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.N-REVERSED MIRROR EXPERIMENTS*

TANDEM MTRROR AND FIE

F. Ho Coenspen, I'. ¢, Simonen and W. €. Turner
Lawvrence Livermore Laboratory, Universitv of Calitornia
Livermore, €A 94550

ARSTRACT

Maltip'e-mirror systems offer sipnificant enhancemert of the power halance above
that attainable frem a conventional single~cell mirror reactor, Several malti
ple-mirrar confi tions are under experimental investigation the tanden mir-
rar, che figh-density miltiple-mirror, and the field-ceveraed mirror, This paper
ic largely devated to tandem mirror and field-reversed mirror experimenta at the
» Liyormors Laboratervy (LLL), and briefly summarizes results of exprrimentes
ch field-reversal has heen achieved.  1n the tandem experine at, high-cnerav,
ity plasmas (nearly identical to 2XIIB plasmas) are located at each end
ot a «<denoid where plasma ions are electrastatically confined by the high posi-
Live patentials arising the "end plug" plasmas. End plug ions ave magneticatly
confiaed, aad electrons are clectrostaticallv confined by the averall positive
potential of the system. The field-riversed mirror rractar consists of severn!
small firld~roversed mirror plasmas linked together for ecconomic reasons.  In the
LIL Reta 11 experiment, generation of a Tield-roversed plasma ring will he jnvee-
tigated using a hich-energy plasma pun with a transverse radial magnetic fiald.
™ise plasma will he further hoeated and sustained by iniection of intense, hipgh-
onergy nentrat heams. .

wnrds: magnetic mirror: thermonucliear reactors: fusion; tand rror:

‘d-reversed: c-pincht multip'e mirracs.

INTROMICTION

Tandem mirrors and field-reversed mirrors, hoth of which aperate with open-enied
magnetic mircor coils and at high beta, offer a number of advantagss over a con-
ventional single-cell mirror reactori e.g., hoth reactor concepts cauld produce
mvle st power output and retain the desirable enginecering construction and main-
tenince features characteristic of rhe open-ended magnetic design. Due to the
ateractive foatures of thess systems, there apre a number af exper iments unde rway
sooinvestivate and demopstrate the confinement sropertiss of soch mirror

Hark performed under the mf:p:r--:“rﬁ_rl_u' U.8. Department of Energe be the
Lawrence Livermore Laboratory under contract pumber W-7405-ERG-AR,
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configurations. Theve are other attractive systems in mirror peometry such as the
high-density, multiple mirrors 4 scassed bv Rvutov 11978}, Reosults of plasma con-
finement experiments in single-cell mirrers that are the stepping stone for these
improved experiments arn reviewed in our other paper at this me ting.

Reactor design studing have been carried ont it Lawrence Livermore Laboratory
(LIL) far both the tandem mirror (Carlsen and co-workers, 1978) and field-reverscd
mireor (Moir and en-workers, 1977}, Tuble | gives preliminary parameters for de-
signs currently nnder study. Other groups have also carried out tandem mirror amd
ficld-teversed mirror reaccor designs to further illustrate veactor optians.

ried

PABLE 1 Examples of Tandem Mirror and Field-Revi:
Mirror

T STagiAcrl

Tandew reversaed
— S mirvror mirror’
Boax (T) 12 0ol
Eini (keV) 200 200
Paeutral heam (MY 10 1.6
Palectron heating (M) %7 n
Pusian (M) 1500 0
Length (m) 30 20
Q 23 5.5

*Carlson and co-warksc~ (1978).
"Moir aml co-workers (1577).

TANDEM MTRROR CONCEPT

The tandem mircvnr configaration suggested by Dimov, Zakaidakov, and Kishinevskii
(1976) and bv Fowler and Logan (1977) utilizes a number of demonstrated mirror
phvsies principles. Figure 1 shows the essential parts of a tawdem mircor ma-
chine. Two single-cell mirior wachines are placed at the ends of a longer sole-
neid.  The mirror machine en' olugs provide a minimum-B magnetic ficld that con-
tains A high-temperature pla<ma. Since hot ions injected hy nentral heams are
hetter confired than the clectrons, the cnd plugs develap a positive electric pe-
tential that confines the clectrons. This pasitive end-ptug potential, together
with the high magnetic mirror ratin, confines the solercid inns (which are creared
by innization of gas feed into the solepeid).

