phys.
Flufds 11, 446 (1968).

V1. Figure Caprions

Schematic of coaxial driver for normal iomizing shock wave.

[

(5]

Sequence of events to form toreoidal magnetic field. (&) Normal ionizing
shocks are driven from each end. (b) Shocks meec at midplane and
internal short-circuit occurs. Simultaneously, fuses open up external
circuit. MHD shocks propagate axially our from midplane, with radisl
current at shock fronts rerurning via axial paths along the tube axis and
near wall. (c) Application of reversed 3, field bv theta pinch <oil
sets up poloidal field by reconnection at ends and some compressional
heating follows.

3. Schematic of experimenc.
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MINTMUM ENERGY EQUILIBRIA
A. Reiman and R. N. Sudan

Laboratory of Plasma Studies, Cormell University, Ithaca, Mew York

Tayler's theory of the relaxation of toroidal plasma discharges has
accounted remarkably well for the experimentally observed behavior of toroidal
z-pinches [1]. His analysis also leads to particularly stable magnetic con-
figurations which have served as the starting point for work on the speromak
[2]. We present here a corrected version of Taylor's analysis, including a
term improperly left out of his expression for the energy of a force-free
state. We also present force-free equilibrium solutions in cusp and higher
order miltipole external fields. These are to serve as the starting point
for a study of mocdified spheromak configurations having improved magnetic
field line curvazure.

Taylor's prescription is to minimize the magnetic energy,
2.3

) B dx, 1)

v

subject to the constraints of global flux conservation and conservation of

W=

=

K= a8 &x. )
In Eqs. (1) and (2) the integration is ogver the plasma volume, with plasma
boundaries assumed rigid. From the method of Lagrange multripliers it folluws
that the state of minimum energy must satisfy

7x B =B, £3)
where u is a constant independent of position. This is of course a necessary
but not a sufficient condition for minimum energy.

Zquation (3) has an infinite set cf solutions. Taylor gives an expres-
sion for the mest general solution in a large aspect ratio torus of circular
cross section (1}. We want to know which solution has the lowest energy,
ccnsistent with a given initial value of K and of toroidal flux. Integrate
by parts, using Eq. {3), to express the energy 'n terms of X plus a boundarv
term,

am [ 8wz e [ ok, )

Here V denotes the plasma volume, S is the surface of che plasma, and 1 is a
unit vector normal to the plasma surface.

Taylor expresses the energy difference between two solutions corre-
sponding to the same K as Wy-W = (1/2)(uy-up)K. FHe then minimizes the
energy by finding the state of lowest ., His expression for the snergy
dirference is incorrect. The surface integral in Eq. (4) is in general a
nenvanishing Amction of ..
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We evaluate the surface integral in Eq. (4) explicitly, using the general
sclution to Eq. (3) given in Ref. 1 for a torus of large aspect ratio and
circular cross section. The torus is represented by a cylinder of radius a
and length 2rR, with its ends identified. The result is

We (/2 (R/a) YRR{G/R) (R + 3 i)/ (ua) ] )

Because our expression for W is not a monotonic fumction of u, as was
Taylor's, the determination of the minimum energy state is now more compli-
cated. Although the analysis using the correct expression for the energy is
considerably different in some respects from that of Taylor, it yields the
same minimum energy state for 2 large aspect ratio torus of circular cross
section. Because of the dependence of the boundary temm on u, this temm
camot be removed by a gauge transformation. Whether the boundary term can
alter the minimum energy state for some other geometry is at present an open
guestion.

Now we show how to find the state which minimizes Eq. (5), subject to
fixed ¥ and ¢ [3]. In addition to satisfying Eq. (3), B must also satisfy
the boundary condition, By = 0 at T = a. Them =0, k = 0 solution has By =
everywhere, and thus always satisfies the coundary condition. (Here m is the
acimuthal mode mmber and k the axial wave mumber.) Ifm# 0 or k # 0 the
boundary condition gives an eigenvalue equation.

Cnly the m = 0, X = 0 mode ccontributes to ¥. The amplitude of this mode
is therefore Jetermined by ¥,

bo = pu/[2ra Jltua)]. (6)

Once we fix tn in this way, we automaticall: satisfy the constraint on 7. We
need only minimize

vl (a/R) (/¥7) + Jy(wa) /T, (wa) ], )

Via)
subject to a given value of
el
x = (&/R)(K¥9). ()

Cnly the m = 0, k = 0 mode contributes o the boundar’ term of Eq. (4).
We therafore consider first the pure m = 0, k = 0 mode. In Fig. 1 the solid
line is a plot of V{ua) vs. =(ua) for the m = 0, k = 0 solutions. ror each
value of 2 there is a discrete set of ua consistent with them =90, k =0
mode. The lowest such value of ua corresponds to them = 0, kK = 0 ; de with
lowest energy.

Now suppase we superpose a discrete eigenmade on the m = 0, x = 9 solu-
tion. Let the coefficient of this mode be by -valuatmg for such a =ode,

we find thav it is of the form a(ua) = agf{ua) + (bm/bg)?2 o, k{=a), with o x> ‘0.

23 by goes from 0 to =, with u fixed, a goes from ag to =. V¥V increases 1in-
early with increasing . In Fig. 1, each such mixed state would correspond
tc a straight line originating on the m = 0, k = 0 curve. The four dashed
lines ‘a Fig. 1 correspond to four such solutions.

Nl
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The lowest dashed line in Fig. 1 corresponds to ua = 3.11, which is the
lowest discrete eigenvalue. This line clearly lies below the solid line, so
the pute m = 0, kK = 0 mode is imstable to the ua = 3.11 mode when it can
exist (that is, for x > 8.21). The lines corresponding to all other discrete
eigenvalues lie above this one. We thus arrive at the same conclusion reached
pv Taylor,

Cur derivation of the minimum energy state has been specific to a large
aspect ratio torus of circular cross secticn. Are there geometries for which
the minimso energy state is not the one with lowest eigenvalue? We don't
know at present. A rough estimate indicates that the ratio of the bowmdary
tem to uK is of the order S/(uV), whers S is the surface area of the boundary
and V 1s the plasma volume. This suggests that the boundary term will be most
important for a geometry with large surface to volume ratio. We are led to a
stucy of tori with noncircular cross sectiom.

The eigenfunctions of Eq. (3) subject to the condition Ben = 0 at the
boundzzv have recently been determined for a large aspect ratio torus of
elliptical cross section [4]. We can use these solutions in determining the
state of minix:n energy. Th» eigenfimctions corresponding to the continuous
part of the spectrum are now sums of products of Mathieu functions. We have
verified that again the discrete eigenfinctions do not contribute to ¥ or to
the bowndary term. This allows us to carry through our analysis exactly as
for a circular cross section. We have expressed W(pa) and V(ua) for the
continuous sigenfimction as a sum of integrals over radial Mathieu functions.
These expressions are being evaluated numericallyv to produce a graph corre-
sponding to that of Fig, 1. The mixed stares with fixed eigenvalue will
again produce stra:.ght lmes on this grapn.

Finally, we turm to the problem of improving the field line curvature cf
the spheromak. Our motivation in deoing this is to improve the stability of
surface modes and to increase the 3 allowed by the ‘ercier criterion. Previous
work on improving the spheromak stability has focused on the introduction of
a hole to improve shear [5]. Our approach is an outgrowth of recent work on
svstems with mass flow, .

It was shown by Woltjer that the force-free solutions with
Vo= 3/VI‘2

represent a minimmm energy state for a plasma bmmded by an infinitely con-
ducting wall, subject to the constancy of K and of [y v-B d>x [6]. Stability
to surface perturbations, if the boundary is no .onger assumed rigid, has
recently been established for such a system in an extemnal cusp field {7].
This suggests that in the absence of mass flow, too, we studv force free
equilibria in cusp-type external fields. We have constructed analytic equi-
librium solutions of this tvpe, for use in studies with and without mass
Tiow.

We work in spherical coordinates, treating the plasma boundarv as a
perturdation about a spnerical surrace. The boundary is thus given by


http://elliptic.il
http://mini.-T.rn

[T
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T =1, +ar(d),
where Ar << rg is assumed. The general solution for the poloidal flux func-
tien is
3 = £ gin?
pin T W
inside the plasma, and
] o ein2 2n 1 bm 5 .
bp vac sin”8 1'% [E*-I I'm+ - FT ]Pm(COSE)
in the vacuum. Here P_ is a Legendre polynomial, j_ is a spherical Bessel
function, and we have ¥ssumed axial syrmetry. m

3 é cmPﬁl(cose)jm(ur)

A vacuum cusp solution with the field coils far away corresponds to
having only ap # 0. Requiring ¢ jn = 0 for & = 5,2, we find that the
interior solution can have only even modes. Beginning with only m = 2, we
progres.ively add modes until we get the kind of solution we are seeking.

For only ¢z # 0, the boundary is spherical. The matching external solution
has only a2,b2 # 0, and is a cusp at large r. Adding c4 # 0, c3 << c3, makes
the surface cblate or prolate. With ¢ # 0, C4,Cg << C2, we can choose the
coefficients so that o7 = ¢ cos2g sinZ€. This gives us the qualitative
behavicr we seek. It matches to external modes havingm = 2, 4, 6. If we
wish to sharpen up the corners further, we can do so by adding more modes.
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ICMPACT TORCIDAL PLASMA EQUILIBRIUM AND IMPLICATICONS CN STABILITY

Jecrge X, Morixawa
Couranst Ianswitute of Mathamatizal Sclznces, New Yark University,

A
Niew York, New Ysprk 12012

The very enthusiastic interestT and activity during the past vear or
50 in compact toroidal plasma containment is gratifying to those of us
who have been studying various low-aspect-ratio configurations and
devices fcr a number of years. From an experimental viewpoint a desir-
able feature of compact-torus studies is rhat velatively small-scals
wa*k-1g devizes are apparently possible [L! and zhis Sorrunate stata-c?-
rs mav hold up to breszk-sven fusion statas. This hapry ;cssibili-
1z in striking contrast o the prasent developmen< of the naxt zeneration
:f zokapak-T;pe mackines wish large axvarmal poloiZal current—carryz:g
zzlls surrcuncéing 2 torsidal plasma contailer

my sariisr 2] and present studies indicara that some
cantizn 1s necessary in the onegoing process of peducing the exterasal
“oroidal magnetic Fiall B, %o a small value In compact Tight *cruses;

iz fact Doth rresens theoretical and experimerntal spheromak studies
zzparently heooe to 2liminate this field zompletely. Such configurations
a2y be feasible fopr reiatively fast pinch-type low 8 axperiments and
smeid guns; but for fuTtyre longer~liasting nlgher 3 devices, aibeiz in
Teder ate 3 ~aramagnetis regime, Srovision *or some ﬂx*erraT 3_ is

necessarvy carticularly as the diamagunetic regime Is aporoached. "To
s53vissy thls modes; 3. reu;z-ement e only need s provide an sleetri:z
surrent 1. along the ma ‘or axis with the indtial flexidility of using

s 3 E.C
her 13 s:rai~ht material cenducTor or straigh= charged Seams.

The zresent discussion is Iimited primarily <o =he clsse relatizn-
seTdean. <he Slasma-current-density distribution (mostly peleidal o )
zh2 need for an 2xTernal axial cursent Iy To frevent unresl si1g; i
siasha or sliasma-vacuum iarTerfzce. Consider vie zen
in Tig. 1) ;k;ch is relavad to sgheromaks; <he =oroii
: is omlual¢j in che Zoublile-cross-hatched region, and
ingie-cross-natched region represents a toroidal vacuum (or force-fyes
ressureless plasma » = J) region between the spherical separacrix

'b¢us =hz major axis) and th_ plasma. For axialliy symmerric magnewonidrc-
rramiz (50) 2auilibrium (3( )/38 = ) in spherizal polar cocrdinates,
<he xagnetic f£ield im terms cof the goleifal Slux funetion ¥{z,3) is

wy

() l3) 49), _ = M . .
(570,277,277 = 3 5in 9 1:: Yy i Z(“_‘ &

-
= w(®)-gix"y iseparablsa); znd alsc
«I'(Y: = av, where M 15 <he csloifal curvent

5 The flux funceion wvalue 2 the tlasna-
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vacuum interface. We chogse ¥ = J an the stheprical separatrix and along
the major axis and ¥ > §< in the intarior of the plasma with ¥ artaining
{ts maximum value or <ha magnﬂt;c axis. Ia addition if we choose the
clasma sressure » = x{¥- $<) =ie slectric current densi<y Is

T e (80 s00) 500

= Lrvpuyea@) avpuyoa®) L el 20002, L 1.3t
= {- ()2 a1 (¥)eB Y SIS (ks 0“sin®s + T.2'¢(¥)] (2)
where x is the Cressure parameter; and

ey = A . At . (3)

(22 + ae? - g*t/?

o particular for ¢ = 0 (ar p = 0) the current densircy is

-+
F=17(v).B (1)
where i = 1= 22,2, the lowesT eigenvalue; the dressurelsss zlasma Is
moierataliy ;a'=magne.i . Initially <his force-free~field configura-
<icn was studiad with 2. S. Gardner as a possibl2 moder for 2 megagauss

magnet. lfow in any viable plasma ecuilibrium configuration we reguirs
that the mzgnetic field be bounded (nonsingular). Them for any 38 > 0

{ar € > J) <he nature of the current-densiry distribution J ziven ¥ (2)
depends arimarily sn the structure of I'(¥) shown in (3); this is partizsu~
larly so for thée gressureless plasma. ?r f +als factor mainly
affesrs <he pecloidal cemponent J_ = J(D M) In the entire para-
magnetic regime A > 1 >0, J, has 2 s-"gularlj high value for I, = J and
¥z 32, Jhen 3 is increased intc <the diamagnetic regime A < 3, I(¥)
Secomes unreal unless Ip > 23 and <he required I, rapidly Deccmes
axcassire 38 B s increased (cf, Ref. 2 and sarlier werk sited sherein).
In adéitisn  <he Topoidal zuprent density J € changes sign (clasma
current raversal] in the diamagnetic regime as 8 Increases.

