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MAGNETTC MIRROR CONFINEMENT OF HIGR-ENFGY,
NIRH=-DENSTITY PLASMA®

F. W. Coansgen and T, C. n
f.awrence Livermore Laharatory, University of Califo.nia
Livarmorr, CA 94550

ABSTRACT

This paper summarizes results obtained from and work in progress on those expe
ments which have contributed significantly toward the confinement in single-cell
magnetic mirror systems of plasmas clese to thérmonuclear conditions. Because che
mirrer confinement of such higli-energy, high-density plasmas has beon studiad most
exrensively in the 2XITB experiment, discussion of 2XIIB results forms a mnjor por-
tion of this poper. 1In these experiments, injection of low-cnerpy plasma bas been
shiowa ta suppress microinstabilities te sufficiently low levels tiat tigh-beta

4 1) plasmas could be achieved snd sustained by crogs-field injection of hram
af neutral particles. Plasma conliarment was found to improve with inn erergvy,
alectron temperature, and plasma size, Based on these results, a larger Mirror
Fusion Test Facility (MFTF) was designed to pursue conlinement scaling fo higher
euerpies and larger plasma dimensions, MPTF dexipgn parameters and construction
statur are hriefly reviewed.

¥Yev wordst mapnetic mirrory open magnrtic confinement systems: high-energy plas-
mas: high~temporature plasmas: high-density plasmac; thermonuclear plasmas; 2XT1B:
plasma continement; fusioni thermonuclear,

TNTRODUCTTON

Magnetic mirror experiments are aimed at demonstratiag principles which can he em-
ploved to make practical and economical themonuclear reactors., There are experi=
ments to study basic mirror physies as well as experiments to investigite concents
emploving mirror principles capable of improving power halance aver that possidte
in a basic single mirrer. This paper deals with single-ceil-mirror experiments.
Tahle 1 lists many of the presently active mirror experiments, Hor licted
Table 1 are many other mirror experiments such as those using tandem mirrors.
multiple mirrors, and finrtd-reversed mirrors. Several of these experinents will! h»
descrihed in a second paper. This paper will restrict itself mainlv to a review of
ZXTIB experiments vhich have been carried out over the past 4 vears.

*Work performed under th. auspices of the U,S. Department of Energy bv the lLawrence
Livermare Laboratory under contract number W-7405-ENG-48.
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TABLE 1 A-tive Sing

.—.;homtnry _
Simrnen and 2XT1B/Bota 11 L Sealing stndies/iv'd reversai
Fa-wnrkera (1978)
Yanaov (1779) "Ry Kurrhalav DELE investigation
Zhilttwew and OFRA IB/OGRA 4 Kurehatnv lasma confinement studics
cn=wirkers (1978}
Miva-hi and Camna Japan-Tsakuba rf heating
tn=workera (1978) Nagoua
Viinkowatein and uvonstance 1611 MIT NCLE stabilizatinn
dmallin (1978)
Mai, Keanne, and Phaecdrug . Wisronsin fon cyrlotron heating
Paar (0177
Brean and
S koers (1978
Bektbitoney and a1/ngpr Novasihirsk Conlinement af rota*ing placms
Yalicwes (19770
v las 19K pEY IR NELE stabil s ian
Fornaca, Qiwamote, Irvine mirror ey Trvine MHD Flate < tahitie aian
and Rean (1979)
Cerren, Dimnnte, Large mirror HeLA Large mirror ratio experiment

and Wong (1978)

™ their hasic ferm, magnetic mirrors confine these partieclos having saffici -
transverse onerpy by causing them to be refloctod in repions of higher mazuetic
field strongth. Those particles with tao much parallel velocity then ascape
through the mirror loss cone, Since the electron seattering rate is mich more
rapid than that o»f the ions, electrons tend ta be lpst more rapidlv.  As 2 resulr,
the nivror rppion eharges np te a positive potential which electrostatically con-
fines electrons and expells lew—energy ions,  Tons are injected devp into the con-
fined region of velocitv space hy means of nentral-heam injection nearly normal *o
magnetic field lines. These ions are then coafined aatil ther erose the velocity

space 1nss houndarv by processes siuch as thase listed in Tahtle 7.