In the tandem mirror reactor, mast of the fusion power will Le produced in the
solenoid. Despite the fact that the ond plugs are not efficient power producers,
the overall q of the tandem system can be high because the solenoid volume V.
can he much larger than the end plug volume Vp; that is,

e ¥ N
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TAHDEM MIKROR AND FIELD-REVERSED MIRROR EXPERIMENTS

Flux tubg

Solenoids ~

Transition coils

Fip. !. Artisc's drawiog ~f TMX {.luastraces essential features
0f tandem mirror machine.

where P oand P are the externally supplied pover per unit volume necessary to
sustaia the central cell and end plugs, respectively. and P, is the thermo-
naclear power per unit voluma gencrated in the solenoid.

n

The peomotry of the Landem mivror is sketched an Fig. Wigh-vner swentral
heams maintain denar mirror plasmas in the end ceils. The ions lost frem the cen=
tral salencid are replaced by injectian of lw-vaerge neudtral heams, pas, or pel-
lets, which are ionized and heated by the hot electrons, ! electrons are in
turn heated by the energetic ions in the plugs, and possibly by additional aux-
i'iary heating such as electron cvclotran resmnance heating (ECRH). Thus, the
system is characterized by E, = T, > T, vheres £ is the average ion ener-

gy of the plug, T, is the electron temperature (which is the same in bSoth plugs
and solenoid), and T, is the ion temperature in the central cell,

1f the density in the plugs n, is greater than that in the soleanid n.. the
requirement of qunsi-neucraliry establishes a potential differonce hetween

<

the two regions. For a Bo'tzmann distribution of electrons, !. is given bv
n
4 =7 In-E . 2
¢ 3 u
¢

Ceantral-cell ions with energy less than §; are confined in this axial patential
well for the time T¢ required fur them to diffuse upward in energy above the
barrier height. For 4, > 2T, T, is given by Pastukhov (1974) as

3
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Low-field solenoid

Minimum | B |
end cells

Fip. 2. Tandem mirrors with ambipolar barriers at the rnds.

b L
T Ty g(R) (f) exp (T—C-) N (3)

c

vhere t;; is the ion-ion collision time, and g(R) = 2R + 1) In(4R + 2) /4R is
a slow [unction of the central-cell mirror ratin R = B{mirror)/B{solenoid). Sub-
stituting Eq. (2) into Eq. () gives

T/T
. )i () () ,
v s () () (3)

c c

Provided T, > T., a properly chosen injection flux of ions into the solenoid

and the plugs (which are subject to conventional mirror confinement’ will maintain

an arbitrary density ratio n,/n. > 1, so that any cnhancement of T. over

Tii is feasible. The temperature inequality T, z T, is important to mini-

mize the density ratio required for adequate electrostatic confinement of central-
4
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ceil ions, Thus, it is advantagecms to use heating methods that preferentially
heat electrons.

Elcctrons are confined by a net positive potential ¢, relative to ground; this
potential adjusts to a value equalizing the electron los:os witk the combined ion
loss from the plugs and the solenoid. Under most operating conditions, 3, ex-
ereds . by a factor of 2 o 3.

Because of the cnhancement af the confinement time over 134 given hy Fqs. (3) or
(4), the Q of a tandem mirror reactor {Eq. ()| can considerably excend unity.

Tandem Mirror Experiments

There ara four tandem mirrer experiments under way (sce Table 2), Gamma 6 at
Tsukuba University in Japan (Miyoshi and co-workers, 19785 Yatsu and co-workers,
1979) hegan operatinn in the spring of 1978. Experiments on the Tandem Nirror
Experiment (TMX) at LLL (Caensgen, 1977) bepan in July 1979. Phaedrus at the
University of Wisconsin (Mai, Kesner, and Post. 1977) and AMBAI -1 ar Novosibirsk
(Ryntav, 1978) are under construction. In this paper, we review results from the
operating fandem mirror cxperiments Gamma 6 and TMX.

Gamma 6 Tandem Mirior Experiment

The Gamma 6 experiment has given carly indication of the promise of tandem mirr.r
geometry. The parameters of Gamma 6 are summarized in Table 2 and schematic dia-
grams are shown in Fig. 3 of the experimental apparatus and in Fig. 4 cf the plas-
ma. Gamma 6 includes several heating systems, neutrtal=beam injection (NBI), radio
frequency (rf) (Miyashi and co-workers, 1978}, and relativistic electron besm
(REB} (Kawabe and co-workers, 1978), Tu order to obtain carly phvsics results,
Gmma h was huile without solenoid cransition coils, Consequently, the solenoid
is elliptical and the end plugs are nor rotated 90° relarive to one another,

This introduces limitations (Ryutov and Stupakov, 1378) on solemnid con finement
that will not be present in the proposed next experiment, Gamma 10.