=hera will e a severs restricrion =n £ for campact <orsidal 24
in the <iamagnetic regime; ¢cr*uratelv the useable range oF 3 Is zbcut
2232 <1/2, Ir the transigion region Setween zhe :a“.na:re-;: and

d;aragnﬂ';: regimes ill < 2%/4 an analy*tic st;dv sflagul
Tizus with slightly anisotropic :rﬂasure (3, 2 3, 350 2
using the gu¢_iag-cent-r-f‘u1d (37} Formulatiorn. Far 4 = 2 <he lowes:T
order vlasma boundary (for ¢ £ 0) can -& a srolate or cplats spheroid
depending on wherher Dy > Py O vy < 3y (initially studisd wi
J. Sobrott). However for i x 1 (oaramagne‘ic) soherizal zlssma beundary
can be naintained for = 1Y Z og ;3 2ad The rreceding YED arguments fer

J < § << 1 appears to be valid in the full Jaramagne
Tma Implizcaticn of these GCF calzulatiens is zhat a small (duv
;r:'a's-c:-ate osciilatiag MMD mode is swable im <his caramagn
=lcn region; and an astimate on the recuired size oF I, chTalrs.

ey —

-y
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briaf discussicn with a snort descrizticn of a2 mcre
sompact zlasma confinement sonfigurasion (inditiaved wixh

and Tyar Yeh) for future consideration (Fig. 2). Trom zhe

awpoint 3% 2 possidla "sready-state” (2r slowly 2scillating a) razczor,
*hs introduction of a center ring-coil tc sroduce a spherical (or spheroid)
vacuum nole o radius p = @ may have denafits which override the increased
design compiaxizy. Aside Srom the advantages sratad ia Ref. 2 sther
Senefifts 55 an a-vacuum hole are: (1) The configuration will fe staadied
from glcbal disturbances such as vertical, siceways and tilting metions;
for example these movements can arise when ring plasmoids are fed axially
into the main body of plasma periodically and ring impurities are rejected;
and (2) the plasma remains paramagastic for larger 8 with increasing s,
fecpeasing the I0 reguirement.

a

near

2¥ compact tiroidal coafigurations with plasma-vacuum ilaterfacss
Vuzmerical computations may invelwve a combined Zularizn-
farmuiatizn =y handls the Srae boundary and tc 2hcose Ths proper

wum Slux surface To logate tha shaped axtarnal current-carry taraidal
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RADIO FREQUENCY FLUX CONTROL OF TOROIDAL PLASMAS

£L
Sanae Inocue and Ximitaka itoh’
Tasticute for Fusion Thaory, #Hiroshima University, Hiroshima 730, Japan
“Japan Atomic Energy Research Inscriture, Tokai, Ibaraki 319-11, Japan

One of the most impercant problems in thn research of thermonuclear
fusion is how we confine inhomogeneous plasmas in the stable state. The
series of experiments in the world hasg been showing that the plasma suf-
fers from its anomalous cross-field tranmsport, parctizulcrly in particle
and electron heat losseg, Thera has been much work done to try
to understand che anomalous lcsses. A spontaneous excitation of the waves,
which is the consequence of instabilities, i. believed to be a cause of
ancmalous loss mechanisms. Thia anomalous trans -ort mechani.an, however,
implies a possibility to control actively plasma counfinement by RF waves.
We have proposed a concept of Radlo Frequency Flux Control (RFFC), a new
scheme to control plasma losses [1].

The basic c¢oncept of RFFC 1s to drive inward plasma fiuxes by supplying
the momencum via waves so as to compensate the outward fluxes induced by
iuscabilicies. The particle fluxes and electron heat flux due to arbitrary
low frequency electromagnesic (EM) waves are given as [1,2]

w FRyt-n L - . ivko . 2
R Im (LK |F 4 B - —~—B_| (1)
- e VI lkalv VTiknlv ¥y ke ox ¢ z
e (-3
ecn uy ey w = kng 0 [ lvekse'
0 = f 5 m Z( ) (2T tm(p— - w HE+ » - ==
. e izlkélve /E!k"{ve v we X c

wpere x-axis is taken in the ~ ~ection of gradients, and other notations are
stindard. The general expressi . of che partiele flux, i.2., g = (c/B)Re

( EEQ)é-llc = x 3] + (¢/B)nE,, electron hea flux, emergy and Tomentum balance
equatioas including -the magnecic flucruations B, teras are obe ined .n Ref. 3.
Ccncerning the fon purticle flux we have also demonscrated that the Ion
particles follow to electrons so as to maintain the ambipolaricy ¢f the
particle flux in the presence of anv low frequency electromagmetic waves [2].
Due to a strong dependence of the fon deat flux on the nonlinear effect, for-
tunatelr, ion hest loss flux remains small [4].” Therefore, we should consider
the particie fluxes and elsctron heat flux. The equations (1) and (2) are
sayiag chat, by tite proper choice of che RF waves which satisfy the condition
(Lytkou=u)k < 0, i.e., the wave momentum is absorbed 5Y electrens via landau
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resonance near the resonant surface ir the plasma column, the inward fluXes

are to be obtained. The plasma fluxes, as far as a quasilinear approximation
is used, are proportional to the fluctuating amplitude of the ?aggllel electric
field which particles feel, [Z® = !E, + (2/Ls)E,i2 = | (ki/R)T2IE, + (w/kyE)
By - (ivekse/c)aziz, and the wave particle resonahce rate, namely, the momenZum
ané the energy exchange rate between particles and the waves.

The total plasma fluxes, firstly neglecting the nonlinear inceractioms,
are given by

Tx =Ty (anomalous) + Fx(RF) 3

Qx = % (ancmalous) + Qx(Rf). (4)

Ia RFFC schewe, we irduce the negative diffusions of particle aund heat
fluxes.

In order to untilize RFFC, we have to examine various kiunetic RF waves
one by one to search out the optimum conditien im parameters such chat input
scwer, frequency ranges and wave numbers, taking the plasma energy and mcmentum
Yalances corTectly into comsiderations. We examine the EM low frequency R®F
waves to study the efficiency and the optimum condition for RFFC scheme,
solving the radial propagation equations and show its accessibility and de~-
pendences of induced fluxes, T, (RF) and 0 (RF), om the wave scructures.

Ye have basic equatious for RF waves in current-carrving finite-3 :vlin-
drical plasma 1n sheared magnetic field, which are the same as for drift-tearing
and EM-drift waves [3]. The resonant surface must be inside the plisma columm.

we laugch a MHD shear Alfvin wave at the plasma adge r = a, demanding E.,

= (0, which propagates into the plasma. The kinetic interactions become in-
ignorable in the region [k,vij/wi £ 1. Im the region }k"v%/mf < 1, the wave
turns out to be kinetic drift-alfvén mode exciting outgoing dri-t modes. Due
to strong ion Landau damping, in-coming drift waves are suppressed. Wich
these boundary conditious we solve the propagation equations, dividing the
plasma columa inco MHD and kinetic regions [5]. The radial wave structure
and the excited fluxes for the paramecers w = 3“*1' m = . and n = ! are shown
in Fig. 1. One s2es the wave accessibility and that the centrolisble fluxes

can be induced at arbitrary magnetic surfaces by
RF waves with shary spectrum, 4 broad spectrum
one, on the other hand, gives rise to fluxes in = qray=a.2
the whole plasma column [6). The required power R o8
of XF wave for particle confinement time being o gia)=hld
twice larger than the one without RFFC can be 3
estimated. The rate of RF heating vhich is =
simultaneously caused by the RF wave can also L
be calculated. s

(=

Qx’rx
0.3
e ) ral
-~ -
ST Inmp

&3



~199-
In coneclusion, the plasma parameters are improved through the reduction

of the lossaes and the incremenc of che iaput. We thus have additional Iree-

dom by RFFZ scheme to optimize plisma confinement; one finds the possibilicies

to control cemperature, density and current profiles, impuricies, scrape=off

and boundary plasmas and the global stabilirty by employing RFFC.

The aurnors thank Drs. 3. Yoshikawa, T. Takizuka and X, Yisnikawa for
discussicns. Work partially supperted by Crant ia Alds for Scientific Re-
search »f MOE Japan.
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Field-Reversed Configurations:
Theoretical Considerations and Reactor Applications®

Gearge H. Miley
Fusfon Studies Laboratory, fuclear Engineering Program
University of T1linois, Urbana, [1linois 61801

Tntroduction -- The Mgotivation

A major motivation for studying compaes zor»< (C7) is the desire for a small

jow-capital cost fusion plant with easy access for maintenance. Access is

achieved by having plasma currents produce most of the confining field, reducing
external coils. Small size is achieved by the combination of high-B and ¢losed-

field confinement embedded within an onen-field to form a natural divertor.

The potential advantages of a smalil power nlant require comment. For a
capisal intensive plant, "economy of scale" dictatas that the alectrical
output cost in S/kW-hr decreases with size. (Size limit: ~ 10-20% of
network capacity). Consequently, some CT cencepts run the risk of being
top small <o be economical! Still a low capital cost pilot {demonstration)
sniv gould significantly speed up fusion developmeni. This suqgests an
important, if nQt essential, feature -- that increased power is possible by
additien of madules [1]. This has the dual advantage that the pilot unit
would provide a test of the basic module while the desired sizing and
improved economics would be achieved by mass production of modules [2].

Another desirable feature of the £T concepts is that their high-2 -akes
them candidates for burning advanced fuels. Smaller plants .re most
Togically Tocated near the user, reducing transmission costs. Such siting
would require relatively clean_units, suggesting the concept o7 a satallite
slant burning fuels such as D-"4e [3,4].

In summary, T concepts should be judged on their ability to achieve:
s Small size with possible modular addition; » Easy maintenance (minimum ob-
structing coils); e High-3 (Favorable pewer density and extension to advanced
fuals).

Reacrtor Concepts -- General Cgnsiderations

A 2T .eactor contains three basic components (Fig. l}: formaticn, heating
and burning zones. Reactor designs either incarporate these functions into
3 single chamber or use a linear configuration based on the moving ring or
plasmoid concept. Examples of static burn-chamber designs are the FRM con-
cepts (4,2] and raeversed field pinch (RFP) reactors (10, 111, while linear
configurations include the moving ring FRM (6], the moving plasmoid heater
(MPH) [7-9] and the ion ring compressor (IRC) [12]. The YPH differs from
~he ather concepts in several respects, including the use of injeczion
heating rather than compression.

Typical reactor designs ares summarized in Fig., 2. FRM anc RF:? con-
cepts are guite small (< 10 M, per moduie) cue o0 finite Lamor ragius
7z12) stabilization tneory which is “hought tc require the S-factor !slasma
radius/ion gyro radius) o be ¢ & 113,137 (a “undamental issue requiriag
wuch more study). In contrast, the Spheromak and RFP, being described by
HHD theory, cover a range of larger sizes, Ctxcept for the FRM, all T
corcents to date have fnvolved pulsed ogeration.

