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TECHNDLOGY FOR LARGE TANDEM MIUNOR EXPERINENTS®

Keith I. Thomasaen
Lawtence Livermore National Laboratory, University of Califoraia
Livermore, California, USA 94550

ABSTRACT
Construction of a large tandew mirror (MFTY-B) will soon begin at Lewrence Livermcre
National Leboravery (LLKL)., Desiraed to reach break-even plasma conditions, the facility
will significantly advance the paysics and technology of magnetic-mirror~based fusion re-

actors. This paper describes tie objectives and the design of the facility.

1. INTROUDUCTION

For the past three vears we have been constructing a Mirror Fusion Test Facility (MFTF)
based on a single-ee!' ginimum-B mirror |1); its completion was scheduled for March 1982,
That device would have improved the confinement time of single-cell mirrors an order of mag=
nitide bevine thac demonstrated in 2XT1-B (2], 1In addition, its superconducting magnet, neu-
tral beame, vacuum system, and control system al) advanced the teehnology of fumion devices.

With the invention of the tandem mitror confinement acheme {3,4), modificationn to WFTF
were considered. The simultaneous occurrence of good experimental results [5] from our firs
Tandem Mirror Experiment (TMX) snd the invention of rthe thermal barrier improvement (5] to
tandem mirrors led LLNL to propose |7] that MFTF be modified, rather than completed in that
configuratian, to & tendem machine, MFTF-B. This reconfiguration will begin in Qctober 1980,

and should be completed late in 1984,

2. GLJECTIVES
Scaling laws for electroatatically corfined plasmas in tandem mirrors are fundamentally
different than those for magnetically confined piammas in single-cell mirrors. Figure 1

shows how the confinement oroduct ot im=

proves with ion energy for single-cell T L T Ty ——
mireors having a wirror ratio R = 2 and for ‘ i O /’é/
tandems vith a confining potential 2T, 10, .
{centyal-cell 1on temperature ‘l‘c) For . s
NFIF-8, we expect operation at L 5 x 10 & h, .
with a i>-keV ion tewperature, While TMX E
perforuance improvement with variatioms in ;" 1012, (:-‘;
Qc/'l“c gave us confidence in this scaling low, o s
the scsling to “break-even" regimes and the o ‘// ‘
demonstration of thermal-barrier operation v !
are wajor objectives of MFTF-B. The in- L/- “w':""“w"""m I‘
corporarion of a thermal barrier in an n u 10 10
upgrade of X vill allow an exploration of Avarage 1on energy fkev}
that idea.

The physics objestives of MFTF-B are Fig. 1. Variation of the plasma confipe~

ment parameter ni, with ion energy
in single-cell and tandem-airror
elucidates them, as well as the technology machines,

objeccives which should be fulfilled by the

largely contsined in the above goal, Table !

*Work performed wunder the sugrices oi the U.S. Department of Energy by the Lawrence Livermore
National Laboratory under contract numbec W-7405-ENG-48,
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TAMLE I
HETF-b OBJECTIVES

Physico objectives

(i) To demonstrate the improvement in Q with increasing potential~well depth, in the range
of 0.1 <Q ¢

(ii) To explore radial transport in the central cell and determine its influence on
confinement

{iii) To explore microinstabilities in the end plugs and means of controlling them

(iv) To explore the f=limits imposed by wagnetohydrodynamic (MID) stability

Techao logy nhie.‘tivu

(i) To gain experience in constructing and operating a large Nb=Ti superconducting magnet
svstem

(iiY To learn to construct and operate relisble, long-pulsed, high~current, high=voltage
arutrel beams

({ii) ro maintain high-vacuun conditions in the presence of intersctions between the plasma
and the wa'ls equilibrium

{iv) Te nandle, without deleterinus effeci' on the plasma or waterials of construction, the

intense particle and plasma-energy deposition on surface in the vacuum vessel

time this facility js comstructed and in operation, The technology objrctiver are the main

topic of this paper.