The first results from Gamma 6 showed that a macroscopically stabls Jdensitv dis-
tribution could be created in the tandem mirror magnetic field canfiguration.
Using Langmuir probes, the Gamma 6 group has shown the formation of a: ambipolar
plug potential that, as shown in Fig. 5, increased in magnitude with n-utral-beam
injection (Miyosbi and co-workers, 1978). In more recent Garma 6 ex,eriments,
measurements showed that the measured potential difference between the end plug
and central cell was in agreement with calculations hased nn the fundamental re-
tation ¢ = T, In(n /n.) given in Eq. (2). The calculations take account of the
time and space dependence of electron temperaturc. Most recentlv, 2-keV electron
energies have been achieved using REB heating.

THX Tandem Mirror Experiment

This section describes the TMX device, the experiments that are under wav, and
reparts the [irst results. A theoretical model for T™X operation has hcen pub-
lished (Gohen, 1979), and other physics issues related ta tandem mirrar confine-
ment have heen summarized (Baldwin and co-workers, 1978; ¥dghinevskv and co-
workers, 1978).
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TABLE 2 Summary of Design Parameters of Tandem Mirror Experiments
in Operation or Construction

Gamma 6 THX Phaedrus AMBAL-1

Plug*

By (kG) 4 10 2 12

Bmirror (KG) 10 20

R tem) 4 b 7 12

Ly mirror-mirror (cm) 75 90

Heating method Beam, RF,REB Beam ICRF Beam

Reating power (MW) 0.5 9 0.1 1.0

Dutation {ms) 2.5 25 1

n (em3) 5 x 3013 5 % 1013 5 x 1012 3« 1013

W (keV) 0.4-10 26 2 20

T, (eV) 26-200¢, 200 40 1000
Solenpid:

B (kG) 1.5 0.5-2.0 0.5 2

Lolug-to-plug (em 315 640 390

Rp (em) T x 20 30 14 30

n (en™3) 1.0 » 1013 1 x 0!3 2% ic’? 1= 1013

Wi eV 80 5 500-1000

Te (eV) 300 200

L e——————
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Fig. 3. Sclhieratic diagram of Gammz & experiment (Miyoshi and co-workers, 1978).
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Plasma gun
density

5x 109 y
\ Nautral-beam :

injector
10KV, 3.0 A (equiv.)

Magnetic field strength
Plug mirror field: 10 kG

Plug mirror ratio: 2.4
Central -cell field: 1.6 kG

Central plasma

Plug
plasma
Hot.plasma parameter {plug)
Avarape energy: ~ B keV :
Density: ~1012 ¢m—3 :
Electron
/ Temperature: 10eV ~ 1 keV
REB 400 keV, BO kA, 50 ns (nr) ~ 101 em~3

Fig. 4. Scnematic diagram of the Gamma 6 plasma (Miyoshi and co-workers, 1978).
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Fig. 5. Gamma 6 results show that the measured potential between the
plug and central cell increases with neutral-beam injection
curtent (HMiyoshi and co-workers, 1978).

The components of the basic TMX apparatus without the vacuun shell are shown in
Fig. 1. The flux tube passing through the middle of the machine is shaped by tne
end-plug magnets, the transition magnets, and the solenoid set. The end plugs are
heated by neutral-beam modules arranged in four clusters, two clusters per plug.

A photograph of the TMX apparatus is shown in Fig. 6. The end tanks provide the
vacuum enc losure for the plug magnets and hause the pumping surfacecs for the scat-
tered gas. The center-cell tank completes the vacvum enclosure and, hecause of
irs smaller size, provides for easier diagnostic access to the plasma. The scale
of the apparatus is set by the end plugs, which are roughly the size of 2XIIB,

The central-cell parameters are derived from the plug parameters.