sma in mognetic mireors required

The production of high-cnargy and high-density pl
the development of a aumher of concepts and technologies, as ourlined in Fia, 1.
The 2X1IR experiment emploved these develapments to pradice a plasma near thermo-
nuelear canditions. Mapnetohvdrodvnamic (MM} stahilitv was firet demonstrated in
experiments by Inffec, Subsequentlv, most encrpetic mirrar experiments emploved
minimam-8 nagnets. Vacuum technnlogy was developed in a numher of asperiments in-
cluding OCRA, 2X, Phoenix, and Baschall T, and continues to play an important role
in the ngineering design of present-dav micror machines. MicroinstabiJities have
been studied in nearly every mirvar experiment, but it was PR6, PR7, and 2XIIB that
demonstrated stahilization of the drift-cvelotron loss-cone (DGLC) mnde and opened
rhe wav o the present generation of mirror experiments. Developnent of neutral-
heam heating and fueling of mirror machines was underway for manv wears, huat
2
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MAGNET1¢ MIRROR CONFINEMENT OF HIGH-ENERGY, HIGH-DE

TABLE 2 Loss Processes in Magnetic Micvor Machines

. Loss process MHethod to improve confinement
Ton-ion acattering High ion temperature
Electron drag High electron temperature

Wave diffusion:
Wave scattering Stable distrihutions
Enhanced scattering Machine size

Radial transport:

MID Minimum-B magnets

Wave diffusion Reduce fluctuation levels

Drife surfaces Magnet design
Nonadiabatic Strong and large magnets
Charge exchange Good vacuum conditions;

high ion temperature

Vacuum
technoloyy

Wherostability

2x18
n . 10% em=?
W,  13keV

T, 1a0ev
ar =10 em 3 v s

Startup
plasma

Neutral-beam
njection

Fig. 1. Major developments required to produce high-encrgy,
high-density mirror plasma.

the high-current heams developed for 2XITB by Lawrence Berkeley Lahoratory (L)
made possihle sustained plasmas near thermonuclear conditions. Such high—current

. neutral heams are now widely used in the tokamak program. f(ntil the advent of
these high-current neutral heams, a considerable amount of research e f{fort was
devorted to the production aof target plasma suitable for ionization of neutral
beams. High neutral-beam currents permit startup with relatively simple
target-plasma production methods.




Iy . Ceensgen and 3. (. Simonen

The major portion of this paper reviews 2XIID experimental resnita,  In 2XIIB we
have demonstrated the suppresaion af micrainatabilities to allow nentral-Seam
buildup of high-heta plasmas. In these experiments, plasma confinement was found
to improve with ion energy, electron temperature, and plasma radins, The paran-
oters and construction status of a larger Mirror Fusion Test Facility (MFTF) are
cescribed, The MFTF experiment is being heilt to pursuer confinement scalinp tn
higher energies and ltarger plasma dimengions,

THE 2XT1UB EXPERIMENT

itlustrated in Fig, 2 emplovs o minimum-B vin-vany magaet for

The 2X11B experiment 2
is approximatelv 0,7 T at the

plasma confinement. The magnetie field strenpth
wentar and rises to 1.4 T at th> mirrors. Near the center, the magnetic fintd

strength can he approximatad by the parabola
Ble,2)/By = 1+ (2/55)2 + (2/75)2

where r and 2 am (0 ceatimetres, This minimam=B magneric well provides MH <ta~

bility to the high-beta plasma,

e

Aluminum end tenk -
Titanium sublimatar

Fig, 2. 2X1IB machine.