3, TANDEM MIRROR OPERATION
Pefore describing the components and systems vhich compose the conceptual design of

the machine a brief description of how the plassa will be created and maintained is in
order, From this operating scenarin and the magnetic configuration of fig. 2(a), the major
machine features are derived. With this magnet set we produce the fields, densities, and
potentials depicted in fig, 2{b-d), The magnetic field is varisble fiom 1/2 to | T in the
solenoid, making & transition to a 1:l mirror ratic yin-yang magnet. The peak mirror field
there is 4 T. Thermal barriers are created with an suxiliary coil at each end in the
magnetic well created by the outer field peun of the yin-yang and the auxiliary coil. The
coil pinches the plasma fan in its narrow dimension as it exits the yin-yang and channels
the fields to a 6.5 T peak.

As the plasma fans out of the auxilisry cail it expands towsrd the end wall of the
vacuum tank and intercepts an elliptical area on the end wall, Within this ellipse are
mounced plasma streaming guns which inject an initial rarget plasma into the machine. Ta
sufficiently cover the cross section, 30 guns, each firing for 10 ms, are apread over this
elliptical surface &t each end, Siwultaneously, 20-kV neutral beams of 100 A each (pover
supply current) are injected into the yin-yang mirrer to build the plaspa density and raise
the average ion energy. Ten beams ace injected in each end. To raise the energy further
and sustain the plasma through the startup regime, a total of 16 beams at 80 kv, 80 A ace
injected into the central cell and end mirrors for 1/2 s. During this time, the thermal
barrier is established and the configuration can be maintained by 3D-g-injection sources,
both neutral beams and rf.

The thermal barrier is established by the injection of a beam in the A-cell wvhich pro-
duces sloshing ions, and hence a density minimm, in the mirror midplane. [See Fig. 2(c)].

The density minimum is accompanied by a potential winimum according to a prescribed relation.
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Fig. 2. MFTF-B profiles:

(a) magnet configuration in MFIF-F, and (b) the fields nagnets

produce. The machine will be operated so as to produce the density (c) and
potentials (d) which create a thermal barrie-.

This potential minimm (see fig. 2(u}] is an electron potential hill which pactially sepay-

ates the electrons in the cente: from those shere the large posi-ive potential is to be

tuilt. Other 30-5 beamy are injected into the tentral cell and yin-yang to maintain the

plasua in those regions. Finally, to create the large potential, we heat the electrons to a

temperature well above those in the central cell by ri power at the electron cyelotron

re-onant frequency {56 Ghz).

Three other injectove are required, one ro deepen the potential well and the others to

sustain it. We can deepen the well by magnetically ctrapping electrons in it, which we do by

increasing their perpendicular energy with ECRH power at the wirrer minimm (28 Chz). Main-

taining the well requires that ions which scatter in velocity space and become trapped by

the magnetic and/or potential well be pueped out. A 30-7 beam injected axially from the end

of the mathine pumps these ions out by chazge exchange as they pass through that region,
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This pumping is sugmented by a 2-kV neutral beam passing ralially through the narrov dimen=
sion of the plasma fan at an appropriate axisl position. That position is on the rising
potential mlape within the A cell, at a point vhere the potential just exceeds that in the
yin-yang (call that point 1), Most ions trapped in the A cell are magnetically trapped ou
the rising field o° the outer yin-yang coil and electrostatically trapped on the rising
potential slope, passing point I before being veflected. Consequently, a low-voltage pump
beam exchangea a low-energy ion (2-kv for penetration into the fan) for one with much higher
perpendicular energy, and can therefore traverse the A cell and get to the central cell aver

the yin-yang potential.