Operatii.: of TMX has just begun at this writing. Measured plug parameters are
similar to those observed in 2XIIB for the same injected nentral-beam currenr. As
was true with 2XIIB, TMX parameters are improving with continued operation and
with increasing neutral-beam current. Table 3 lists parameters achieved in the
first 2 weeks of operation.
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Fig. 6. View of TMX during construction.
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TABLE 3 Measured lnitia) ™% Viasma Parameters

Paramoter | Value

Tatal neutral-beam current (AJB 300
End plug density (1013 em=3) r 2
End plug beta (%) " 15
End plug electron Lvmpcrntut' {eV) 160
Solennid dennity (1637 cm"j 2
5

!
|
Solenoid heta (%) |
I

{

The following obscrvations are encoucraging:

o Achicvement of 5% beta in the solenoid, which indicates the ahsenc.
of violent magnetohydrodynamic (MHD) instabilities, Plug betns nre 5 to 15T,

i
e Establishment of n tandem mirror! lengituZinal densitv profile with
center gas feed for the full brom duvation of 2§ ms.

® Achievement of s 160-eV eleccrom tewporatures This it alightly
higher than attained in 2X11B when it was operated with ewice the neutrai-beam
power now attainable in TMX. Furthermore, the leaser amount of TMX power sustaina
two end plugs, rather than one end plug, and a salencid volume of 1,000 titres.

Experiments are now in progress in the following arcas:

e Increasing the seam current and enorgy to further improve TMX plas
ma parameters,

e Learning to optimize mothods of feading gas ro the solenoid.
e Determining solenoid confiucment properties.
e Performing detailed diagnostic measurements of nlasma e perti

In the future, experiments ¢i{l be carried out nn TMX with electrin=beam 1
neutral-hcam heating of the solenoid, ECRH heating of the ond plugs, nf th- ¢

bacriers.

e

F1ELD~REVERSAL GONCEPTS

The field-reversed mirror (FRM) urilizes the magnetic fields genarated ~v plasma
currents to close magnetic ficld lines within the plasma. The FRM combines aome
good features of the mirror machine with poad features of toroidal svarems. The
magnets would have the techrological simplicity of a linmear mirror sv<tem with
coi) windings that do not link the plasma. Plasma confincment wonld = mproved
relative to open~field~line mir-or confinement hecase of format’ reaidal
closed fie'd line surfaces by p.asma currents. There are part; intages ta
a FRM witr poloidal finld only. although it is possible to in ‘nidal
field as in the Spheromak consopt (Bussac, Furth, and Roseabl: To date,
11
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the only FRM reactor skudias haye ananmsd that the toruidal field is 2ero. Tie
plasma bata & = [Ba(T; + T, )]/By,. i< then necessarily of arder unitv. Such

a system is theoretically unstable tn id.al MRD medes (Barnes and Sevler, 1978),
Stahilily is assumed te be provided hy finite Larmor rading e’fects, alrhongh
thern have heen no detailed theo! -tical calculations. The critical issup is how
large a plasma will be atable since the ratio of plasms minor radins tn ion
gyroradins must he about five o achieve a reactor Q valur of five, For these
amall~size plasmas, one reacior concept {Moir and eo-workers, 1977) utilizes a
stationary linear chain of 13 field-reversed cella producing 1 net pownr output
around 190 4. Systems emploving moving field-reveried rings have also heen sup-
pested (Fleischmann and Kamrash, 197%; Smith and ca-workers, 197931, If it turns
out that a taroidal field is required for stability, then these reartar concepts
wonnld have to he re-evaluated,

Ficld-Reversal Exp-riments

‘There have heen no field-reversal experiments with plasmas close to rhermonuclear |
condirinns, All experiments have ither benn at law temperature or density or, as |
in the ease of 2XITR experiment {Clauser and co-warkers, 1978), did not achiave

closure of the magnetic field linesh  There aye, hawever, a number of field-
reversal eogperiments which have genponted the field=roversed configuration, Thi-
section revirws results from those experiments, which are linted in Tadle 4. W
sall not discuss ecither large-aspect-ratio experiments such as the tar.i’ 1 ro-
vorsed-field pinch (Bakner and tnvvq‘rknra, 1978) or those with a strong toroidal |
Field (Mohri and co-workers, 1378),

TABLE 4 Summary of Present Field-Reveraal .xperiments
]

e e e e m w4 o e

Tectron  Gusp-injected

ring

Plasma ring |

- —— +
LLL-Reta 1T LASL-TRX/
Rurchatev

Cornell
[REX

Experiment RECE-Chriata NEL/Trvine NRL

tothod of  Plasma gun  Theta pinch Relativistic olectron Ton diodn

meneration beam

Magnetic 5 LAY .5 1.8 11 19
field (kG)

fan encrqv 2500 oV 350/100 oV - -- 1.0 MoV 0.5 MeV
Electron 600 oV 100 2,5 Mev 1.2 % .- -
energy

Duration * 30/100 1000 18 25 *
(1is)

*lag aot vet achieved field reversal.

