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TECHNOLOGY FOR LARGE TANDOt HIUOR FJrtRIHENTS* 

Keith I. Thomassen 

Lavreriee Liverwre National Laboratory, University of California 

LWermore, California, USA 96550 

ABSTRACT 

Construction of a large tandem mirror (rffTV-B) will soon begin at levrence Uve-iwre 

National Laboratory (UM)< Desip.ied to reach break-even plaiH conditions, the faci l i ty 

will significantly advance the rnytica and technology of mgnetic-mirror-based fmion re­

actors. This paper describes tie objectives and the design of the faci l i ty . 

1. irTTRODUCTIOK 

for the past three idars we have been constructing a Mirror Fusion Teat Facility (HTTP) 

based nn a nnj l t -ppi 1 jininum-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

nitude bevr-uc that demonstrated in 2XTJ-B [21. In addition, it* superconducting magnet, neu­

tral bt>aiu, vacuum aytten, and control system all advanced the technology of fusion devices. 

With the invention o{ the tandem milrox confinement ichwe |3,M» modifications to HFTF 

were considered. The simultaneous occurrence of good experimental results 151 from our first 

Tandem Mirror Experiment (THX) and the invention of rhe thermal harrier iaprovement |-5| to 

tanden mirrors led LLKL to prcpose |7] that MTTF be modified, rather than completed in that 

configuration, to a tandem machine, HFTT-B. This reconfiguration will begin in October 1980, 

and should be completed late in 198&. 

2. GZ-'ECHVES 

Scaling lavs for electrostatically confined plasmas in tandem mirrors are fundamentally 

different than thoae for magnetically confined plasmas in single-cell mirrors. Figure 1 

shove how the confinement oroduct M im-
c 

proves with ion energy for single-cell 

airrirs having a mirror ratio R • 2 and for 

tandems with a confining potential t • 2 T 

v^enrval-eell ion temperature T ) For 

HFTF-3, we e.Tpect operation at nr ' 5 « 10 

with a i>-keV ion temperature. While TMX 

performance improvement with variations in 

4> /T gave us confidence in this scaling low, 

the Bcaling to "break-even" regimes and the 

demonstration of thermal-barrier operation 

a « major objective* of MTTT-B. The in­

corporation of a thermal barrier in an 

upgrade of TMX will allow an exploration of 

that idfjt. 

The physics objectives of HFTF-B are 

largely contained in the abovt goal* Table 1 

elucidates them, as veil as the technology 

objectives which should be fulfi l led by che 
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Variation of the plasma confine" 
ment parameter m c with ion energy 
in single-cell and tenden-airror 
machines. 

*ttork performed under the auspices ui the U.S. Department of Energy by the Lawrence Livermore 
National Laboratory under contract number W-7405-ENG-48. 
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TABLE I 

HFTF-B OBJECTIVES 

Physics objective! 

( i ) To demonstrate the improvement in Q vith increasing potential-we:i depth, in the range 

of 0.1 * Q * 1 

( i i ) To explore radial transport in the central cell and determine i ts influence on 

confinement 

( i i i ) To explore microinstabilities in the end plugs and means of controlling then 

( iv) To explore the {Hin i t i imposed by magnetohydrodyniiiic (MUD) stabi l i ty 

Technology objectives 

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

«v*t*m 

f i P To learn to construct and operate reliable, long-pulsed, high-current, high-voltage 

neutral beams 

( i i i ) ro maintain high-vacuun conditions in the presence of interactions between the plasma 

and the us'.ls equilibrium 

(iv> Tc handle, without deleterious e f f e c t on the plana or materials of construction, the 

intense particle and plaaina-energy deposition on Surface* in the vacuum vessel 

time this faci l i ty is constructed and in operation. The technology Qbjt.ctiver are the us in 

topic of this paper. 