The high-vacuum chamber consists of a total volume of 57,000 Jitres. The 270 mZ
of surface area is coated with several monolayers of fresh titanium hefore each
shot to increase the pumping speed.
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MAGNETTC MIRROR CONFINEMENT OF HICH-ENERGY, HIGH-DENSITY PLASMA

The 2XIIB neutral-beam system consists of twelve 20-keV LBL neutral-beam modules,
each having a 10-ms pulse duration. 1In the experiments reported here, we injected
up to 7 MW of power. The equivalent atom current reached 500 A,

Plasma startup is initiated by titanium-washer plasma guns. By injecting plasma
into_the mirror along field lines, these guns provide a target plasma density of
>1013¢n=3 and an initial electron temperature of 30 cV. As described belaw,
;tartup has also been initiated with a 20~keV, 10~A, l~ms electron heam to ionize
gas introduced near one mirror.

The DCLG mode is stabilized either by allowing the plasma guns to operate for the
entire shot duration or by pulsing in a gns-feed system after hot-plasma buildup
occurs. Electrons, which have been heated by the hot ions, ionize the gas. This
gas is fed in near the mirror throat to minimize charge~exchange loss of the hot
ions in the center of the mirror.

An extensive array of diagnostics is employed on 2XITB, as shown in Fig. 3. About
100 diagnostics channels are racorded alter each shat using transient digitizers.
These data are then stored and analyzed by means of a computer system.

Thomsom scattering
Ruhy laser 1 Palychrome!

Dietectric -
filters \&

ri probe ~

ter
Fixed 3-om 26° microwave
/ / microwave /S scutwer
interferometer
~E.M, loop
, Microwave
4 /lmcrlnmmelm;
0 scatter

>
- 7. T~ Neutron counter
Neutral beam

Movable 4-mm
microwave
interferometer

J-cm microwave
interferometer
A 4 mm microwave
interferometes»

y
; - o, 3 -
13-channel beam E'U . - //
attenuation N < . s
Q@ siecom

detector g \ T e
Langmuir probe

Diamagnetic loop 7

2-mm and &-mm -~
microwave transmitter /
. X-ray detector

o

Electrostatic
end-loss
analyzer

calorimeter

\- Movable charge-

1-channel charge-
11-channel charge exchange analyzer

. exchanger analyzer

Fig. 3. 2X1IB diagrostics.
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STABILIZATION OF MICROINSTABILITIES

In 2XILIB, there are two strong departures from thermodynamic equilibrium, the rad-
ial density gradient and the ambipolar hole in velocity space, If uncontrolled,
these two sources of free energy drive ion cyclotron fluctuations to such high
levels that neutral-beam injection of energetic ions can not sustain an equilibrium
plasma density. The injection of low-encrgy ions suppresses the level of DCLC
Fluctuations to a lower level with a marginally stable velocity distribution func-
tion. The amount of warm stabilizing plesma required decreases if the plasma rad-
ius increases. Figure 4 shows an example of tho buildup of ion cyclotron oscill-
ation when the stabilizing plasma stream is turned off during a shot. These fluc-
tuations cause rapid diffusion of ions inte the ambipolar hole ns plasma turbulence
attempts to supply the low-energy ions from the high-energy population injected by
neutral beams., Without & stabilizing stream, the beams can no longer sustain the
plasma density, so the plasma decays.

{a) Line density

1044

ndl — em~2

' - Stream on -
1013
102 | i
{ {b) lon energy ! ‘
> | ; |
B S i
o« 10 ! |
™ ! . |
: |
0 :
. ol : , : |
H { {c) 40-keV charge-exchange flux . i
2 H 1
o - 1
SOL (d) rf amplnude
<} 40 |
°
>
20
0 X ‘
L . 1 ki b
0 1.0 2.0 3.0 4.0 5.0
Time — ms
Fig. 4. Measurements show plasma stream stabilizes DCLC instability,




MAGNETIC MIRROR CONFINEMENT OF HIGH-ENERGY, HIGH-DENSITY PLASMA
TON CONFINEMENT SCALING LAWS

There are two fundamental Coulomb processes that limit mirror confinement of ener-
getic ions:

8 Tou-ion angle scatter

. 10 3/2 -3,
ntg < 2 x 10 Ei long cm s (1)

where R = By /Bo: . = mirror ratio, and E; is in keV.
e Electron cooling or electron drag

nt = 4.4 x 107 T3/2 cm-3 s, (2)
drag e

where T, is in eV. We have studied these Coulomb scaling laws in 2XTIR. By
varying the neutral-beam eatraction voltage, we were able to vary the mean ion
energy as shown in Fig. 3. Measurements of the particle 1ifetime by three methods
indicated that 'he hot-ion lifetime increased with ion energy. The dashed curve
shows the value expected according to Eq. (1}. From measurements of electron tem-
perature, we egtimated the effocts of electron drag as shown by the solid line. A
residual level of ion cyclotron fluctuations diffusion and a small level of
charge-exchange losses account For the lower than ideal confivement time., These
experiments have been simulated with a one-dimensional quasi-linear computer code
ion-jon

(Berk and Stewart, 1977).
T J
scattering \y j

| Electron drag—\< B :l
/ o I
LTL Ll L

5 0 15 20
Average ion energy E; — keV

T T T T AT
O Density decay rate /

D Sustaining current /

T

® Buildup rate /

10" = ¢ Simulation /

T

nr—cm 3.

~N

Fig. 5. Particle lifetime nt va ion energy, Dashed curve is ion-ion
scattering, Eq. (1). Solid line includes electron drag losses.
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Since 2X1IB ion energy confinement is strongly dependent on eleciron temperature,
we have plotted the mean energy confinement paramater versus the central electron
temperature in Fig, 6. The ion energy confinement time is

nE, * Vol
= plasma energy a i 3 (3)
E  trapped beam power Pbenm ftl’!pped

We see that the measured ntp increases with electron temperature but Falls below
the value obtained from Eq. (2). This departur is attributed to the radial elec-
tron density and temperature profile, the charge-exchange losses, and the ion cy-
clotron fluctuations.

o ostzzr T oo
L anan =N d
W 22478 oa W
=
a
o i
n
& a
a
s 5

50 100 200
T,. eV

o

Fig. 6. Ton energy confinement time nig vs central electron temperature.

For further direct study of the ion cooling rate, we conducted a series of experi-
ments in which the neutral beams were turmed off after plasma huildup., 1In this
case, with beams turned off the fluctuation level was very low. We then measured
the characteristic iom cooling time 1g in plasmaa witl} different electron temper-
aturer. The results, shown in Fig. 7, exnibit the T3/Z scaling of Eq. (2) and
agree reasonably well with the Spitzer coefficient when we account for the plasma
radial density profile.

H1GH-BETA (FIELD-REVERSAL) EXPERIMENTS

Closure of magnetic field lines by plasma diamagnetic currents offers the possibil-
ity of substantial improvement i: plasma confinement relative to open-ended mag-
netic mirrors. Such magnetic configurations have been created at a number of other
laboratories by methods outlined in our second paper (Coensgen, Simonen, and
Turner, 1979). Field-reversal experiments in 2XIIB were motivated by the unprece-
dented high betas achieved in earlier axperiments.

Field-reversal experiments were done at two values of vacuum field strength,
B = 0.67 T {mirror ratio R = 2,0) and B = 0.435 T (R = 1.8), with the neutral beams
8
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5.0 T T T
Spitzer
L <n7g>=4.4x 107 T2
v *®
g et ’
g .
e
Q
ol * .
—iN hd [
~ .
lw
1)
v
0.5 — e * {
. Wi
TEE ——
b oW,/dt -
.
%29 — 51 e
t—ev

Fig. 7. Low cnoling rate vs central electron temperature,

aimed one gyroradius offset from the magnetic axis to enhance the axis-encircling
component of the ion diamagnetic current. Scaling of the measured plasma param—
eters as functions of injected neutral-beam current Ty, is shown in Fig. 8 for the
two values of vacuum-field strength. Plasma line density increased with injected
beam current. The mean plasma radius Ry and axial length Lj, defined as the

1/e point of the line-density profiles, were nearly independent of beam current
(Rp = 6.5 cm and Lp = 16 cm).