Most closelv rela’ed to Lhe efoncept heiog purauned at Livermare are the plasma ring
experiments using plasma guns {(Alfvén, “indberg, and Mitlid, 1960; Jones and
Mitler, 1968; Turncr, 1970) and thr reversed-Tield theta pinches (Eberhagen and
Grossman, 1971; Linfard, Platts, and Sherwood, 197-5 Es'tov and ¢ 1-workers,
1978). -At Livermore, we are building a larger scate version of a mignetized co-
axial plasma gun (Alfvén, Lindherm, and Mir lid, 1960) utilizing the high-energv
coaxial gun technolopv develaped at LASL (Hennins and Hammel, 1977). The

12
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experiments will be carried cul on the Beta IV machine (modified 2XIiB), Re~
versed-Field theta pinch experiments at Los Alamos (Linford, Pirivis, and Sherweod,
1978) and Kurchatov (Es'kov and co-workers, 1978) have generated enmergetic Neld-
reversed plasma several gyroradii in size which exhibit long-time MID stability.

Field-reversed electron rings have been created by tvapping relativistic electron
heems. 1n their expariments, Tusaewski and co-workers (1978) have shown l-ms
electron ring stahility and explored many features of the field-reversed configur-
ation. Experiments at NRL (Scthian and co-workers, 1978a, 1978b) and Irvine
{Roberson, 1977) show other methods of ¢veating mapnetic field reversal using ro-
tating relativistic electron beams. Ton ring ficld-rever<1l cxperiments were
faitiated at MRL (Kapetamikos and co-workers, 1979) and ¢ 11 (Hammer and co-
wikers, 1978) following thr receat developmeprt of intense nulsed ion beams.
These wxperiments can be cxpectad to achinye most impressive plasma parimeters as
ion beam generator output power increases.

Beta I' Plasma Gun

The goal of the experimental pyogram at LLL is to develop means of heating and
austaining field-reversed plasma in a mirror macaine with netral-h am injection,
The most difficult step facing this program is startup of the ficld-reversed cnn-
figuration. The preaent plan is to combine recent work on the dewrlopment of
large coaxial plasma guns (Hennins and Wammel, 1877) with the techniques of

oar lier experiments on praduction (Alfvén, Lindberg, and Miilid Y orpane e,
and mirror trapping of Field-reverse ! ringas (Jones and Miller, !eoua: Turner, 1073
Tuszewski and co-warkers, 1978), The adaptation of plasma guns for this purpose
is being carried out in a joint program at LLL {(Siminen, 1978) and LASL {(Armstrong
awl co~workers, 1978), with experimental facilities beinp conatructed at both
laharatories.

Schematic diagrams illustrating the basic ideas of the finld-reversed pladma guo
expar iment arz shown in Figs. 7 and B, As shown in Fig. 7 a ~eaxial plasma gun is
fitted vith solenoide on rhe inner and outer clectrodes and immersed in an equi-
librium guide field. The coil configuration forms a magnetic cusp in froot aof the
gun, Field lines emerging lrow the inner electrode gencreate a sirvong radial map-
netic field component at the gun exit. Retum flux from the inner electrode is
controtled by the nuter electrade solenoid, so that the gun can he operated with =
bias field or very low f{irld between the electrodes. Gas is pulfed into the
region between the electrodes at a distance halfway hetween the broech and the
muzzle. After a suitadle delay, a capacitor bank is lischarged hetween elec~
trodes, creating a radial current shert near the gas inlet. The current sheet is
pushed down the gun btarrel by the j x 3 hydrodveamic farce, High-heta plasma
reaching the end of the pua pushes the field lines nut until eventually they be-
come highly nlongated and then reconnect o that a drifting firld-reversed plasma
ring is formed. Because the plasma mixes with the azimuthal field in the jpun, we
expect the rings to trap some tornidal field as well as a poloidal field; this may
be beneficial for stability. The field-reversed plasma farmation schewme shown in
Fig., 7 was, as far as we know, first outlined hv Alfvén (1958) and then demon-
strated to work by Alfvén, Lindberp. and Mitlid (1960). After the ring is formed,
the sequence continues in Fig. B. The ring drifts along the equilibrium field
until it is reflected by a barrier finld and trapped bv a fast-rising gate field.