3, TANDEM MIRROR OPEhATION 

Before describing the components and systems which compose the conceptual design of 

the machine a brief description of how the plasma will be created and maintained is in 

order. From this operating scenario and the magnetic configuration of fig. 2(a)¥ the major 

machine features are derived. With this Mgnet set we produce the f ields, densities, and 

potentials depicted in f ig. 2(b-d). The magnetic field is variable from 1/2 to 1 T in the 

solenoid, making a transition to a 2:1 minor ratio ytn-yang magnet. The peak mirror field 

there is 4 T. Thermal barriers are created with an auxiliary coil at each end in the 

magnetic well created by the outer field p c * of the yin-yang and the auxiliary c o i l . TV 

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 auxiliary coil it expands toward the end wall of the 

vacuum tank and intercepts an e l l ip t ica l area on the end va i l . Within this el l ipse are 

mounted plasma streaming guns which inject an init ial Target plasma into th? machine. To 

sufficiently cover the cross section, 30 guns, each firing for 10 os , are spread over this 

e l l ip t i ca l surface st each end. Simultaneously, 2(MtV neutral beams of 100 A each (power 

supply current) are injected into the yin-yang mirror to build the plasma density and raise 

the average ion energy. Ten beams aie injected in each end. To raise the energy furthei 

and sustain the plasma through the startup regime, a total of 16 beams at 80 kV, 80 A are 

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 JO-B-injection sources, 

both neutral beams and rf. 

The thermal barrier is established by the injection of a bean in the A-cell which pro­

duces sloshing ions, and hence a density minimum, in the mirror midplane. [See f ig. 2 ( c ) ] . 

The density minimum is accompanied by a potential minimum according to a prescribed relation. 
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Fig. 2, HFTF-B profiles! (a) magnet configuration in HFTF-E, and (b) the fields magnets 
produce. The machine will be operated so as to produce the density (c) and 
potentials (d) which create a thermal barrie*. 

This potential minimum [see fig. 2(u)1 is an electron potential hill which partially separ­
ates the electrons in the cents: from those where the large posi'ive potential is to be 
built. Other 30-s beams are injected into the central cell and yin-yang to maintain the 
plasma in those regions. Finally, to create the large potential, we heat the electrons to a 

temperature well above those in the central cell by rf power at the electron cyclotron 
remnant frequency (56 GJte). 

Three other injectors are required, one to deepen the potential well and the others to 
sustain it. We can deepen the well by magnetically trapping electrons in ic, which we do by 
increasing their perpendicular energy with ECRH power at the mirror minimum (28 GHz). Main­
taining the well requires that ions which scatter in velocity space and become trapped by 
the oagnetic and/or potential well be pumped out. A 30-s bean injected axially from the end 
of the machine pumps these ions out by charge exchange as they pass through that region. 



This pumping ia augmented by a 2-kV neutral bean passing radially through the narrow dimen­

sion of the plaana fan at an appropriate axial politico,. That poiition ia on the rising 

potential slope within the A ce l l , at a point vhere th« potential just exceeds that in the 

yin-yang (call that point I ) . Moat ions trapped in the A cel l are magnetically trapped on 

the rising field or the outer yin-yang coil and electrostatically trapped on the rising 

potential alone, passing point I before being reflected* Consequently, a low-voltage puatp 

beam exchanges 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 f ig , 2(a) has 14 solenoid co i l s , transition coi ls to 

the yin-yang pairs, and C-coils at each end to form *he A c e l l s . All coila use NbTi super­

conductor, with peak fields of 8 T at the yin-yang and C-coil conductors. Peak fields in 

the transition coil are -5 T» and thoae in the solenoids are 2 T> The 2-m spacing and 5-m 

bore of the solenoids were chosen to limit Che field ripple to IX at the plasma lurEace 

(r ° 0,56 m). The sloe in the A cell is minimized to nake the highest possible mirror ratio 

(6,5 here) in the A cell consistent vith bean access and plains-fan s i t e , The yin-yanga have 

a 2.1 si mirror ratio and a 3,b n length from peak to peak. 