=ihiork Parfarmed for EPRI {Contract 845-1} and JNE {ZY¥-75-5-02-2213).
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Figure 1. B3ASIC T COMPONENTS

Formation Heating Burn Chamber
Rotor ( e Iun Ring (IR)
~ ¢ Field-Reversed Mirror {FRM) Injection ff?ulsed
FLR |
¢ Reversec-Field Theta Compression | Steady-Stata
Pinch (RF3P) ! <
¢ Reversed-Field Pinch (RFP) Ohmic | {refueling/
MHD deashing/energy
o Spheromak (Spk) RF racavery)
Figure 2: REACTOR CHARACTERISTICS
Pawer (Mdg) < 10 130 - 300 306-1900
“al. Rad. (=) < 3.3 l1-5 6-12
Plasma 3 1 0.3 -1 0.3-0.5
b
. Fad [4,5] 0 - - - - - - - Spk [8,9] » - - - -]
; MRFRM [6] - e - e - - RFP (19,117 - - - - - i

i MPH (RFeP) [7] - IRC [12] - - - - ,

Reactor Concepts -- Examples

We briefly review four illustrative examples of (T reactor concepts. :

1. SAFFIRE: a guasi-steady state FRM

SAFFIRE is a D-3ue fueled FRM designed as a pilot urit for satellize
operation [3,4). It is quite small (see comparison wi.h 2X-Il in Table 1l).
Peversad-field targets genaratad by a conical pinch coil are first built-up
in density and heated by neutral-beam injection. Then, a quasi-steady state
ourn is achieved using the three features of Fig. 3. Because o7 SAFFIRE's
smail size (radius ~ 20 ¢m), cetailed Monte Carlo studies 715,16] of fusion
aroduct (fps) heating were done. Despite the small fracticn of fas confined
in the closed field (~ 10%), significant heating is obtained from fns that
zirzylate through both cpen and closed regions. Thus, ~ 50% of the 2lzha
energy (protons ~ 20%) in SAFFIRE goes into the closed-field alasma,
aporoaching ignition. Indeed the S5-factor is the key parametzr: for S = 3,
an energy nultiplication (Q) of ~ 5 would result while at § = 15 ignition is

predicted.
Table 1: PILOT UNIT PARAMETERS

SAFFIRE 28-11 i

b

Avg. ion, elect. energy (keV) 30, 63 29,4 !
Max. Magnetic Field (Tesla) 5 !

Plasma Volume (Liters) 30 25 ;

Fusion, Met Elect. Power (M) 1.2, .32 -
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Figure 3: SELF-SUSTAINED 17772z CONCEPT

!
s Cold fueling maintains pressure profile/diamagnetic currentl

o Fusion product heating supplemented by auxiliary heating

s Cold nlasma blanket ,rovides divertgr/enargy recaovery :

2. Soheromak Moving Plasmaid Reactor {SMPR)

Preliminary studies of the SMP? were carried out in support of the PPPL
Spheromak project to establish a passible operating "window" using moderate
technology assumptions [8]. Physics assumptions are listed in Fig. 4.

Figure 4: S54PR ASSUMPTIONS

i s Creation of MHD-Stapnie, Reactor-Scale Plasma

I 8 Stabilization of Tilting Mode by Conducting Shell
I

! & Qhmic Heating to Ignizfon

| o Marginal Internal-Mode Stability During the Burn
!
|

o High-Efficiency Recovery of Magneric Energy in Plasma |

% modified PE3T code computad equilibrium at each time step during the burn,
27asma Toses being assumed at a rate to satisfy stabi.ity reguirements. The
: was ootimized using an ellipticity of ~ 0.5, a “lattened current profile
and & center hole of ~ 10%. The “window" found s listed in Table 2.

Table 2: IFE “WINDOW"

3 ¢33, <8 Tasl2
2.5 < a < 1.2 neters

1.3 Crga1riro, <2

.
¢

¢ 13 < ipq €350 ses

)

s 100 € Ppap ¢ 1360 W

3. A "Compact' Reversed-Fialag ?<nch {2F2)

4hile prior reversed-field aiacn /3F3) ~asacsor siudies _15] zsncen-
srated on larger reactars {2-300C “W.p), zhe 3F32 coulz zetential’
an 3tsractive small reactor. It scerates 37 a'gn 30> M~usea’-fh
w"h ar51 rary aspect ratio reing stapilized ay sner an- "
i cn is by ochmic heating; aoera<ion is i1 1 "gng 2. 3. 2
-h eisner a bHatch or refuelad ourn.

3 3-°luid, 1-D code \RFDBP I} C1T. .1 usad da ceioe tazioses

igsad nhere %o seex a small RFP (-~ ‘UC 1un4 desian sarmec marsl siyttas

reciits (Teble 3} indicate that, sven with 3ohm-1°ce -z~ cong,mTonn, 2

reasonaple energy Jain factor can be maintained. Larzer sanductesn 33388

tecessi-ate higher dansitias ang larger 3-fielas “or f3nte-2n, =23, 773 -
shorcer 9Surns. 5till, the CRF? cONCEDT appedrs ta warriant f,~—-~e-~ 37,74
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Table 3: COMPARISQM JF CRFP AND PRICR DESIGHS

“targe" RFPR [10] CRFP
first-wall and Major Radius: r (m), R{m) 1.5, 12.7 D.75, 6.35
3urn and Cycle Times; tg(s), tc(s) 21, 26 10, 15
Total Th. and Elect. Power, Py (MWen), P(Mg) 3000, 750 628, 130
Q, = (fusion energy)/{ohmic & field energy) i: 10

4. fReversed-Field Theta Pinch {RFSP) Moving Plasmoid Heater {MPH)
oncept

Jreliminary studies suggest use of the MPY concept for RF3? operation
s oateatially attractive with ~ 10 MW, output using a 0.5-m drift tubte
with 2 = 0.15m, and B = 3 T [7]. A key component is neutral-beam-assisted heating
which also builds up reversal currents and, most importantly, controls rotational
instabit:>ies [20].
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THE HOLOMAK — A TOROIDAL SPHEROMAK

Thomas H. Stix and Alan M. M. Todd, Plasma Physics Laboratory
Princeton University, Princetom, New Jersey 08544

ABSTRACT. Recent spheromak srability analysis favors a profile of plasma
current concentrated in che toroidal core of the spheromak, with very low
current density (and correspondingly low temperatures) in the reglon imme-
diacelv about the major axis. Considering a foroidal (rather than spheroi-
dal) spheromak cherefore produces little change in the physics, but the
existence of a permanently accessible central hole introduces major options
in cthe reactor engineering. The "holomak" geometry (from holos, Greek:
whole, safe) {s a low=|q| toroidal pinch which exploits these options:

*A close-fitting toroidal stabilizing shell,

*Divertor capability,

*Tokam:x~-type Ohmic heating transformer.

*Tokamak~=type start-up with finite toroidal field, a quadrupole or
hexapole null in the poleidal fiald, and protection from impuri-
ties by a large scrape-off region.

*Programmed toroidal field. The sctabilizing shell also serves as
a transformer-coupled one-turm toroidal field coil. In a reactor,
a non-superconducting shell could provide a2 medium-strength
temporary Eleld for scarc-up, {ollowed by a weak forward or re-
versed f£ield, all with low energy dissipat?on.

*Magnetic shear profile adjustable over a broad range.

*Spheroidal blanket.

*Axial disassembly.

Engineering features which would be eminently desirable in the .

apparatus for a CTR reactor include axial and/or radial disassembly znd a
spheroidal blanket. With torecidal magnetic comfinement, one alsc locks for
nigh beta, closed magnetic surfaces, high shear and, pessibly, divertor
compatibility. Satiafying these criteria are spheromaks and lou-!q[ toroi=-
dal pinches. The latter correspond exactly to the toroidal "core” portion
of tie spheromak, but the existence of an actuwal accessible censrazl hole
permits a close-fitting toroidal shell, a weak external toroidal B field,
and a normal-~conductor Ohmic-heating transformer. Motivating research on
such "holomak" cavices is the following: confirmation of adequate confine-
ment for a low-|q| pinch would provide the scientific basis for a CTR reac-
tor enginee=ed with exiatins technology.

The holomak design introduces a toroidal stabilizing shell which
also serves as a one-turn toroidal-field coil. (Incorporatiocn of such a
toroidal one-turn non—-superconducting shell in a reactor is still consistent
with axial disassembly and a spheroidal blanket!) Current to praduce the
external torcidal B fileld is induced by transfozmer coupling zo the shell;
after start-up, this field can be driven tc a low value, ro zero, or can be
reversed. (In a reactor after start-up, a weak toroidal field may 5Se main-
tained with modest power dissipation in the non-superconducting shell.)
Quasi-steady-state curreant in two large outer Helmholtz conils provides the
vertical field (in a react-c, the vertical field would be produced v con-
stant-current superconducting coils located cursice the sphersidal reactor
bHlanket), while inner coils form, for start-up, a tempcvary hexapole or
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quadrupole null in this poloidal field. After start-up, these aulling cur-
rer~s may also be driven to 2er:, t3 form a conventional toroidal z-pinch,
or to teduced values, leaving the plasmg with one or two poloidal divertor
lobes. Ia a teactor, these (normal-conductor) coils may alsc be driven in a
pulsed mode, ToO remove helium ach from time to time. See Figs. 3 and &4,

An ideal holomak would have, after stavec-up, Zero net external
toroidal field on the plasma surface, obviating the nesd for sready-state
current in che toroidal-fileld cuil. But without compromising tie CIR engi~
neering technology — i.e., the axial-disassembly and spheroidal~blanket
concepts -— one may allow a relatively weak external torcidal field driven
with modesat power dissipation by current flowing peloidally in the aon-
superconducting toreidal shell. (A conducting shell fitting ciose to the
plasmz appears necessary for spheromaks and holomaks to suppress plasma
instabilities.) The S=1 spheromak apparatus can, without major changes, be
operated in the "holomak” wmode and Fig. 3 indicates the placement of an
inner shell dato the S-1 vacvum chamber to achieve this end, The low imped-
ance of the shell — considered as a singie~turn inductor — suggests trans-
former coupling to the (higher impedance) supply. The S~1 spheromak core
with its programmed toroidal flux provides exactly such a transformer and
operation of the S5=1 apparatus in the holomak mode makes use of this compat-
ibility. Pulsing the corz will induce poloidal currents in the shell with
toroldal magneeic field values up to severzl kilogauss. The exact value of
this B field will depend ¢n riue shape of the shell and particularly om the
closeness of fiz of the shell to the plasmz and to the core. After start-
up, the gcore can be programmed to bring the toroidal B field down to a low
value, Co 2Zero, oc to a reversaed field value.

Ohmic~heating current 1s induced by the Ohmic-heacing transfor -r,
an array of colls which produces a changing magnetic flux through the b _:
of the plssma-stabilizing shell and linking the plasma. The shell shitlds
the plasmsz itself from the OH 3~fleld, which 1s chamneled around the plasma
by eddy currents Iinduced in the shell and ‘v the vacuum-chamber wall.

In equilibrium, the radial hoop force of the plasma, duwe to mag-
netic and particlce pressure, is balanced by the Interaction of the coroidal
plasma current and the so-called vertical field. In S5-1, the equilibrium
vertical field is induced by quasi-steady-state current in two Helmholrz
coils located ocutside the vacuum vessel and the field is thus "frozen" into
both the vacuum vessel and shell. For start-up, the vertical field is anni=-
hilared locally by pulsing the "pinch" coils, now lowered ra 12.5 cm above
and below the central plane, and producinz 4 hexapole null om the midplane
approximacely at Bw57.5 em. (Fig. 1) As plasma current start to flow, the
cross-s=ction of the closed magpecic surfaces is small and a large scrape-
off regloo protects the interior plasma from wall impurities released ac
this early stage of the discharge. (Fig. 2} As the plasma current then
builds up further, radial force balance requires a stronger net vartical
fiald and it is necessarv ¢o veduce the current -in the nulling colls. At
this point, several scenarios can be followed: reducing the current to zero
in boch aulling coils leads to the standard toroidal z-pinch wich plasma
currenc I, force-balanced by the full vertical field, Reducing the nulling-
coil current to half 1rs originsl value allows force balance with the toroi-
cal currenc at about 60%7 of I, and leaves the cross~secctien still wich two
divertor lobes (Fig. 3). O, in a reactor, occasional pulsiag of the aull-
ing coils could be used to reduce IR loss while st1ll removing the helium
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ash as needed (Fig. 4).

The early work on low~lq' and reversed-field pinches, particularly
that on the British Zesta device, showed a promise that has been neither ade-
quately explored nor exploited in the laboratory. On the other hand, the
theoretical calculations which argue stabilicy for the spheramak nay be ap-
plied to reach the same optimistic conclusions for the lew~|q| piach. Holo-
mak mode-operation of S~1 shares with Zeta the concept of the low-|q| teroi-
dal pinch, and addresses approximately the same parameter regimes of gas
density, magnetic field strength, and time scale. 3But the differences be-
tween the devices are significant and include (a) an extermally procduced
vertical field "frozen" into the shell, (b) a programmed toroidal field
which, after start-up, may be driven to low positive or negative values,

(e} a hexapale or quadrupole null for start-up, with a large scrape-off
region which protects che interior plasma from wall impurities release” at
this early stage of the discharge, (d) divertor or pulsed divertor operatiem,
(e) an adjustable shear profile, via programming of the OH, divertor and
toroidal fields, and (f) axial disassembly.

In common with octher compact-torus reactor concepcs, chere are
major questions which are still unresolved — stability, maintenance of the
s-profile, and overall reactor economics., Neverthciesas, a lov-!q[ pilach
with adequate confinement would form the scientific basis for a holomak CTR
reactor engineered with existing technolegy. It will, thereiore, be the
experimental objective of holomak-mode research on S-1 to apply the labora=-
tory knowledge and expericoce of successful tokamak research to seek expari-
mental confirmacion. of the scabiliry indicaced by recent theory, and to
chart the path toward a CIR reactor which could be built with engilaeering

based on present technolegy.