Mirror reflection and trapping of a field-reversed ring having a total energy of a
few joulas has been achicved by Jones and Miller (1968). We wish to extend this
technique in Beta IT to rings having several kilojoules toral energy. The ring is
then beated and sustained by neatral-heam injection.

13
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Y Equilibrium

Solenoids 4—;\ field
N :

\—Radlal {poloidal)

Plasma ~ {ield generator

e
{a) During acceleration

Bnak}ldul

{c) S1il) Jater

Fig. 7. Schematic of plasma gun formation of fiela-reversed plasma.
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Field-reversed Gate magnetic  Barrier magnetic

Plasma ring field tield
gun —
)
(a) Tl:anslate |.'ing 10 ) D l' A
mirror region @ 1, '

{b) Mirror trap ring ' /\\

{cf Neutral-beam
heat; fietd-
reversed ring -————

S 55

@
D
Neutral beams

Fig. 8. Translation, wirror trapping, and neutral-heam heating
of field-revarsed rings.

The initial experimental goal is to produuc <nd diagnose field-reversed rings with
parameters that are compatible with heating ard sustaining by the ten Lawrence
Berkeley Laboratory (LBL) 20-kV, 50-A neutral-beam injectors installed on Beta 171
(injected heam power =5 MW, vrruum magnetic field strength 5.0 kG). For this,
the total enargy of the plarma ring should be several kilojoules occupving a plas-
ma voiume of several litres. The field-reversal parameter AB/B, ae Should be
approximately 2, so that the field at the ring ceater is equal in magnitude and
opposite to the applied field, The total trapped poloidal flux ¢ should roughly
equal 1.5 x 103kG em? for a 5.0-kG vacuum field. In this way, the desired

field configuration is created in the targer plasma and the neutral heams are uged
to neat and supply particles but not to huild up the field-reversed flux. A mean
target plasma ring density n = 3 x 101%cm™3 would be well matched to beam in-
jection, abserbing most of the incident beam cnergy vhile allowing the heam atoms
to penetrate to the interior of the ring.

Once the rings are formed, they must be slopped. 1f this is to be done with a
magnetic mirror, the required mirror ratio Ry is a sensitive function of che
ratio of translation kinetic enerpy of the rings Uy to the sum of their thermal
energy Uy and magnetic ene.gy Ug. For a spherical Rill vortex equilibrium
(Shafranov, 1958), it can be shown that this ratio of energies is related to the
mirror ratio by

Thus, for 0.5 < U /(U + Ug) = 1,0, R, falls in the range 2.25 to 4.0. After
formation of the Ffiel''-reversed rings, important tasks will he to determine the

15
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mirror ratio required Lo stop the rings and the extent of our control aver the
ratio of tranalaticnal to thermal and magnetic cnergy.

Once the rings have heen stopped, the critical question is the energy confinement
time required so that they cnn be heated and gustained hy neztral-beam injection,
For a plaama ring energy of several kilojoules and the 5-MW of neutral-beam power
available on Bata II, the required confinement time is of the order aof 4 milli-
second.

A schematic o’ the plasma gun constructed to test the ideas just described is
shown in Fig. V. The design very closely follows that developed at Los Alamos
Scientific Labo-atory {LASL) (Hennins and Hammel, 1978; Marshall and Hernins,
1965), with adap-ations required by the addition of the selenoid cnils on the
inner and outer sclenoids. Some of the physical pavameters of this gun are sum-
marized in Tahle 5.

v 181 m ' B -

Ui Quter electrode i' |
- .

L -
; Hydraubie jack \ . T o
= L e | A . Inne

e : Plenum
A Gas valve
v ' i
Betatl “E’
vacuum wall . ]
<

I
Collector plates
+ edge type cable

termination
- ‘im -

Fig. 9. Diagram of Beta U1 plasma gun.