Electron temperature T, increased linearly to 140 eV with beam current for the
high-field data [see Fig. 8(b)]. The scatter of these T, measurements for the
low-field data was believed to be associated with the changing vacuum environment
of the plasma. For both experiments, the mean ion energy was independent of beam
current.
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Figure B(c) shows the plasma beta on-axis, E - 8nn-H /Bvacv and the field-reveraal
parameter, defined to be the field change o?-nxxu dlvlded by the central vacuum
field:

T T W _.__7_" ‘ (%)
Boac  Bvac 2 R: (Ri * L: )l z

|

The bulk plasma diamagnetic moment M is measured by a plasmn—encircling loop, The

relationship hetween the field change on-nx{s and the exturnally measured dipole

moment is derived for a cyllndrxcal current | gheet with radiun Rp and half-length

L, anu is a good annroxxmatxon to a rigid rotor with Gaussian current—proflle

j = engQr + exp l-r /R; - zzle). The rigid rotor votation frequency is 4. The

scale lengths R, and L, taken from the liné~deraity profiles, were crons-

checked for the 1nw-f1eld data with an array of small magnetic-loop probes placed

close to the plasma surface to measure the shape of the plasma-curcent diatribution.
i

Figure 8(c) shows that B increases with Ip,|reaching f = 2.3 for the low field and
8 = 1.2 for the high Field. Since the plasma length is comparable to the diawcter,
# > 1 does nat imply field reversal, The effect of finite length and the result~
ing magnetic-field line curvature is included in Eq. (4), For the data at
Byge = 1435 T, AB/By,. increases approximately linearly with beam current, reach-
ing an average va'ue ABJBygo = 0.9 + 0.2 at I = 400 A, The data at By, = 0.07 T
1ncrease with beam current, hu% reach a lower value AB/Bv"c = 0.6 * 0.1 at
= 500 A.

I
These experimental results have been comparéd with the SUPERLAYER particle-
simulation code (Pearlstela and co—workers,‘l978; Simonen and co-workers, 1978).
The experimental data for By,. = 1.435 T ar¢ in reasonable agreement with the
code predictions. The high-Field data are below the code predictions presumably
because these experiments are more strongly duminated by DCLC-mode wave ditFfusion.

LARGE-RADIUS EXPEQIMENTS

To mair’ain marginal stability of the DCLC mode in 2XIIB, it was necessary to sup-
ply a warm <treaming plasma &s shown in Fig. 4. Energy exchange with the electrons
of _his unconfined stabilizing plasma reduced T, and heace the encrgy-~contairmeni
tiue of the mirror-trapped ions. The larger the plasma size R, compared with the
ion Larmor radius a;, the swaller the fraction of warm to hot piasma necessary

for DGLC stability.

Motivated by these theoretical ideas, we increased the radius of the 2XIIB plasma
by aiming the neutral beams off axis and relocating the streaming plasma guns to
larger radius, In these experiments, we found that the central electron temper-—
ature and ion energy confinement parameter increased as shown in Figs. 9 anc 10,
The large plasmas required only ome-fourth the trapped neutr: ~be.m power per unit
volume that is needed in the small plasmas to produce the sa: central electron
temperature. Measurements of the current of stresming plasma transmitted through
the machine were found to be near the value predicted by the INLC quasi-linear
theory.

An ohjective of these experiments was to generate large-tadiua \np/a ) high-beta
plasma. In these experiments, we succeeded in producing a l4-cm-radius plasras with a
cadius parameter Ry/aj = 6 at a bete of 0.4, This heta was limited by the avail-

able neutral-beam current.

11
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1MPURITY STUD1ES

Mirror machines do not confinc high-z impurities well because the mpurltles are
expelled hy the pOSlthe ambipolar potential, A study of impurities in 2XIIB in-
cluded experiments in which small amounts of neon gas were puffed toward the >lasma
surface (Drake and Moos, 1979), The inward 'flux oF neon ions I' was determined from
measurements of the ultraviolet brightness, Figure 1l shows that the flux de-
creased from one ionization state to the next. This indicates that ions were being
lost in less time than is required for them!to diffuse inward and ionize. These
results sfow that the mirror machine acted ds a diverter—~~the neon ions were expel-
led before they penetrated into the plasmna,

WO T T T T T T T T
6/23/78 ® 50 Torr
tayyon 0100 Torr
I'sdmB -
[
I'
.?' 100 @ E
E
5
@
=3
= o N
14 4
PN IS P NN N WS B

Neon charge state

Fig. 1l. The observed neon flux shows a sharp decline as charge state
increases, indicating high—-z impurities are expelled by the
mirror plasma.