This work has beeu supportea in part bdv the . §. Department of
Energy Contract No. EY-76-C-02-3073.
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HOLOMAK - MODE OPETATION FOR 5-1
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Floure 3, Sketch of S-1 interior coniigured for holomak erneration, show-
ing addicioe of aluminum shell and of OH transformer. <=1
vacuum chamber and vertical field coils not shown (sese Figp, 7,
v, Yamada gt gl., these nroceedinrs). PPPL-793947

HOLOMAK REACTOR-SCHEMATIC REPRESENTATION
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Tirure 4, Schematic resresentation of a 1olomak reactor. S-~heroidal
Slanket encloses alumipnum stabilizine shell which also servac
as a one-turn toroidal-field coil. Divertor shown oulsed on
frighteside) and of? (left-side). Desiszn is compacidble with
axial disassemblv, (PPPL-796325)
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THE LINUS REACTOR: COMPRESSION OF A COMPACT TORUS 3Y A LIGUID METAL LINER

A. E. Robson, Naval Research Laboracory, Washington, D.C. 20375

The Linus reactor concept"”" is based upon a noodestructive,
teversible, compression-expansion cycle in which a rotacing iiquid lichium
liner 13 imploded mechanically, using high predsure helium as the encrgy
source, and acts as 3 cylindrical piston to compress a magnecically~confined
plasma adiabatically from a few hundred eV to about 15keV. The magnetic field
at peak cgmpression is ~0.4-0.5MG, corresponding to a peak demsity of ~10*
ions. em . In the subsequent expansion the plasma energy and the fusion
energy carried by trapped a-particles is directly recovered; che c-particle
energy compensates for the electrical and mechanical loss®s in the svstem,
making the mschanical cycle self-sustaining (Fig. 1). The Linus reactor can
thus be regarded as a fusion engine, except that there 1s no shaft output:
all the nuclear energy appears in the liner as heat. At peak compression the
liner is thick enough (~im) to absorbd the fusion neut:ons, and so serves as
both tritium-breeding blanket and the heat-transfer medium, as well as pro-
viding a continuously-regenerated 'Zirst wall' whose mean power loading can
be 3-3 times greater tham in a reactor ~ith a permavent wali. The combination
in one element, the liner, of functions which in o%he: fusion coocepts reguire
separate systems, leads to a racther simple reactor design.

/ {d] PLASMA EXPANDS

fa) LINER aT REST WELUM AE-COMPRESSED

HELIUM STORED
VALVES CLOSED.

e} PLASMA COMPRESSED

(b] VALVES OPEN. FUSION OCCURS

IMPLOSION BEGINS.

Tig. L Linus Reactar Cycle



~209~

Hvdrodynamically stable compression-expansion cycles are obtained by
rocating the liner {which scabilizes the inner surface against Rayleigh-
Tayvlor ingstability at turnaround) aod eliminacing the oucer frees suzface by
means of a copstraining mechanism (the caprive liner”), A aumber of arrange~
ments”’”*> have been devised for this purpose, one of which i3 shown in Fig.2.
Here a quasi-cylindrical collapsing shell is formed by a ausber of long inter-
leaved members which can slide into one another, while the axis of the shell
is maintained fixed by means of a system of connecting rods. Driven by helium
at ~2000 psi such a mechanism could implode a rotating liquid lithium liger
wizh a mean inner surface velocity of ~107cm. ssc . This relstively slow
velocity requires that cthe plasmz be well confined, and an elongated compact
torus configuration is required, as shown in Fig. 3. The configuration may
or may not have a toroidal field for stabilicy. The solid end walls contain
the liquid lithium, and also serve to take che end pressure of the plasma,
which allows an initial plasma with average 3>0.5. When compreused radiazlly.
<2> falls until it reaches a value of 0.5, after winich the plasma contracts
axially while mainraining <2> conscant.

/-" - e

-. N -
- ! R A AR P R P
- N AL

Fig. 2 (lefr} Captive liner
mechanism

Fig. 3 (above) Compact toroidal
plasma inside lizer

The principal loss mechanism during a cycle arises from the resistive
penetration of the confining msgnecic field into the inner surface of cthe
liner. As che system initial radius R is increased, the x-particle energy
increases fascer chan the resiscive loss, so0 a self-sustaining cycle is always
possible 1f the system is made larze enough. Scaling laws derived elsewhere”
show that the miniaum radine 13 related to the principal variables as follows:

R e tﬁ';#‘(iPsi ?‘kf“‘: (&n‘)-i
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where p is the driving pressure, £ the hydraulic efficiency of the system,
" the resistivicy and o the dengity of the liner, and o the radial compreasion
ractio. Although here it seems that R is quite insensitive to 2, if o > 1O
the increase in 7 due to heacing of the liner, and the decrease in = due ro

wave motion and compressibility in the liner, result in a rapid increase in R.

Using reasonable values of the main paramecers, the self-gustaining cycle
requires R % 2a.

HELIUM
Vi UTHIUM
PLASMA "“E" an MIXUNG
MAIN : / CHAMBER
o UTHIUM ' AND QUTLET
MOTOR \ eume . o . . . MANIFOLO
INNER Y N
SURFACE 4 V7 ANMULAR
PUMP i b DIQDE

Y
o — 1 = T\ ———
= __)__M: ..“‘.t’L_L [ Gl
i
P . - .
uuén 1 I T A I ‘L j SHUTTER EL:&E:II'!‘ON
MECHANSM gy /4 LINER GENERATOR

Fig. 4 Linus Reactor

A conceptual reactor on these principles is shown in Fiz. 4 . The
initial plasma is created inside the liner by means of a rotating relativis-
tic electron beam, as described elsewhere®. The initial D~T fuel charge is
injected in supersonic jets from injeccors in the end nlugs directed so as to
avoid the liquid surfiace of the linmer. The electron beam is injected through
an annular slit in one end, which is closed br a shutter as the ligquid liper
implodes, The lithium (3 circulaced through cthe reactor in the axial direc-
tion by means of two concentric pumps: the imner surface pump replaces the
hot imner surface between c¢ycles, and by introducing a cool lichium scream,
condenses the lithium vapor and the previous fuel charge. This pumping
requirement limits the repetition rate to ~ 2Hz., The main body of the lithium
is circulated more slowly, and is completely replaced after about ten reacror
cveles. -
The principal physical and rechnical characreristics of this svstem are

ziven in Table !. A more complete deseription of the reactor can be found in
Ref. 3.
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Table 1. Linus Point Design

Liner leagth: 10 @ Lithium: 2.6 tonnes. m®

Initial inner radius: 2 m Steel shell: 25 ronnes, m™’

Driving pressuxe: 2000 psi Fluid rocation: 2.5 rpm

Implosion time: 24 msec Reaction Time: 0.85 msec
Initial Compressed

Plasma radius 200 cm 22 am .

Central densicy 9.3 x 10*cn-? 1.1 x 107 em?

Temperature 635 eV 15 keV

Magnetic field 6.9 kG 300 kG

< g > 0.6 0.375

Energy (plasma + field) 30 T 1016 MJ

E-beam energy/cycle 60 MJ Gross electricpower 844 MW

I..itial plzsma energy 0 MJ E~beam power 141 MW

Compressed plasma energy 1016 MJ Motir power 13 MW

Nuclear anergy (22.4 4eV/DT) 1206 MJ Power to b.o.p.- 50 MW

Repetition rate 2 Hz Vet electric power 640 MW

“ross thermal power 2532 MW Mass of reactor 353C tonnes

Note that the reactor operates with Q~l: this is made possible by the
efficient energy recovery in the mechanical cycle. Since the fractional
burnup is small, helium accumulationm in the plasma is no problem. Because of
the size, and the short timescale, plasma loss during a cyele should be
negligible, even allowing for anomalous transport. Also, because of the short
timescale and the high field, contaminacion by lithium vapor should be con=-
fined to the edge of the plasms.

Probably the most significant feature of this concept is thac, apart
from the electron beam generator and the pump dviving moter, there are no
eleczrical components in the reactor. The electron beam sets up both the
plasma and the coufinipg magnetic field and the latter is maintained by skin
currents in the liner, making any permsnment field coils umnecessary. The main
shortcoming of the concept is that the size of the reactor, decermined by the
conditions for a self-sustaiming cyecle, is rather large. The size 1s partic-
ularly sensitive to 3, and to obtain the figure given above, a racher high 3
has been assurmed. Note that the eleccron beam 3enerater shown in Fig., 4 is
based upon a conceptual inductive storage system: a conventional capacitor-
powered generater would be substantially larger.

1. A.E. Robson and P.J. Turchi, Proe¢, 3rd Topicai Conference on Pulsed High
Beta Plasmas, Culham UK, 9-12 Sept. 1975, p. 477.

2. P.J. Turchi and A.E. Robson, Proc. 6th Symposium in Engineering Problems
of Fusion Research, San Diezo, 18-21 Nov, 1975, p. 983.

3. D.L. Book. et al., Plasma Prysics and Controlled Nuclear Fusion Resaarch
1976, IAEA, Yienna 1977, Vol. III, p. 307.

%, A.L. Burton et al., Proc. th Symposium on Engineering Problems of Tusion
Research, Xnoxville, 25-28 Oct, 1977, Vol. [, p. 225.

5. A.Z. Robson, 2nd Int. Conf. on Megagauss Magnetic Field Gemeration and
Relaced Topics, Washington, D.C., 29 May - | June 1979,

6. J. D. Sethian, this conference,
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PRELDMINARY STUDIES OF SPHEROMAR REACTORS

M. Xatsurai* and M. Yamada, Plasma Physics Labo, ztory, Princeton Univarsity,
Princeton, New Jersey 085344 (*Cn leave from Depc. of Electrouic Engineering,
University of Tokyo, Tokyo, Japan)

1. Intreduction. In che spherumak reactor, a toroidal fusion plasma is
confined by its own internal (self-generated) magnetic field and the vertical-
fieid Br which is produced by coils not linking the plasma. Among various
xinds of sphercmak coufigurations, an oblate-shaped plasma configuration with
a centar hole called "Gblimak", has been shown to provide better M2 stabilicy
and higher attainable beta value than the classical spherical spheromal. [1] [2].
In this paper, we derived approximate functicnal relations between various
spheromak plasma parameters, based on a simplified emergy principle of circuic
theory and using thesa relationships, have carvied our -reliminary scudies of
conceptual spharomak reactor with a stactionary plasma as well as with a moving
plasma produced tv the cormak type formation scheme emploved in the S-1
experimenc at PPPL, [2]

2. Approxizate dnalytical Treatment of the Spheromak Configuracion.
In the framework of electric circuit theories, the spheromak confinerent
system is regarded as a %ind of inducrance circuit, where the spheromak plasma
cerrasponds to a single current ioop immersed in the magnetic field produced
by the external coils, as showr in Fig, 1. The enmergy function of this
system is ziven by

Lol.t -MII +3,1%+31%+v p v1)

0%a 0%e © 27tTe 25pp p :
where L and M are the self and mutual inductances; and V_ and p are the volume
and the pressure of the plasma, respectively. ?

[N

o=

The sphercmak configurations are characcer:zed oy the following v
condicions {R: tha major radius, a: minor radius):

(;-.:) 0 (m)
R, o R =0 . (2
Iy Ic' Ip, p - IO’ Ic' IP' o]

Ir the low-3 limit, where effects of plasma pressure is neglected, the
f51lewing relationships are derived [4]:

o L
e 8R R 3)
B, e ln—a-- 1} . IP 1.9 2 I: .

3. Adiabatic Compression. For the formation and heating-up of che
reactor griade sphercmak plasmas, the adiabatic compression scheme is one of
ey facrors. During the compression, the toroidal and poloidal fluxes have
o be conserved resulting in the conservaticn of both the average safetr
factor and the aspect ratis of the plasma. ConSidering further the ecu=tion
of adlabaticity T_ V¥ 3 coast, where Tp is the plasma temperacure, ¢ 2
foilowing scalings for various quancities are obtained:

-2 -2 -1 3

LB, =By =R, L eI SR, R(E /e R

?, is che input power raquired for the magnetic flux supply, wq 15 the magnetic

energy inside the plasma and 1, is the magnetic diffusica time.
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i, Reactor Scudies. Based upon the above appreximate amalytical seluctions,
studies are made on the spiercmak reaccors. When the aspect ratio 1s aggumed
to be ia the range of abaut L.7 to 4, the velaciem 3¢, ~ 2.1 3, i3 obrained
where By, is the toroidal magmetic field at the center and B, is the magnetic
field at the outar-sdge of the plasma as shown in Fig 2. The locacion of the
semi-spherical firstwall 1s specified by a, and 2, = 1.5 2 1s assumed. Three
tvpes of reactors are invastigated: 1) DT reactor wich TCT {two-component
tvpe) operationm with a fusion gain Qp of 1.7; 2) ignired DT reactor amd, 3)
ignited cactalyvzed-cype DD (Cac-D) reactor. Spatially uniform temperature
and density are assumed.