4. MACHINE DESCRIPTION
The superconducting magnet set in fig, 2(a) has 14 solenoid coila, transition coils to

the yin-yang pairs, and C-coils at cach end to form *he A cells. All coila use WbTi super-
conductor, with peak fields of 8 T at the yin-yang and C-coil conductors. Peak fields in
the transition eoil are ~5 T, and those in the solenoids are 2 T. The 2-w spacing and 5-u
bore of the solencids were chosen to limit the fiald ripple to 1I at the plasma surface

(r = 0,5 m). The slot in the A cell is minimized to make the higheat possible mirrpr ratio
(6.5 here) in the A cell consistent with beam access and plasma-fan size. The yin-yangs have
a 2.11) mirror ratio and & 3.6 w length from peak to peak,

This magnet array is supported structurslly within the vacuum vessel. Individual
magnets also have their own structural cases to aupport the rather large magnetie forces.
Each vin-yang, for example, has case streesses of up to 80 thousand psi. 4 force of 22
million pounds is exerted on the yin-yang magnet faces, tending to open the slats which pass
the plasma. The nested configuration of this magner pair allows for some mutual assistance
in supparting these forces, since each magnet scts as a clamp for the other. The C=coil in
the A cell, by contvast, re wusres a large bax-beam support to prevent it from being pried
open, The genersl tendency of the magnet set to collapse axially also requires the
struetural support viich {a inaide the vessel.

Figure J shovs the MFTP-B facility, featuring the vacuum vessel inside ot a 2-g-thick
concrece vault. The vessel supporta not only the magnets, but also the cryopanels, beam and
rf poria, stream gun and diagnostic ports, gettering mechanisms, and cryopumps. With an 8-m-
dism. modulsr center ssction, the vessel has an overall length of 64 o and encloses ~3000 n3
of volume, Between shots, a base presaure of 8 uPa i meintained by means of cryoecondensing
pumps having 4.5~K surfaces and crycsorption pumps with argon condensed on 2.7-K sutfaces,
During plaams shoty, some 1500 nz of cryopanel surfaces meintain low background pressures
and minimize surface reflux as the equivalent of ten litres of gas at stmospheric pressure
is injected from all sources.

Liquid nitrogen and heliunm refrigeration systems, both closed~loop systems, are em~
ployed for vacuum pumping, for magnet cooling, and in nitrozen liners on the magnets. The
nitrogen refrigerator is a 214-kW (cold) unit while the heliim system is 8-kW.

While the 10-mo startup beams (20 kV) and 500-ms, 80-kV beams were developed for METE
and are now being built, the 7 beams producing 60 A at 80 kV for 30 s are yet ta be devel-
oped. Water-cooled grid sources are being developed at both ORNL and LBL. A 1/4-gcale
version of a4 rectangular-grid source has been constructed by LBL [8] and is curreatly under-
going teats.

Approximately 1 MW of rE power is required for electron heating in MFTP-B, and to
supply this power at 28 and 56 GHZ we expect to use 200-kW gyrotron tubes. Two 28-GHz units
and six 56-GHz wnits should supply the rvequired power., While the CW operation of the 26-GHz
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Fig. 3. Artist's tendition of the MTTF-B facility with the vacuum vessel inaide of a
large rnmerete vault, Neutral beam and rf ports are shown on the vessel,

tube at 200 kW has been demonstrated by Varian Associates [9), the 56-GHz tuhes are now being
developed.

To handle rhe 30-s neutral-beam power on ion dumps and bean dumps, we intend to develap
beam dumps capable of handling 2 kH/tm2 on a continuous basis. For incident power levcls
of ~7-8 kw/mz. this requires the dump surfaces to be inclined to the direction of the
incident power in the usual fashion.

A final feature of note in MFTF-B is the machine's control, disgnostics, and data ac-
quisition system. A set of supervisory control conseles form a hierarchical eystem which
interfaces te the machine through local control systems. There are LSI-11 microcomputers
for 1ocal contrel, and commumication between the facility and control area is vin digital
signals on fiber-opr.c data links ro CAMAC instrumentation, The CAMAC unit. interface the
data links with local control panels that ave hard-wired Lo sensors, switches, and controls
on the machine. Plasma dota acquisition snd diagnustic-instrument control is handled by the
same supervisory control system through diagnostit local-control systems similar to the

machine's local-control system.