Studies s.owed that the concentration of natural impurities such as titanium, car-
bon, and nitrogen was about 0.4%. We found that the plasma contained a 3% con-
centration of oxygen that was introduced into the plasma at high energy from the
neutral beams and was not expelled until the plasma cooled down. The power radi~
ated by all these impurities was small compared to the power deposited by the neu-
tral heams.

MFTF EXPERIMENTS

The resolution ir 2XIIB of the principle issues for plesmn confinement in minor
systems {control of mcrr-mstnb).lu:y, scaling of nt with ion energy, and energy
startup in a steady-state magnetic field) together with the development of theoret-
ically derived scaling laws which describe 2XIIB behavior provides a basis For the
design of megnetic mirror reactor systems. WHowever, the extrapolation to reactor
systems is so large that an intermediate facility known as tbe Mirror Fusion Test
Facility (MFTF)} is being constructed at the Lawrence Livermore Laboratory (LLL).
MFTF will provide a technology bridge between present experiments and experimental

13




F. . Coensgen and 1. C. Simonen

reactors, as well as provide a test hed for physice scaling laws. The desired
objective: nf MFTF ara:

e A technological prototype of an experimental! reactor.

e Early completion (1981-82) so that an experimental reactor could
hocome operational in the latr 1980's.

e ni and & as larga as posaible to pruvide a convineing demanstration
that mirror phvsics can he extrapalated to reacter conditions.

e Physienl dinensions (L /a; and Rp/“i) large enough to tngt
the thearetical sceling laws for all L’inrls of known instabilities,

Startup in MFTF is essentially that developed in 2XIIB; i.c., n fully ianized,
low-energy, plasma stream injected along the magnetic axis forms a target for
haitdup of an eacrgetic plasma by foniriag heams of energetic neutral atams that
are injected across the magnetic Cield. Tuenty-four 20-keV, 1%~ms beams like those
naed in 2XTTR are used to inject 1000 A for plasma buildup on the stream target.

As in 2X11B, TIollowing buildup, wnrn plasma pencrated by ionization af gas Fed in
at one magnetiec mirenr will replace the plasma stream.  The plasma will bhe further
heated and sustained for 0.5 5 by means af twenty-four 80-keV beams delivering 71
atom amperes at the plasma.

The ohjectives, operating sequance, schedule, and cost constraint, larpely deter
MFTF design. To meet schedule, Nb~Ti superconductor (requiring a minimum aof de-
velapment} is nsed {a the steady-state magnet. This Timits “he field at the may--
tn 7.5 T and, to aceomndate a mirror ratio of Ry = 2 with adequate ...am accpss

the central field is limited to 2.0 T. The length between mirrars L is chosen to
provide adiavatic confinement af the hiph-energy tail of the ion distribution
(several timea T;) and to provide an adeguate test »f scaling laws for tho con-
veetive lass-cone mode. Both requirements depend on L/a; and hence on the prod-
uct BL and on B. The present design will accomodate T; as great as 100 kev, To
realize the increase in nt expected from hipgher values of T;, it is necessary to
filt a large volume corresponding to larger R /a;. 1In designing MFTF, the hoam
power was chosen to provide a densitv and plasma heta at the low ead of the experi-
meneal reactar range and to increase nt an order of magnitude hovond that in 2X[(B.