Table 1 lists the main parameters for different conceptual designs of ,
2 spheromak reactor with a stationary plasma. A total wall loading of 4 MW/m~
and the center beta value <8 > = 0.045 are assumed. The ourer-edge magnetic
field is about 4T for DT ignited reactors, which is about half tha value for
tokamaks., If this field is given rise to ~8T, the required energy coafinement
time 15 veduced by a faector of -4, howevar, the wall loading i{s {ncreased
by a intolerablas factor of ~16. In these statiomary spheromaks, the wall
loading is fournd to be a major coustraint against increasing the fusion
power density and decreasing :the required energy confinement time.

3. Structural problems of che spheromak reactor. Various methods have
been proposed to produce the spheromak plasma in the reaction chamber. However,
they usually require insctallatrions of various plasma formation components
such as ¢oils, conductors, and sometimes electrodes in the space betweer the
piasma an” the blanket, which are used only to produce the spheromak plasma
at the sLart-up phase. The installations of such formation componencs give
rise t5> numerous difficulc techraological problems associated with their
radiation shielding and cooling, and also resulc in the detericracion of che
neutron economy in che blanket svstem caused by the neutron absorption by
them. Therefore, it is highly recommended that those compouents ara isolatad
from the teactor chamber so that the direct bombardments of radiat’sn and
neutrons to them are avoided. This requirement can be fulfilled by applving
the coufiguration where the production chamber is saparaced spatially, and
the spheromak inicially produced by a non-reacting plasma in the former is
injected or moved into the latcer follouved by the fuel supply and further
Aearing. Examples of schemaric grructure are presented in Fig. 2, whera
spneromak plasma is iniected or carried into the reaction chamber by specially
arranged piuch gun (a), or che cormak type exciters (b) {3j. 1Ia
addirion, if the concept of the merging of spheromaks are proved practical,
its application is very attractive because it epables relacively small axciter
with small apperturez to be used tv feed a larger sphercmak in the reac:ziom
chamber. Successive injection of plural of spheromaks will be able tao produce
one large spherrmak in the chamber by this merhod as illuscrated in Fig. 3.

6. Moving Spheromak Reactor. The spheromak plasca, fed speciallv in
the cylindrical reactionr chamber, can be roved along the cencer axis during
the fysion reaction process, which enablzs us to reduce effective wall loading.
An example of the configuracion is shown in Fig. 3 where the plasma moves ia-
wards according to the numbers (1) to (&), in 2 continuously repeating cycle.
An example of the operation, whose plasma parameters Zor (1) cto (%) are
iisted in Table 2, is axplained in {=].
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FIGURE CAPTIONS

Fig. 1. Circuit model for the
spheromak contiguration

Tig. 2. Examples of conceptual
aethods to feed spherowmak plasma in the
reactaor chamber. Initial sphercmak is
oroduced by the pinch gun (a) and, the
zormax tvpe excitors (b).
Fig. 3. Conceptual design of the
spnerswal. reactor with moving plasma and
=he cormak type exciter.

Fig. 1
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THE ALL PLASMA SPHEROMAK: THE PLASMAK

?. Koloc and J. Ogden, Prometheus II, Ltd., B8x 222, Callege Pack, Md, 20740
(301) 436-7317

There has been an evolutionary pattern established in magretic fusion
concepts. The flow in ideas follows thres directions. By extrapolating this
evglutionary movement, we have anticipated the concept czlled Spheromak and
rave gredicted the omega of this svolution which is called PLASMAK, ar all
Plasma Spheromak. The evolutionary directions are from open systems to closed
sysiems, from zera or low dimensional compression schemes to three aimensional
compression, and finally from plasma configurations withaut any self confining
currents to a plasma configuration which is completely self confined except
for ths mechaniecal pressure necessary to maintain the vertical field and hoop
gtress. The Stellarator represents a closed configuration requiring a very
ccrzlex array of extermal confinemert coils. The Tokamak allows vast imprave~
ment in plasma sarameters, lower agcect ratio, and ohmic heating from plasma
confiming “atoidal currents. ATC compression raties nf - ) may be possible.
veverzheless. the plasma is imprisoned by heavy poleoidal coils and a vacuum
wall.

‘e Scheromak enjivs greater stability amd obtains higher effective betas,
assed as higher fuel amcunt per unit sxtermal confining pressure.

gbout due to the poloidal plasma currents which, in addition to the

S
~0l, 2x0
3 es
ks ~gve higher interior magretic energy Ltham at the sSepadatrix or vercical
(222 curvent shell. The term used ta describe this advantage is Pressure
taverage. Lnfortunately, in Tokamagks this second confining Force is wasted on

z~e zoloizal windings and is & source for snginsering orsblems. See Fig. 1.

L) ol ;
griical Tield, exert a second confining force on the plasma torus. Sphero-
3

dizrer ATC compression ratios for Spheromsks are allowed because of the
ek 5f axial obstructions. Energy scales as the square of the linear com-
19m ratia ¢, 2%}, as it does in Tokamaks; this limits the utility of
Jr=ssicns. Angther conmsideration liamiling very large comcressions is
sity of a tightly fitting shell ts maintain stability.

“mis trings us to the Plasmak, ar all Plasma Spheromsk. The Plasmak
e2gents the final step in reducing the deoendence on external confining
g and for imptoving compressibility. 1In the Plasmak, the confining cur-

0 4y
T ® oA

e cutermost mantle producing the vertical field, The eguilihrium Ffores
risee from the grdinmary gas pressure. See Fig.

Ill

The Plasmak is fully compressible. As in Spheromak, ihere are no axial
chstructions., The currentg are energetic, allowing for high ceonductivity cen-
trivuting to ideal MHD stability. Utilizing higlr voltage or 24 starting foz-
mation schemes results im very compact Plasmaks with intensive currerts. In
<~g Tzsma Xernel (see Fig, 2 for nomenclature) the current densitiss result
i~ corsicerable ohmic heating while the L/R times of the uncomoressed “kigher
ircuccance ) Plasmaks is » 1 ogsecenc  The tightly Fitting nantle :is anoirer
crerequisite for ideal stability.

Zoipression is acnieved by simply increasing the fluid pressure cof the

.
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surroundirg gss blanket. The first advantage is that the upper bound on
wachanical compressicn methads is nigher than magnetic techniques. The second
advantage is that the mantle is compressed along with the internal kecnel,
thereby maintaining a tightly fitting shell and ideal MHD stability throughout
conzressiaon. The thicd advantage relates the significantly lower amounts of
epergy reeced o compress a Flasmak as opposed to Tokamaks, or rigid shell
Schersomaks w~here the magnetic energy variss as the compressionm ratio squared
le<), Ia Plasmak, the energy is propartional to the compression ratia (e).
The magretized volume varying as the compression ratio inverse cube {(c~¥) is
casponsible For this advantage.

In general, formaticn techniques ¢an include a technique in which the
Plasmak is produced through MHD effects initiated by a helical current stroke
in a high density gas. 3Such a formation technique has been proposed to the
Us OGE and is currently under review. This particular approach sets up the
Plasmaz Verrel and Mantle simultaneously with high density emergetic currents
and assumes an ideal MHD cenfiguration from the outset. This technique relates
tg pnvsical parameter regimes and phencmenma nat familiar to most fusion p-vsi-
cists, and wiil not be discussed here.

and zssembly af the Plasmak. A three step scenario includes ring formation
Foilowed by capture and injection of energetic currents. The third final step
w~culg e formation of the mantle over its externmal vacuum magnetic field. (Ore
commen technique fol ring Formation being currently pursued ls the plasma gun.
Zven the 5-1 Sgheromak can be considered a plgsma gun. This gun differs from
thcse cdescribed by LLL and LASL in that it utilizes an inductive startup and
it has a disc shage rather than conical or cylindrical shapge. fig. J deman-
strates this scenario. Inclidently, the formatianm technigue aof G. Goldanbaum
=f the University of Maryland is also amenable to gun corversian since Lhe
~agnetized plasma rernel can be ejectad through a hollaw elsctrode at ane end.

Compressicn. ignition, and energy exchange can take place in a separate
and rercte compartment. This is true te 2 limited extent for Spheromaks. Zon~
venience of moving Plasmaks by £M or Fluid flow is assured since lifetimes
for uncomoressed Plasmaks are on the order of seconds. An axciting esngimeering
fegture of this fusjon furnace in electric power generating spplication is tnat
the antire fysion and magnetic energy less neutrons can pe dissipated in the
gas blanket without affecting the walls. This blankez heated to tens of ev can
2 Fad into inductive HHMD generators achieving electrical zonversicn efficien-~
caes of about 83%. Such efficiencies obtain Q values on the order of cae hun-
dred. Reduced wall loading is also achieved hy maving radiating Plasmaks ang
Soheromaks, dut less direct energy conversjon schemes will not be as efficient.

High effective Betas, Pressurs Leverage, favorable energy compression scal-
ing ratics, and a technigue called 3CH or Self Compressior Heating alang witn
hign O all comtinme in the Plasmak to make this approach Dy fa2r the acsi .isble

venicle to burn exotic fuels. See Fig. & ana Table 1.

Self Zompression Heating (SCH) is the beneficial effect that accurs when
§ Plasmak nas been gas compressed la ignitionm in 3 tightly Fiiting pressure
chamber, Fusion enmergy driven 3remsstrahlung and alghas radiated ov the xernel
olasma thermalize the surrounding high Jensity cold comoressiom blanket. The
subsecuent pressure ingrease cf the fusign tnermalized blanket further draves
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the adiasbatic compression of the kegnel fuel inereasing its temperature, den-
sity, and reaction rate. This tool is most effective for higher temperature
fuel cveles, i.e., P-8. SCH ig mat critical for the success af Plasmak fur-
~aces: in fact, careful application of 5CH to DT fueled devices is necessary
Zue *c the ~isk of runaway reacticng. $SCH also imoroves Q, the energy effi-
cizncy factor.

In addition to the proposed work by Spheromak Inc., a subsidiary of Pro-
rzmeus 1I, Ltd., the Westinghouwse Fusion Pawer Svatems Oivision is planning
Plzsmax Fusion power generating studies in early 1980. The enihusiasm for
i~i5 soncept is largely dus to its engineering simplicity ar * design points.
3y proceeding directly with the proposed Plasmak schame of Spheromak, Inc.,
the develapment of a compact fusion device ¢could be completed within five
vears. Soheromak Inc. is fully ready to cooperate with vurious interests to
“2v2lpop Plasmak fusion furmaces and oower generators. The impl2mentation of
Slazma< development requires sxceptional administrative and execytive action.
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NEUTRAL BEAM SUSTAINED, FIELO-REVERSED MIRROR REACTORS* /

G. A. Carlson, Lawrence Livermore Laboratory, Livermore, California 94550

K. R. Schultz, General Atomic Company, San Diego, California 92024

A. C. Smith, Jr., Pacific Gas and Electric Company, San Francisco,
California 94106

We have carried out conceptual dasign studies for neutral beam sus-
tained, field-reversed mirror reactors. The field-reversed mirror has a
compact toroidal plasma geometry bounded by closed poloidal magnetic
fi1eld lines generated by an azimuthal diamagnetic plasma current in a
near iy uniform background magnetic field. The closed poloidal field
structure has major radius R and minor radius a. The principal
hypatheses of the FRM plasma are as follows:

N £quilibrium with weak or zero toroidal field, and therefare & =1.

. Magnetohydrodynamic (MHD) stability achieved by finite ian

Larmor radius, S za/2;==5, combined with Tow aspect ratio,

a2,

Plasma positioning by weak mirrors.

. Plasma confinement controlled by cross-field transport.

. Steady state plasma density, energy, and current ma‘ntained by
neutral beam injection.

Thase hypotheses will be tested in the ongoing Beta Il experiment at
LL. The objectives of Beta [I are startup of a field-reversed piasma,
confinement in a magnetic weil, and steady state sustanance by neutral
beam injection. For our reactor studies, we have assumed the validity of
the FRM plasma hypotheses, and have calculated the characteristics of the
plasma ysing an analytical modei described in Ref. 1.

Our reactor designs nave included a multicell commercial -eactor and
3 single cg1l pilot reactor. The multicell reactor! has a linear
arrangement of 11 cells, each containing a neutral beam sustained,
field-reversed plasma. Advartages of the linear aulticell approach
include: more uniform wall Toading and better utilization of background
magnetic field.

The pilot reactor design? was sponsored by the Electric Power
Research Institute and was carried out jointly by LLL, Gemeral Atomic
Company, and Pacific Gas and Electric Company. Net power production was
specified to be the primary objective cf the pilot reactor. Another ob-
jective was the use of near-term techhnolegy in order to permit con-
struction of the pilot plant in the late 1980's, if the present
experimental program on field-reversed mirrors is successful. Following
the operation of the pilot plant, we would envisage the rapid development
of multicell commercial reactors, each cell of which would contain 2
fiald-reversed plasma identical to that in the pilot plant.

*Tnis work was performed for the Slectiric Power Research Irstitute under
Contract No. RP92Z and under the auspices of the U.S. Department of v
Enel gy Contract No. W-7405-ENG-48 with Lawrence Livermore Laboratory.