$. CONCLUSION

With the construction and successful operation of MFTF-B, the mirror program will heve
wale 4 long step toward demenstrating fusion-power feazibility by the tandem approach, Iu
sddition, it will have generally furthered the technology of fusion by demonstrating very

advanced engineering systems relevant to nearly 1l fusion approaches.


http://Neutr.il

6s
1

[2]

[3]

14}
[51

6]
171

181

191

REFERENCES

COENSGEN, F.H., MX Major Project Proposal, Lewrence Livermore Natisnal Laboratory
Proposal LLL-PROP-142 (1976).

SIMONEN, T.C., CLAUSER, J.F., COENSGEN, F.H., CORRELL, D.L., CUMMINS, W.F., DRAKE,
R.P., FOOTE, J.H., FUTCK, 4.E., GOODMAN, R.K., GRUBB, D.P., HUNT, A.L., MELIN, C.,
MOLYIK, AWMy, NEXSER, W.E., STALLARD, 3.W., TURNER, W.C., Seventh Inter. Conf. on
Plasma Phys, and Controlled Nuclear Fusion Research, Innsdruck, 23-30 Auguet, 1978,
Proceedings pp. 389-399.

FOWLER, T.K. and LOGAN, 3.G., Comments Plasma Phya. and Controlled Fusion 2, 167
(1977).

DIMOV, G.1., ZARAIDAXOV, U.V., and KISHINEYSLEY, H.K., Fiz. Plazmy 2, 597 (1977).
COENSGEN, F.H., ANDERSON, C.A., CASPER, T.A., CLAUSER, J.F., CONDIT, W.C., CORAELL,
D.L., CUMMINS, W.F., DAVIS, J.C., DRAXE, R.P,, POOTE, J.H., FUTCH, A.H., GOODMAN,
R.K., GRUBB, D.P., HALLOCX, G.A., HORNADY, R.S., WONT, A.L., LCGAN, B.G., MUNGER,
R.H., NEXSEN, W.E., SIMONEN, T.C., SLAUGNTER, D.R., STALLARD, B.V., AND STRAND, O.T.,
Phys. Rev. Lett, 44, 1132 (1980).

BALDWIN, D.E. and LOGAN, B.G,, Phys, Rev, Lett. 43, 1318 (1979).

THOMASSEN, K.I. and KARPEN'" V.N., Lawrence Livermore National Laboratory Repart
LLL-PROP-163, Rev. t (1980),

PATTERSON, J.A., et al,, Eighth Symp, on Engr. Problema of Fusion Research, San
Francisco, 13-16 Novenber, 1979, Proceedings pp. 1065-1069.

SHIVELY, J.F., FERGUSON, P., JORY, H.R., MORAN, J., and SYMONS, R.S., 1980 TEEE MTT-S,
International Microwave Symposium Digest, Wash. D.C., 28 May, 1980. Proceedings p, 99.

EON/m

]
NOTICL
Thiis repor! was prepared # an dcount ol work spomsored by the United
States Government. Neither the United States nor thie Uaited Stater [y

Depaniment of Encigy, nos any of their employeer, not any of thetr
contpactrs, wheuntr, .oy, wr their employees, makes 2oy warrarly,
eapress or implied, w1 assumes wny legal liability o tesprnubdity for 1lie
arcuracy, compklenes, or UMTUIACSS o) any  anfatmalion, apparsus.
product ot provess anclased, or represents That ifs bw woukl 101 MRS
prvately-owned nphis.

Reference to a company ot preduct name does ot tmply apptasal of
secommendation of the praduct hy the Unweruty ot Califarea or the U'S
Department of Energy to the ¢vclustan of others that may be sunabic