This nagnet array is supported structurally within the vacuus vessel . Individual 

magnetfi also have their ovn structural casus to support the rather large magnetic forces. 

Each yin-yang, for example, has case stresses of up to 60 thousand psi. A force of 22 

rail Hon pounds is exerted on the yin-yang magnet faces, tending to open the slots which pass 

the plasma. The nested configuration of this magnet pair allows for some mutual assistance 

in supporting these forces, since each magnet acta as a clanp for the other. The C-coil in 

the A c e l l , by contrast, rt mires a large b^x-beam support to prevent it from being pried 

open, The general tendency of the nagnet set to collapse axially also requires the 

structural support v'lich ia inside the vessel . 

Figure 3 ahovs the HFfF-B fut i l i ty , featuring the vacuum vessel inside ot a 2-n-thick 

concrete vault. The vessel supports not only the magnets, but also the cryopanels, beam and 

rf p o n s , strean gun and diagnostic ports, gettering mechanisms, and cryopumps. With an 8-m-

dian. modular center section, the vessel has an overall length of W m and encloses -3000 n 

of volume, Between shots, a base pressure of 6 uPa is maintained by means of cryoeondensing 

pumps having 4.5-K surfaces and cryoaorption pumps vith argon condensed on 2.7-K surfaces, 

During plasms ahoti, sone 1500 m of cryopanel surfaces maintain low background pressures 

and minimize surface reflux BB the equivalent of ten l i tres of gaB at atmogpheric pressure 

is injected from al l sources. 

Liquid nitrogen and helium refrigeration systems, both closed-loop systems, are em­

ployed for vacuum pumping, for magnet cooling, and in nitrogen liners on the magnets. The 

nicrogen refrigerator is a 214-kW (cold) unit while the helium system is 8-ktf. 

While the lO-ms startup beams (20 kV) and 500-os, 80-kV beams were developed for HFTF 

and are now being bui l t , the 7 beams producing £0 A at 80 k.V for 30 s are yet to be devel­

oped. Water-cooled grid sources are being developed at both 0RNL and LBL. A l/4-scale 

version of a rectangular-grid source has been constructed \>y LBL (8] and is currently under­

going tes t s . 

Approximately 1 MW of rf power is required for electron heating in HFTF-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 units should supply the required power. While the CW operation of the 28-GHs 
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Fig. 3. Ar t i s t ' s rendition of the H7TF-B faci l i ty with the vacuum vessel inside of a 
Urge f"<rrete vault. Neutr.il beam and rf porta are shown on the V O M I , 

tube at 200 kW has teen demonstrated by Varian Associatrs [9l, the 56-GHz tuhes are noy being 

deveLoped. 

To handle the 30-s neutral-beam power on ion dumps and bean dumps, we intend to develop 

bean dunps capable of handling 2 kW/tra1" on a continuous basis. For incident power levels 

of "-7-B kW/ctn f this requires the duop surfaces to br 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, diagnostics, and data ac­

quisition system. A set of supervisory control consoles fnrm a hierarchical stystem which 

interfaces to the machine through local control systems. There are LSI-11 microcomputers 

Eor local control, and communication between the facil i ty and control area is via digital 

signals on fiber-op^c data links to CAHAC instrutientation. The CAMAC unit; interface the 

data links with local control panels that are hard-wired to sensors, switches, and controls 

on the machine. Plasma data acquisition and diagnostic-instrument control 1B handled by the 

same supervisory control system through diagnostic local-control systems similar to the 

machine's local-control system. 

5. COMCmSKffl 

With the construction and successful operation of MFTF-B, the mirror program will ht.ve 

male a long step toward denonstTfiting fusion-power feasibil i ty by the tanden approach, In 

addition, i t will have generally furthered the technology of fusion by demonstrating verj 

advanced engineering syatens relevant to nearly si 1 fusion approaches. 
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