Data taken with a conxial plasma gun similar to that shown in Fig. 9 but without
the golenoid cceils have been reported by Hennins and Hammel (1977) at LASL. The
data demonstrated plasma-gun production of multi-keV icns in sufficient quantity
to form rhe field-reversed target for voutral-beam injection. A fast-plasma com-
ponent was observed with D* velecities etween 3 x 107 and 8,9 x 107 em/s
and having a mesn energy E = 3,0 keV. The transverse energy of the plasma target
150 cm from the gun was 6.5 kJ, and the tolal energy measured on a calorimeter
behind a 10-kG solenoid was W = 35 kJ. Frum this, we estimate the number of D
ions in the fast-plasra component N =~W/E =7 x 1019, Roughly, this energy and
particle output are an order of magnitude greater than is needed for the field-
reversed rings in Beta II, allowing a margin for inefficiency in transmission
through the magnetic cusp. The total number N = 7 x 1019 of D* ions estimated
to be in the fast-plasma component smounts to only about 3% of the total
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TABLE 5 Field-Raeversed Plasma Gun Parameters

Parameter

Value

Plasma pun!
Inner electrode diameter
Outer electrode diameter
Electrode length
Plinum volume
Inner rlectrode wall

Quter electrode wall

Capacitor hank:
Capacitance

Yol tage

Inner solenoid:
No. of tums
Mean turns radins
Inductance
Resistance

Magnetic field

Outer solenoid:
No. of turms
Mean turns radius
Inductance
Resistance

Magnetic field

Guide field

15 em

30 cm

159 em

3.0 em?

1.3 cm 55 + 0.10 em Cu

0.32 cm S5

237 wF

40 kV

133
5.2 cm
120 wH
22 mit

<40 kG

133
18.8 cm
1.6 mH
80 mq

<6 ke

<6 kG
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"0 atm.cm) of gas puffed intn the plenum chamber. Cold, slow plasma may be
expected to flow out of the gun after che fast plasma has passed. The cusp field
should prevent this plasma from coming inte contact with the plasma ring by
diverting it onto a4 wall, where it will recomhine to Eorm gas For experiments
lasting up to a fow millisrconds, this gas will not he troublesoms, bui hoyond
that it will diffuse to the hot plasma and cause excessive charge-exchan,e loss
and nlasma conling, Eventually then, mrans must he devised for either pumpiug
this gas or improving the pas efficieney of coaxial guns,

Reversed-Field Theta Pinch Experiments

Interest was renewed in roversed-field theta pinch experiments following the dis-
covery of long=time equilibrium (Eberhagen and Grossman, 197t; Linford, Plates,
and Sherwoad, 1978; Es'kov and co-workers, 1978), These experiments have burned
through the radiation barrier to reach hundreds of eV cnergy and remain stable for
many MiD transit times, The enhanced confinnment and high temperatares compared
to open-ended theta pinches are atiributed to the closed magnetie field lines.

Thv- reversed-field theta plnEh configuration in ’he LASL—-FT(X (Linfnrd, Mlagts, and
herwood, 19728) ~xperiments is terminated by the growth of rolatianal m = , in-
stahility. According to Linford, the rotation deve’aps whnr\ a suhstantial amcunt
of plasma and flux has been lodt, and the loss of plasma may be the cmise pather
than the offwct of the rotational instability. There is hape thea that [f the
confinement of plasma and flux can be improved in larger experiments, this m = 2
mode will not be a Yimiting factor. FRX reversed-field theta pinch experiments
duriap the stable period are nf considerable internst since these rxperimants
operate in the finite gyvroradius range 3 - afig < 10 of int rest for field-
roversed mirror reactors. The confinement time during the oquilibrium phase is
about 40 to 80 which oxceeds the Rohm Lime hut is shorter than the 0
classical time if we assume that the estimate of T, = 100 oV is acrurate,
Linford's experiments, there is evidence indicating improved confinement time wilh
increase of the minor radius of the ring, i.r., with afp;.

Reversed-field theta pinch experiments carried ont in the Soviet Union (Es'kov and
co-workers, 1978) show stahle confinement for up to 100 us limited anly by the
crowbavred magnet decay time. The m = 2 rotatiecnal instability has onever heen
obscrved in these experimenls, perhaps because cusp magnetis mirecrs are red at
the onds and fast~pulsed gating coils force reconnect'on at a preciselv controll-
ahle time. The forced reconnection induces a strong axial sheck wave which heats
the piasma and compresses (t against the wall o chat ¢hz ratio af separaerix

rad fus to wall radius is typically r /v, ~ 0.7 vo 0.8, For comparison, in the
exporiments of Linford, Pltatts, and '*‘nlmrwnod (1978), rylr, = 0.5, For

rg/r, 7 0.3, the Soviet experimeaters ohserve a vaiety of unstable ant
short-lived plasma behavior such as violent digruptinn and tearing of the peutreal
current sheet, rapid loss of flux, and growth of an m = &4 nonrotating distnrcion
of the plasme cvlinder. Aside from development of cusp-mirror end acomntry and
forced reconneclion coils, a Soviet group has also developed a puls~d oclupole
barrier field to keep the neutral cnrrent sheer away fron the wall during reversal
of the applied field. This results in improved flux trapping, plasma purity, and
absence of teraring instability.