The FRM pilot plant is shown in Fig. 1. The field-reversed DT plasma
is at the center of the reactor. A cylindrical blanket and shield
syurround the plasma. The blanket is helium-cooled and contains lithium
oxide for the breeding c¢f tritium fuel. Surrounding the biamket and
shield is a set of nicbium-titanium superconducting magnets which provide
the required background magnetic field. Neutral beam injectors fuel and
energetically sustain the plasma. The large tanks at the ends of the
reactar house direct energy couverters and vacuum pumping systems for the
plasma end leakage. Also housed in one of the tanks 1s a coaxial plasma
gun for plasma startup.

The performance of the field-reversed plasma depends most strongly on
the parameter S, the ratio of plasma minor radfus a to the ion gyreadius
3;. Stability of the plasma is believed to requira that S be a small
nurper, probably 10 or less. We have considered both S =5 and § =7,
and have sized the reactor to accommodate either plasma. The S =5
plasma produces 22 W of fusion power and requires 4.4 MW of neutral beam
injection power; so Q = 5. The S = 7 plasma produces 42 MW of fusion
plagma and requires 3.2 M4 of neutral beam injection power; so Q = 13.

Several ways of forming field-reversed plasma rings are befng can-
sidered for FRM startup. The startup scenarin chosen for this design is
the use of a magnetized, coaxial plasma gun, similar to the one now being
tested on the Beta Il experiment at LLL. A ring~shapad plasma is formed
and axially accelefated by discharge current flowing radially across the
anode-cathode gap. Beyond the end of the gun the plasma passes through a
cusp-shaped magnetic field and emerges - with "captured flux" - as an
apnylar plasma confined by an axially fiald-reyersed, clased magnetic
field. We designed the pilot reactor gun based on the Beta II gun and
preliminary scaiing laws. A unique feature of the pilot reactor gur is
the use of a hollow cathode of sufficient radius to permit uninhibited
passage of the escaping plasma stream to the direct converters,

The neutral beam injector for the FRM pilot reactaor must continuously
celiver 11 A of 200 keV deuterium and 11 A of 200 keV tritium. (These
are the reguirements for the S = 5 plasma; the requirements for S = 7 are
somewnat lTess.) In this study we designed an injector based on negative
ions that are directly extractad from a source, similar in principal to
that under development at the Brogkhaven Natfonal Laboratory. The ior
source is held at a -200 kY potential. The negative jons, extracted from
the source, travel to the accel grids via a sector magnet. The sector
magnet separates the nagative ions from electrons and deflects the ion
beam out of the plume of neutral gas streaming out of the ion source.
Subsequently the beam is accelerated and made to pass through a cesium
Japor stripping cell, where abeut 60% of the negative ions are stricped
of their extra electrons to become neutrals., A percentage of the energy
carried by the un-neytralized fracticn of the beam which Teaves the
stripper {s recovered via a thermal beam dump at ground potential, Based
on an analysis of 211 the power nesds of such an injector, we estimate
;ts eIf1ciency to be 50%, not including the thermal recovery of the beam

ump {cns.



The magnet system for the FRM pilot plant consists of a pair of
superconducting solencidal magnets and a set of four superconducting
saddle coils. The overall diameter of the coil set is 7.5 m and the
overall Tength is 3.5 m. The solenoidal magnets provide a nearly uniform
background magnetic field parallel to the axfs of the reactor. The back-
ground magnetic field strength is 4.8 T for the § = 5 plasma and 4.6 T
for the S = 7 plasma. The solenoidal coils also provide a shallow axial
magnetic well for plasma centering. The need for a radial magnetic well
is not presently clear, but in this study we assumed that it is necessary
for plasma stability. The radial well is produced by the saddle coils.

The FRM plasma particles, although confined in a toroidal, closed
magnetic field region, diffuse to open field lines and escape from the
ends of the reactor into the direct conversion/vacuum pumping tanks.

Half of the particles exit at each end. At the end of each tank is a
simple one-stage, immersed-grid direct converter., The plasma first
passes through a tenuous grounded grid, then through 3 negative grid
which reflects the primary electrons. The jons are then decelerated by a
collector plate held at a positive potential. The direct recovery
efficiency of this direct converter is estimated to be about 50%. The
collector plate for the direct converter is convectively cooled to remave
the heat depgsited by the impacted ions. For the pilot plant design, we
have assumed that the heat will be removed at a thermodynamically un-
interesting temperature and therefore do not route it to the thermal
conversion system. ’

In steady state, the ions collected in the direct converter will
reflux as gas and must be vacuum-pumped to maintain an operating pressure
of about 5 x 10-6 torr. The pumping is done by an array of chevron-
baffled liquid helium-cooled cryopanels mounted on the side walls of the
direct conversion/vacuum pumping tanks. The total area of cryopanels is
double the active area so that half of the system can be deTrosted and
degassed while the other half is actively pumping. Reclaimed deuterium
and tritium from the cryopanels are recycled to the neutral beam in-
jectors.

Neutron moderation and tritium oreeding takes place in the
cylindricai shell blanket constructed of Inconel 718. The tritium
breeding material is lithium oxide and the blanket coolant is helium.
The local blanket energy multiplication is 1.21 and the average multi-
plication, accounting for beam port and end Taosses, is 1.14.

The blanket consists of a2 single Targe module which may be removed
and replaced without cutting and welding. The module is clamped in a
frame made by prestressing the biolegical shiélding vault in which the
reactor is plared. The clamping force is generated by an inflatable
cushion interposed between the module and the frame. When the cushicn §
inflatad it closes all-metal knife seals to seal the central vacuum
region.



We calculated the averall performance of the FRM pilot reactor far

two cases: the smaller, S = 5 plasma and the larger, S = 7 plasma. The

ilot reactor with the smallar plasma is just barely a net power pro-
ducer: 80% of the 11.6 M gross electric power must be recirculated to
operate the reactor, anc the net electric power is only 1.2 MW. Although
marginal, the pilot reactor with the smaller plasma does satisfy the net
electric power criterion. The larger plasms results in much more
attractive performance: 46% of the 19.8 Md gross electric power is re-
circulated to operate the reactor, and the net electric power 1s 10.7 MW,
Further improvements in performance would be realized in a multicell
commercial reactor.

1. G. A. Carlson, W. C. Condit, R. S. Devoto, J. M. Fink, J. D. Hanson,
W. F. Neef, and A, C. Smith, Jr., Conceptual Design of the
rield-Reversed Mirror Reactor, LLL report UEﬁL-SZiE?, May 1978.

2 6. A. Carlson, K. R. Schultz, and A. C. Smith, Jr., Qefinition and

Conceptual Design of a Small Fusion Reactor, EPRI Interim Report
ER-1045, April 1979, also Final Report in press.

Fig. 1. Single Le!l FRM Pi'ot Reactor
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THE MOVING-RING FIELD-REVERSED MIRROR REACTOR CONCEPT*

A. C. 5mith, Jr., Pacific Gas and Electric Company, San Francisco, CA 94106
G. A. Carison, Lawrence Livermore Labaratory, Livermore, CA 94550
H. H. Fleischmann, Cornell University, Ithaca, NY 14853
T, Kammash, University of Michigan, Ann Arbor, MI 48109
X. R. Schultz, General Atomic Company, San Diega, CA 92024
D. M. Woodall, University of New Mexico, Albuquerque, NM 87106

The Moving-Ring Field-Reversed Mirror Reactor (MRFRMR) concept envisions
sroduction of electric power by burning magnetically field-reversed rings of
fusion fuel which are translated continuously down tue bore of a straight,
cylindrical reactor burner chamber. Our interest in this reactor scheme
arises from its potential design simplicity and the hope that it might be
piloted in small size (50-100 MW(e)). This reactor has been evaluated only
on a preliminary basis thusfar and much of the following discussion is
founded on the results of that first evaluationl. We are currently per-
forming a more detailed and thorough design study of this concept*.

The principle features of the reactor's burner section are shown sche-
maticaily in Figure 1. The reactor is cylindrically-symmetric and consists
of three in-line sections: =& q]g&_ﬂgv;ing generator, a central Zurner sac-
tion, and a spent-ring exhaust section. The preliminary scoping study men-
t‘cned abave concentrated chiafly on the burner sectian af the ra2ctor,
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General Reactor Quverview: A pulsed start-up mechanism (such as an in=
tense charged particle beam source or a coaxial plasma gun) could generate a
field-reversad plasma ring in the relatively low magnetic field just beyond
the end of the burner chamber ("Ring Generator" section of Figure 1). 4 lo-
cal "moving mirror" (provided by sequentially energizing “push coils" Tocat-
ed near the wall of the reactor) then rapidly forces the plasma ~ing into
the high solenoidal magnetic ffeld of the burner section., Certain start-up
approaches, such as the coaxial plasma qun currently being tested on the
Beta !l device at LLL, may provide the piasma ring with adequate axial ki-
netic energy to drive the ring into the high field region without the use of
auxilliary coils. Tre ring may trerefore be compressed and heated o ini-
tial burn temperatures in a manner that is potentially efficient. Alse, the
pulsed start-yp mechanism and transfent nature of the rings' 1lifetimes in
‘ne reactor may easily permit imbedding 2 toroidal magnetic field in the
plasma, should plasma stabitity or other considerations require it.

Once the plasma ring has been brought to initial burn temperature, it is
traisported through the "burner saction" of the reactor, possibly by the
peristaltic action of an array of sequentially-energized Tocal "moving mir-
ror' coils positioned just inside the first wall, These pulsed coils wouid
probably be constructed from aluminum or copper. The burner chamber con-
sists of a linear string of identical cylindrical modules. - Each madule is
itself a set of nested cylindrical components consisting of the first wall,
+he tritium breeding blanket, the biological and magnet coil shield, and the
superconduct .ng magnet coils providing the axial solenoidal guide field.

As discussed below, the ring may be refuelled during its transit of the
burner section with cold plasma (either as pellets or via Tow-energy plasma
guns) such that the power produced by the plasma ring is held nearly con-
stant. Without enaergetic beam injection, the confinement will be sustained
by the internal plasma currents driven by the ring's magnetic self-induct-
ance. For fusion rings of interest, classical magnetic diffusion times can
¢ of the arder of tans of saconds, considarably lomger thanm the 0.2 - 1 s
plasma burn times envisioned so far. Also, absence of energetic beams in
the burner chamber means that only relatively small-bore penetrations in the
first wall, blanket, and shield may be reguired for refueling, considerably
simplifying the overall reactor design.

An attractive engineering design feature arising from the pulsed plasma
operation in the MRFRMR is the passible elimination of multipole fields to
provide radial stabilization of the rings in the mirror field. I[f succass-
“41, this approach would use an electrically conducting first wall to center
the rings radially n the burmer section through the action of the eddy cur-
rents induced n the wall as the rings move with adequate speed down the
axis of the device. Elimination of multipole fields may also have advan-
tages in terms of overall plasma confinement. Theoratical wsork s currentiy
underwzy to explore this possible means of ring stabilization.

Depending on the fuel composition and purpose of the reactor, heat can
be extracted from the tritium-breeding blanket and the radiation shield and
used i1 a conventional steam cycle. When the plasma burn is nearly guenched
(due to the cooling effect on the plasma by cold-ion refueling), the plasma
rings may be exhausted out the expansion end of the device into magnetic and
electrostatic energy recovery units. The lineir arrangemént of the reactor
alsa offers a built-in divertor-like action, since particles which have dif-
fused out of the burning piasma rings in the reactor will probably flow out
both ends of the device into direct converters along tha open, axial sole-
noidal field 1lines. Although the MRFRMR plasma burns are, individually
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speaking, transient events, we believe that fluctuations in the reactor wall
heat Toad can be minimized by appropriate choices of inter-ring spacing and
ring axial speed.

Pulsed Plasma Burn Calculations: To date, most of the work <r the
MRFRMR has centered on studying the characteristics of pulsed burns of DT
plasmas. The details of the current 0-D Fokker-Planck plasma medelling
analysis have been given alsewheres. ‘'Where possible, ongoing plasma
equilibrium and stability studfes will be incorporated to improve the burn
model assumptions on plasma density profiles, diffusion processes, heat
transfer, and permissible plasma size. Although the plasma burn model is
still under deveiopment, some preliminary results illustrate what we might
expect during the transient burn of a field-reversed plasma ring heated to
initial temperatures T;j(t=0) = 75keV = 2Ta(t=0). The confining quide
field is 65 kG and §, the number of average fon gyroradii which fit across
the ring's minor radius, s chosen S{t=0) = 10. (The implication that the
plasma is stable in the range of S = 10 - 12 may well be an optimistic pre-
sumption). Two cases are considered: (A) a plasma which proceeds to burn
in a constant magnetic field with no external fuel addition to influence the
burn characteristics and {B) a plasma with identical initial conditions but
where low energy fons (3 keV deuterons, 5 kev tritons) are added during the
burn at a rate such that the total radiated power is held nearly constant.
Burn characteristics for cases (A) and (B) are plotted in Figures 2 - 4.