The most important scientific objective of MFTF is a hetter test nf theoretical
scaling laws for microinstabilitia.. Three types of instability are relevant:

e The DCLC mode, which occurs flor small Rp/a;:

s The convective loss-canc mode and negative encrgy wave, which acenr
for large L/aj; and

e The Alfvén ion cyclatron (AIC) mode, which oceurs zt high ¢ with an-
isotropic pressute (p" <<py)e

As discussed above, the DGLC mode has tended to dominate in 2XITB. The heam system
for MFTF is designed to sustain a 50-keV mean ion cnergy with & = 0.5 and

Rplai = 13. This radial dimension, although helow the theoretical stability

limit for the DNCLC mode in the absence of stahilized warm plzsma, reduces the re-
quired value of ~,yrp/nye; by morc than an order of magnitude below that re-

quired in 2XI1B, allowing T to rise to 1 keV and (“‘)drag to rise to

1012073 o 5. At T{ = 50 keV, ion-ion collisions limit n7 to approximately

2 x 101253 - s, SO energy containment in MFTF is dominated by energy loss

through electrons. Still larger values of Rp/ai can be explored at the
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sacrifice of plasma ., Plasma radii up to Rp/"i = 50 can be explored fnr
10 =s, at T; = 13 keV using only the startup beams.

The greatly weakened DCLC activity in MFTF and the large value of L/a; compatred

¢o 2XI[TB gshould permit a more definitive study of the stability houndaries for the
convettive loss-cone mode than has been possibia. Atthough it was stronply sus-
pectad that the convective logs-cone mode dom nated the low-energy (quiescent) runsg
in old 2X11 experiments, the high-frequency plasma osciltations characteriscic of
this mode were never directly identified. In MFTF the possibility of cxploring the
cunvective loss-cone mode i3 enhanced over that for 2XIT hecause we can increase
its drive hy increasiung L/aj and by reducing competing plasma losses.

Aa for the AIC mode, in MFTF we should he ahle to observe this mode and decermine
its consequences according to present theoretical predictions hased on an in-
finite-medium model, However, at this time the ATC mode has not been identified in
2%11B, although the same theory predicts it to accur there alsa. The origin of
this discrepancy is heing actively investigated, and theoe is some uncertainty as
tn what bheta limitations might be encountered in MFTF. 1In any case, the capability
in the ahsence of the mode to veach £ = 0.5 in MFTF at R, = 30 c¢m and targe I
should he adequate to provide conclusive data as theory develops.

As noted above, one of the objectives nf MFTF is the development of technolngy that
will provide a transition from the present small mirror experiments to large
stnady-:tate devices. Specific areas of concern that will bhe explored and de-
veloped in MFTF include:

e interaction of cnergetic particles and radiatisn with vacuum chamber
walls at renergies, intensities, and time intervals that exceed thase in present
erxperiments,

e Control and reliahle operation of hoth pulsed and continuous neutral
beams that are necegsary to start and sustain an appreciable vo'uimc of plasma at
reactar energies. The control problem is not only augmented by incrrased numbers
of heams hut also by tha increased complexity associated with higher-energe beams.

e Development of reliable, high-current, high-energv, pulsed and
steadv-state neutral heams.

e Disposal with 1ittle (preferably no) backstreaming of either the
intense flux of plasma particles emerging through the mirrors or the intense flux
of energetic ions emerging from the neutralizer., There are similar problems for
the fraction of the neutral beam that is not ionized in the plasma.

@ Development of steady-state, high-speed, high-capacity pumping tech-
niques to handle the large throughput of gas in the neutral beams,

e Development of reliahle, large-scale, complex, superconducting mag-
nets.

CONCLUSIONS

Plasmas near thermonuclear conditions have been produced in magnetic mirror ma-—
chines. A number of concepts and technologies had to be developed bafore such
plasmas could be produced. In this paper, we have described several ~f the funda-
mental mirror physics results that were demonstrated by the LLL 2XIIB experime: t.
Several experiments at other laboratories are underway to develop further under-
standing and to demonstrate improved stabilization and confinement techniques. A
larger experiment, MFTF, is under construction at LLL to demenstrate
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confinerment scaling to higher enerpiess and larper plasma dimensions. A new thrast

of mirror msearch ia now being directed toward svatems that utilize attributes of
wirrar confinrment in reactor desipns offering performance snachisvable in single-
eell-mirror devicrs, Expuriments are underway in canfigurations such as tandem
mirrors, field-revrraed mirrors, and high-density mulciple mirrors.
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