In summary, reversed-f{ield theta piach experiments provide information nat pre-
sently available from other devices on stability and confinement properties at
parameters relevant to field-reversed mirrors.
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F1 fLD-REVERSED ELECTRON-RING EXPERIMENTS

The RECE-Christa Experiment

The RECE-Christa experiment at Cornell University (Tuszewski and co~workers, 1978)
employs a relativistic electron generator to pruduce ficld-reversed electron ring
configurations. Although high-energy proton rings will be needed for reactor ap-
plicatinns, the electron-ring experiments are Leing pe-formed to investigate var-
jous characteristicy af field-reversod, large-orhit configurations with lower cost
amd simpler rechmologv, This series of experiments has boen snceessfnl in ex-
amining a mruber of important issuess

e Praduction af strong field reversal with fiald reversal
tasting for [.l ms3

e Compression of electron rings by a factor o€ 3 with
no apamalons 1nssess

e Transport of electron ring with only small losses;

e Discovery of quadrupole~induced resonance losses.

Rotating Flectron Beam Field-Roversal Experiments
A secand hod of generatine reversed magnetic Fields is by the use of a rotating
relativistic clectron hesam. Such experiments have been carvied out at the Naval
Research Labcratory (NRL) (Sethian and co~workers, 1978z, 1778h) and at the
Univeesity of California at Trvine (Roberson, 1977). 1In the NRL experiments, the
bheam is injected into gas; the Irvine experimenters have used gas and plasma tar-
gets.  The REB acquires its rotation by passing through a cusp magnetic field.
The azimothal current generates the reversed potoidal field configuration, and the
longitudinal current provides a toroidal field. The finld-reversed structure is
maintiiaed he induced nlasma currents rather than by trappad beam eloctreons as in
the RECE-Christa experiments.

IDN-RING F1ELD-REVERSAL EXPERIMENTS

The invention ot high-current reflex ion generators allows field-reversal experi-
ments using high-ensrgy, large-arhit ions. Such experiments are underwar at NRI
{Kapetanakos and co-workers, 1979) and at Cornell Universitv (Hammer and co-
workers, 1978},

The MRL experiment emplavs a 200~kA, 1.4-NeV, 90-us hallow proton heam. FPeak pra-
ton current reaches 380 kA, with greater than 6 x 1016 protans extracted per
pulse, After passing throngh a cusp mapnetic field, the ion ring acquires per-
pendicular energy. Very racently (Kapetanakos and co-workers, 197%) it has heen
reporteid that field reversal has been achieved, the field inside the proton ring
reaching a value of 1.25 times the vacuum field of 1.50 kG. In the aext stage nf
the experiment, pulsed coils will trap the field-rcversed ion ring within the mag-
netic mirrer.

In an ion-Tinp experiment at Cormell University, an armular anede mapneticalis
insulated ion diode is used Lo generate an intense, 580-keV, 100~ns proton beanm.

This beam will be injected into the TREX machine with a 10-kG magnetic mirrvor
field. Resistive trvappiug will He cmployed.
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CONCLHSIONS
Tandem mirrors ard fisld-reversed mirrors swplay the attributes of sin-i--celi

mitior machipes sut have the pnssibilivy »f nhraining higher pouar balance. A
nymder of exprriments are opderway to addrese and Ademnnstrate the phvs,cs prine

ples hehind thein dov.crs.

The TMY and AMULAL-1 tandem miirare are expected 'a create plagmas near therme-—
auclear enmnditions hy smrloving netra am weating of the salenoid, Eartv TMX
rrsnlts lonk rmeonreging.  Tie Camna 6 tandem mivrar has demonstrated several tan-
tras will demonstrate rf heating in a tan-
cversed wireor Is somewhat gpean. ative on A
per i enats ane eaccaoaing and possible reactor

ive, Fxperiments are alse in progress to investigate

dem mirror phesics prineiple
dem mivror confizmration,

thenaretics! sasiet howoyer,
characteris' jes are atirs
fivld-reveraed plasma rings, lectror cings, and ion rings.
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