Adding no cold fuel to the pilasma causes the ring radiated power to drop
from 49 MY to less than 10 MW in 0.5 s (Figure 2). Adding coid plasma fuel
under the condition., of case {(B) shows the ring radiated power of =49 MW is
sustained for about 0.35 s before dropping rapidly to zero.
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The reasons for this disparate behavior are summarized in Figures 2 -
4. As shown in Figure 3, ‘withholding cold fuel leads to z brief drop in
fuel temperature due to heat conduction followed by a rise 3as alpha particle
heating takes effect. Alsy, as particles are lost via diffusion, the ring
volume drops to maintain pressure equilibrium with the external canfining
field. As shown in Figures I and 3, the combined effect of decreasing fuel
ion density=and plasma volume results in a net drop in ring power by about a
factor of 5 at the end of 0.5 s. On the other hand, adding "cold" fuel to
the burning plasma brings a dramatic drop fn ion temperatures--from 75 keV
at t = 0 to about B keV¥ at t = 0.35 s. While such a drop in jon temperature
greatly reduces {ov) for the DT reactions, the ion density has been in-
creased via the cold fuel addition by nearly a factor of 3 in 0.35 s to



maintain ¢onstant ring power. As seen in Figure 4, after 0.35 s the Q of
the plasma to which cold fuel is added exceeds that of the no fuel addition
case by about 30%. Also, the S-value of the rirgs with no cold fuel added
sventually hovers around S = 7, while the cold-"uel-addition case shows 3
dramatic rise in § near the end of the burn, Plasma stability cansidera-
tions may dictate whether such a plasma parameter regime is tenable.

This sample, preliminary calculation illustrates some general features
which may strongly influence reactor design. Because of the trade-off be-
tween ion temperature and density in a fixed confining field, optimal plasma
g values lie in the range of 75 - 150 keV under current assumptions. Both
total power per ring and plasma performance are critically sensitive to
plasma size: begirning -he case (B) plasma burn with an S{t=0} = 12 leads
to ignition, while decreasing the initial value of $ t0 8 gives a Q of only
2.3 and a burn time of 0.17 s. A practical pilot plant design with commer-
cial upgrade potential will prabably r%quire plasma Q vaTues in excess of 19.

Pralimipary Reactor Stud 1978)%: The preliminary design mentioned
above for the MRFRM calied for a reactor burner chamber 12 m long, a first
#all radius of 32 cm, and blanket/shield thickness of 137 cm. The guide
field of 65 kG was provided by superconducting coils located just outside
*he shield. Plasma fuel f{on/electron temperaturges were presumed to be
75/37.5 xeV at the start of the burn and stability concerns Timited us to
burns in which §(t) £ 5. The plasma ring major radius ranged from 9.6 cm to
6.6 cm during the burn, Plasma refueling was accomplished by laser-acceler-
ated ©T peliets., Heat conduction from the field-reversed rings was neglect-
ed in this work under the assumption that the diffusing plasma escaping from
tha closed-field confinement is rapidly lost. Alse, to achieve a plasma Q
value nearly equal to that of the beam-driven FRM3 (Q = 5.5}, it was nec-
essary in the preliminary study to assume that the particle confinement was
three times better than that needed for the FRM. The plasma rings produced
10.6 Mdt/ring with a burn time of 0.32 s. The rings moved down the axis of
the 2 cm thick aluminum first wall at a speed of 40 m/s to achieve radial
focusing with minimal dissipative wall drag (<10 kJ/m per ring). Heat was
recovered from the 40 cm thick LiyPbp breeding blanket and the 97 cm
thick stainless steel/BgC shield by circulating helium in 2 gas turbine
cycle. A plant energy balance showed a net electric power production of
1.25 - 4,75 Mi(e) per ring, depending on the efficiencies possible for the
magnetic compression and ring energy recovery procgsses.

Continuing Reactor Design Work: Work is continuing on the MRFRMR tg re-
avaluate the design issues bearing most directly on reactsr performance.
The goal of the study is to identify (where possible) the physics and tech-
nology issues and conditions which will lead to a pilot reactor which scalas
to an economically commercial plant.

1A, €. Smith, Jr., et al., Preﬁminar¥ Congeptual Desilgn of the Moving Ring

rield-Raversed Mirror Reactor, Pacitic Gas tlectric Company Report
78FUS-1 (19787. .

27, Chu and A. C. Smith, Jr., RFOT: A Fokker-Planck Code for Pulsed Fusion

. Plasma Analysis, Lawrence Livermore Laboratory Repart i{in press).
3. A, Larison, et al., Conceptual Design of the Field-Reversed Mirror
neactor, LiL Repart UCRL-32467, %ay, L1978,

*This work is befng performed for the Electric Power Research Instityta
under contract No. RP922.
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PRELIMINARY REACTOR IMPLICATIONS OF COMPACT TORI: HOW SMALL 1S COMPACT?

. A. Krakowski and R. L. Hagensan, UOuiversity of California, Los Alamos
Scientific Laboratory, Los Alamos, New Mexico 87545

I. INTRODUCTION

The generic name "compact torus™ (CT) 1s applied to che general class of
toroidal plasma configurations in which no magnetic coils or wmaterial walls
excend tnrough the torus. Figure 1 schematically summarizes the "family tree”
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Schaematcic summarv of compact
torus plasma configurationms.

I. MODEL

A. GENERAL CONSIDERATIONS

of CT configurations that have been Subject=
ed eicther to theoretical or experimencal ex=-
amioation. Two branches to tne CT family of
closed~field plasmoids are evident. On-
going reactor studies ac LA3L have focused
primarily onca che left-hand braceh depicted
ia Fig. L, with an emphasis being placed
upon field-raversed tneta piach (FREP) aa a
meansd cto form, heat and coufine a CT plas=~

moid in a reactor conrext. Both che
spheromac and the FREP configurations arz
assumed to require an alaccrically

condueccing wall to provide equilibrium and
stability. The purpose of tnis paper 1Is to
orasent parametrically and by aeans of a
simple analytic model the raactor implica-
tions of a FROP; an electrically conducting
shell is presumed necessary for equilibrius
and stabilicy. The question of aimimum
powet and size for this specliic cT
configuracion is addressed.

Figure 2 depicts the CT model and perzipneat notation that form the basis
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not addressed here, altrough these
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Given che formation, heating, and cranslacion of tne FREP jlasmotd, how
Sest can usaful fuslom energy »e obtained from a shtell~stabllized
configuration, and ia which way does this constralac affecc the projected
reactor size and power lavel if realiscic engineeriag constraints arza applied?
In short, how small is compacc?

B. ROLE AND LOCATION OF CONDUCTING SHELL

A central cthesis of tnis scudy is the presumption that a passive, elec-
trically coadueting shell provides both equilibrium aod stability aod tnat
r./ry must be ¢ 2 for this to occur. The heacted and iznicted plasmelid of
leagch L enters the linear burn chamber of length L and radius r, at a
velocity v = L/Tp that 1s compatible with the electrical skin time, Tg? aof the
conducting shelE positioned at radius T ? Ly, Translation of che plasmoid
inside this flux-comserviang shell incraases the statiomary magnetic field
(provided by external superconducring magnets, Fig. 2), as gagnetic flux is
constricted to a smaller volume bectween tne Separactrix and the shell. Tha.
part of the plasma pressure supportad by the coanducting shell results in otimic
dissiparion withia snell which pust be extracted from the tramslatiomal emergy
of tne plasmoids This energy loss may be significant and generally points ro
the usa of a room-temparature snell locaced outside a blanket of thickness 4b.

As the plasmoid is cranslatad to the burn chamber, the flux within tne
snell, provided inirially by the external superconductiag coils, is comnsarved.
A characceristic cime, T, for flux pegetration iato che shell of resistiviey
1 can be derived om the basis of this Elux coaservation

8 o2 2
St ;: (eg =23} ) (L

This exprassion 1s based upon an allowabla flux loss as determined by the
lizmit <hea the plasmoid would conctace the first wall. Placement of the snall
ac the first wall (i.e., r, *r,) will require that the shell chickoess, 3, be
less than ~ 0.05 m fat peutronic reasons; additiomally, n will be lacreased
oecause of tne higner operating ctemperaturs at a first-wall location.
Generally, 1, 15 computed to be 3-4 rimes longer 1f the sShell {s positioned
outside che blanket, iggpite of the higher valve of r, = r, + 3b. EZven wnea
locatag outside the blackar, the "shell thickness should present a cross-
sactional arza chat s appreciab}y smgllet than the crucial area from wnicna
flux is being displaced (i.e., ﬂ(t; - r;))- Furthermorz, the onmic powver
dissipactad ian the shell, PDHM’ wnea exprassed ralative to cne alpna-particls
power, Pa’ is given by 3
Te™ cov> 2

i ’ (2)
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where 31 is the cowpresged magnetic Eield wichia ctnhe shnell. Tor typical
reactor parameters {(r, = 1.0 =, &b = 9.3 73, B, = 5 7T), this rartio decreases
from ~ 50 for an ex~blankec shell (35 = (0.l @) o ~4 (3= 0,05 =) £or a
firsc=-wall shell, again giving impetus tc shell placement cutsige tae Slankac.
Lastly, zne ohmic dissipation occuriang witnia the shell must be provided
eitner by rthe kipetic or the fusiom (i.e., directly comverzea alpna=pavcicle
energy) powers asso:laced with che cranslatiang, burning plasmoid. For a
firsc-wall shell, the requiraed trans'atiomal power canm be consilerzble, and
the plasnma expansion required te chamr:l directly che alpha-parcicla 2perzy :a
supply t¢his ohgic loss woula e pronipliively large. On tne »asis of tnese
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argumeats, the stabilizing conducting shell should be locacad at a radius
t. = r,+ 40, where &b 13 expected to be ~i.3 a. In order to provide the
necessary stabilization of a plasmoid of lemgeh & =7 r_, the cranslatiooal
valocity must be « = 2/T,, again with rc/rs = 2. A3 will be seen, inesa
simple comnstraints play am important role in esctablishing the ainioum 3ize and

power of cthe CT reaccor.

C. CONSTRAINTS IMPOSED BY NEUTRON WALL LOADING AND TOTAL POWER

The, fusiom neucron wall loading, Iw(wim ), and a Lawson-like crirerion,
nTg (3/2°), at this level of analysis repr2sent lmportant indicators of systea
performance. The amalytic CT equilibrfium relationships predicc cthat 87% of
the plasmoid volume within the separatrix radius, r,, would be filled with
83 =1 plasma. The fraction of che burn chamber that is filled wich plasma
(L.e., che duty factor), is easily shown to equal 1,/T;, where J./rI 15 the
nplasmoid ianjection rate. Recalling that Cche burn cime, Ty = TS(L/E), tte
following axpression for L, resulcs

502 1, T1 rsz Tg rsa (1/‘5)2 3
e, e T et et ’ )]
(an)Z <aw> Iy Tw 152 2rg-4b Lz'rs

whera aks units are used, E“ is cthe fusica aqeutron energy, £, = L. - 4,
::/: =2, llrs =7, and T, (Zq. (1)) can similarly be expra2ssed in cerms of
Tge Wich the exception of T7» the laft-hand-side of Eq. (3) represeants a
constant that is chogsen on the basis of confinement pnysics, nig, and desired
system performance, Iw' The total gystem thermal power, P H('Jl:) equals
Z'rrrw L :w M, where che multiplication M is typically ~ l.42 (28 MeV/fusion) .
For a given wall loading and atg value, therefore, P-l:H can be evaluated as a

funcrion of system dimensions (i.e., Tg and L).

An additional and L:.portaat constraint 15 imposed by che allowable
thermal ecyecle, AT(K), experienced by che first wall. The thermal neat flux ac
the structural first wall is expected to originate primarily £from
3remsscrahlung radiacien, inm that parricle losses should be directed our of
the burn cnamber aloug open field limes in che region from radius rg to ry-
I w(4/mK), p(kg/m’) and e _(J/kg &) are, raspectively, the thermal
conductivity, densicy, and f#eat capaclty of the first-wall material, the
temperature rise for a "tnermally chick" firsc wall that is irradiacad solely
by Bremsstrahlung leads to the addicional constraiat

2
a1 ¥e kp r g2 1 Tt ()’

E3 -
LY 3/2 2rg-ab 20 372

2.63(10)77 (arp?rl/2 T
where T(keV) is the average plasmold teuwperature, and the chermal irradiacionm
tigme experiance by any given sectloa of first wall is takea as Tq-

IiL. RESULTS

Typical resulrs ara illustrated om Figz. 3, which shows the dependence oI
?TE' L, and T om the separatrix radius for the ixed parameters indizated. A
minimum total power is shown for chis casg wherz the duty faeccor, £, = Tsd 710
has been fixed ac O.l and aty = 5(10)~* 3/2° (i.2., a fuel burnup fraction
fn = 9.22). The reactor power initially decreases with increased r, QYecause
of tne 1increased Tg and correspondingly decrease ia required cranslarional

S IEp————-
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veloeity; an iacreased rteacter length

L5 T T T T T ; 30 rasulecs. As Ty iacreases beyoad cne
fo"ry +048 ,"7__1 pover awlolmum at .83 @, cthe power
16- ./, * 20 e 20 increases because of the increased
1”-':{-&,21 4 TR plasma cross-secticual area. Only the
- ] "tr:lo‘_v""'“ﬁ'o' VAN magaicude but not the position of the
FryioWe 1. ~amwrer i ainimym power indicated on Fig. 3
12~ GgOJ * 50 depends on the cholece of fixed
s 81003m paramaecers, Eq. (3) providing cne
14 5o appropriacte scaling relationship. Spec~
~ ifically, combining Eq. (3) with Pgy =
L2 WE 2w, L L, M gives the following explicit
¥ form for the power curre depicted on
- L Fig. 3.
;“',/ 1 ?IH(’JC) - B,78 .11&,/2 <U\’>L/2 (’1/6) Abjlz
o 10 1/2
(l=-x)™'* .
T mepe}f? =7 2 S
05 te 4/ 48 68 0 11 U x4 (1ex)? - 1/4]
re{m)
where x = Ab/r = Ab/2r « Equatiem (5)
Figurae 3 saows the experCed oioimum ac x = 0.3
Sependence of total power, P_.., (L.ev, 7, = 0.33 for 4b = Q.5 m). Fo
length of burn chamber, L, ahg T =10 keV, ¥ = l.42 ana n = 201037
shell skin time, T_, on plasmoid ohm m (Cu at 300 K). the minimum power
separatrix radius, tr_, for the 2quals

fixed parametrars indicated, v

£ s, (4)

ubhicn 1illustrates explicity che CTOR mimimum-power scaling. BSecause of the
direct coupling of plasma performance with the ex-blanker shell, 4b plays a
orominent role iIn establishing the aiaimum power. Furthermore, coutrary Lo
inruirion, the minimized tocal power variss weakly as cne sgquare root of che
first-wall neutroa wall loading. For the minimum power snown on Fiz. 3, rne
following system characteristics ara predicced: PTH = 330 MWe, L = 42 3, T
0.83m, L =5.8m, r = l.2m r, =1.7m2, 1. =08.6s, g, a.; s, Tg =5
(£, fixed ac 0-1), v.= 9.4 afs (Jb ka/h, , o = L. 110921 573, B3, = 371,
P«a/nr L = 2,4 ¥¥/2°.

The temperature-rise constraint givea by Eq. (4) is sxprassed below ia
explicic fora .

(Qe=x2)=1/411/2 | sap ,1/2- 1,

v i (7}
% cnikn (“,.V,/TLIZ)fz

AT = 8.33(10)728 |

wnicn predicts 4T = 13.2 K ac the ainipum=-power point for a £irse wall wicn
chermonhysical properties of copper. Egquation (7) aas seen plocted on Fig. 3
for rst walls with DHoth staialess=-stael and capper caerzophysical
asropercies. Application of the thermal cycle constrainc, AT € 30 £, requires

that Ty ¢g pe adjusted to ~ 3.2 3 and I; correspondingly de raduced te ~ .05,
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resulting 1o an opcloum ({.e., minimized) reaccor pawer of 600 MWc wich L =
30 m, agaia for a firsc wall wich chermophysical propercies similar co copper.
Stalnless sceel represents an extreme vtelative to the assumed copper-like
firsc=wall oroperties, represencizg an iLocrease {a 4T by a factor of

y (ke p)"T'nc Plgg = 4s4. It is emphasized char the mechods used to estimate
the 4 etmal-cygle constralat are highly approximate, and considerably aore
analysis of this imporcant apd ofcen neglecrted problam is warrauted.

IV. CONCLUSIONS

The application of simplified but realistic englaeering comstraiats co
the speclal c¢lass of wall=stabilized FREP configurations leads to reactor
systems that may be as small as ~ 30 m in length and generactinmg a total
thernal power of the order of 500 MWt. Decreased size and power for a given
arg @will be accompanied by decreased performance indicators, as reflected in
this study by L, and the allowable AT. It snould be noted that this analysis
is based upon fixing the duty factor, fl - T /T » Other approaches whicn
treat Tp racher than f, as a parameter give some. ha: diffe-en: optima, but che
wasic conclusions and rTesults embodied 1in Fig. 3 are aot gignificancly
altereds The regulcs of cthis simple scoplag calculation will oe used co guide
a more detailed mpodeling of important issues related to plasmoid infeccion,
plasma transport/equilibrium/stability, burn dynamics, transient response of
the tne firsc wall aad conducring snell, and aoverall syscem energy balance.
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TRACT: A SMALL FUSION REACTOR BASED ON A COMPACT TORUS PLASMA

H.J. Willenberg, A.L. Hoffman, L.C. Steéinhauer and P.H. Rose
Mathematical Sciences Northwest, Inc.; Bellevue, Washington 98009

A compact torus formed by triggerad reconnection and adiabatic compres-
sion of a reversed-field theta-pinch plasma can provide the basis for fusion
power reactors which are small, relatively easy to fabricate and mai-tain,
and wnich promise high power gain with modest reci::culating power require-
ments. A new reactor concept, designated TRACT (Triggered Reconnection,
Adiabatically Compressed Torus), has been developed based on such a confine-
ment scheme. The TRACT plasma is produced inm a linear solemoid by a staged
process involving plasma formation in a reversed pias field, introduction of
forward flux by external scelenaidal shack cofls, triggered reconnection of
the magnetic field lines resuiting in rapid axial compression and heating of
the resultant plasma torus and, finaily, some adiabatic compression of the
plasma by additional forward flux. Plasmas formed in this manner have been
experimentally observed to be stable for at least 100 Alfven cimes.!

for plasma major radii of 7 cm gr more, the confinement time based ¢n
clazsical particle diffusion across the separatrix exceeds one second. Allow-
ing for anomalous transport across the separatrix to establish a quasi-steady
state balance with axial transport processes leads to a confinement time which
is about a factor of 30 smaller than classical. Based on this hybrid confine-
ment model, a 15 kev compact torus with a major radius of 24 ¢m and aspect
ratio of 3.9, confined by an external field of 7 Tesla, has a plasma confine-
ment time of C.5 sec. Such a plasma would generate 225 MJ of neutron energy
in 0.5 sec. A TRACT reactor based ©n this plasma with a repetition rate of
gne Hertz is capable of gererating 90 megawatts of net electrical power.

A conceptual TRACT reactor design is illustrated in Figure 1. The com-
plete reattor vessel, including the blanket, shield, and magnets, is 9
matars high and 3.5 weters in diameter. The plasma champer is five meters
iong with a one meter bare. A steady 7 Tesla axial field is maintained with 2
suoerconducting solenoid located outside the blanket. This field is disturted
briefly by a normz] coil located near the first wall during plasma formation.
Prior to eacn pulse, deuterium-tritium gas is injected axially through a
screen nozzle. The mormal coil is activated in the opposite polarity to the
superconductor to establish a reverse bias field in the plasma champer. After
areionization, the plasma is heated to ignition by & four stage process occur-
ring during the second quarter cycle of the nomal coil. First, a rapid drop
in the normal ¢oil current causes radial shock compression of the plasma and
reverszl of the magnetic field. Magnetic field line reconnection is delayed
with a magnetic cusp at each end while the plasma is compressed. When suf-
ficient forward flux has been introduced, the cusp current is reversed, re-
sulting in a mirror field which rapidly triggers field line reconnection.
This triggered reconnection causes the plasma to contract axially to a con-
figuration with a much less elongated torus. As the normal coil current re-
duces to zero, the plasma is then adiabatically comprassed to ignition tem-
perature2. During burn the plasma is confine¢ whally by the superconducting
field. Fusion product heating raises the temperature to 15 keV during burn.

The axial coatractian results in a compact tarus with a high £i11 fac-
tor x, defined as the ratio of the separatrix radius tao the first wall radius.
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Figure 1. A 90 MJe TRACT Fusion Reactor
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Fi11 factors approaching one (rg + r,) have been observed.! No signs-of in-
stability have been observed for the circuit decay time of the confining mag-
ret as long as the fill factor remains above a critical value whizh depends
01 the initial pressure, and {5 in the range x = 0.3-0.4,

The rapid axial contraction and magnetic field reconnection generatas
irreversible heating of the plasma, so that the ccntracted torus is hotter
than if the process were adiabatic, Thus, the plas.'s has besn heated by
two nonadiabatic processes: radial shock heating of the conventional theta
pinch type, and axial compression heating from the reconnection process.
The more the plasma is heated by axial compression, the less is required
from purely radial processes. This relationship is iillustrated in Figure 2,
where the axial heating is described by the ratio, g, of the temperature
after reconnection to that immediately before reconnection. The higher the
value of g, the more heating is achieved by axial processes and the less is
required of radial processes. This translates to more relaxed requirements
on the azimuthal electric field Ee at the first wall for shock heating. Figure
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2 shows the electric field required to achieve 6 kev 2t finzl fi11 factor Xy
for a range of axial temperatyre gains. Xy is the fi11 factor after reconnec-
tion. If the critical fi1l factor Xe=0.3, then Ep <0.5 kV/cm for very modest
temperature gains, g¢=1.5-2.0. 1If the critical fill factor is X§=0.3, then

g2 10 is required for E5 = 0.5 kV/cm,

The normal coil is supplied by two separate power supplies: the slow
field reversal and adiabatic compression is provided by an 85 MJ fast-discharg-
ing homopolar generator, and the radial shock field is provided by a 10 M
capacitor bank. The first wall is made af alumina to allow the fast-rising
field to pemetrate. The blanket concept chosen for the referenceé design <on-
sists of lithium laad platas cooled by bolling water flowing axially in stain-
Tass steel tubes. The radial blanket is divided into two zones: the inner
blanket zone must be replaced periodically because of radiation damage, and
the outer zone lasts the lifetime of the reactor. A 0.60 meter thick shield of
boron carbide and stainless steel protects tne superconducting coil from radi-
ation, The entire vessel is enclosed in a vacuum chamber which can be ten
meters high and seven meters in diameter. The plasma chamber is vacuum pumped
continyously through penetrations at the ends.

The small size and simple geomatry of the TRACT reactor provides a grea:
advantage for reactor maintenance. The reactor vesse: is small enough to stanc
verticaily. There are no radial penetrations into the plasma chamber aor inner
blanket, so there are no restrictions to vertical movement during component
maintenangce. Since the first wall, normal ¢oil, and inner blanket zone are
frea te move axially and are small, no remote cutting must be performed to pre-
pare these cqmponents for removal and replacement by an Jverhead crane. These
features will greatly decrease the time required for blanket/first wall replace-
ment compared to other fusion reactor concepts.

The recirculating power requirements for an ignited TRACT reactor are low.
~1 m bore, 5 m long plasma chamber is suffigient to produce 278 MJ of therma’
energy per pulse, with a blanket muTtipiication of 1.22. Use of the compound
magnet concept 1imits resistive heating 07 the megnret to only a small fraction
of the duty cycle. With a ten millisecond half-cycle time, which is achievabie
with fast-discharging homopolar generators, Joule heating losses are 1.9 MJ/
puise. Assuming 95 percent switching efficiency, switching losses in t!e mag-
net system account for another 4.2 MJ/puylse. Plasma thermal energy at ignition
is 4.5 #J, which is not recovered in the current design. Dther losses, in-
cluding vacuum and coolant pumping power in the blanket as well as the super-
conductor, amount to less than 1 MJ/pulse. At 36 percent blanket tharmal ef-
ficiency. the recirculating power fraction is 11 percent. A reactor with z 50
percent duty factor would thus produce 90 MW of net electric power.

Since the plasma volume scales as r?, where r is the first wall radius,
and the confinement time scales as r?, the thermal energy output per pulse
scales roughly as r®, A smal) change in the reacter dimensions can substanti-
ally change the power output. _The hybrid confinement madel described above
predicts that an experiment with a (.52 weter bore would result in energy break-
even, and a2 fusion power pilot plant which produces net electrical power re-
guires only a 0.70 mater bore. The strong power dependence on size als: Jeads
to weak reactor sensitivity to confinement scaling. Figure 3 11lustrates the
first wall radius required to produce 30 MWe for different confinement times.
Particle corfinement based on. ¢lassical radial transport would allow a “irst
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wall radius of 0.39 m. Aicator scaling allows a radius of 0.56 m. Even if
tne particle confinement time scaled as one-tenth of the Alcator model, the
reguired first wall radfus would still be only 0.9 m.

NET ELECTRIZAL POMER = 90 ma

FIRS) WALl RADIUS (m}

0.0 1% —
10 et e e

Figure 2. Electric Field Reduction With Figure 3. Reactor Size Scaling
Axial Compression. Field Required tc With Confinement Time. First Wal!l
Acnieve T.=6 keV at fill factor X with Radius Reguired to Achieve 90 MW
7 Tesla Magnetic Field. Length Compres- Net Elactrical Power. Xr=radial
sion Factor = 3. Xy=radial fi1l factor fi11 factor at igniticn.
immed-ately after reconnection.
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