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At t rac t 

A t TW-l) M | M t n l M l incorporated M» 
aMsymmetric thrott le c o i l s •»* fen-rev«rsin» 
( r a n t m o a H | M t i . This mew H | M t geometry, which 
wil l allow (or the •aptrimtntat mri f i c i t iom of new 
physics issues related to axicel l tandem mirrors, 
encompasses moth engineering and physics 
considerations. Engineering considerations include 
structural integrity plus neutral bee* and ill gnostic 
K C f i i . Physics issues include the stabil i ty nd 
radial transport of the confined p l a n a . We I. 'c 
calculated the magnetic f ie ld using the magnet i - f i e ld 
code, EFFI, and the plasma atabi l i ty and surface 
curvatures using the p l a n a atabi l i ty code, TEJASCO. 
Our magnet deai(n allows the axisymmetric thrott • 
mirror to be varied froai the end-cell mirror valv a of 
2 to a peak of 6 T. 

Introduction 

The Tandem Mirror Esperimsnt-Uptrade (TMX-U) 
fac i l i t y haa been in operation for two years. I t t 
magnet i t t i l l consists of 24 co i la ( r i g . 1 ) . 
Specif ical ly , the axisymmetric central -ce l l ration haa 
ai« circular co i la . The ends of the plasma tub* ar* 
plugged by two minimum-B end c e l l s , which include two 
mirror C-ahaped or C-coi ls , a quadrupole-producing 
loffe c o i l , and two circular c o i l s , Between the 
central c e l l and each end c e l l , there ia • quadrupole 
transition region with a C-coil , a loffe c o i l , and two 
circular c o i l s ; these act together to change the 

•Work performed under the auapicea of the U.S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number 
W-7405-ENG-48. 
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Fig. 1. p^r,' " r f y ° f ? T U j n d i c a t i n B « « geometry and placement of the tvo new throttle coil inserts Each insert consists of a reverse cee magnet and a throttle solenoid. «"«•«.«= con inserts 
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TMX TtW-U 
TKX-U 
throttle 

Ceatra) call ana" transition 

Outer (itM (T) 0.2 0.3 0.4 
Throttle field (T) — 6.0 
AxitysaNtric aiirror 
ratio 1:1 1.5:1 15:1 

Total length between 
inner airrore («) 5.3 8.1 4.3 

End cell (plug): 

Maxiaua field (T) 2.0 2.0 2.0 

Minima field (T) 1.0 0.5 0.5 

Mirror ratio 2:1 4:1 4:1 

Length On) 1.1 3.0 3.0 

Radial veil depth (Z) 4.0 0.5 0.5 
Total length between outer 
mirrors (m) 7.5 14.1 14.1 

Throttle-Co il Addition 

The throttle-coil modification to the TMX-U magnet 
set consists of the addition of two coils to each of 
the two transition regions (Fig. 1). One of these two 
coils is a high-field, 6-T circular coil called the 
throttle coil. The other is a C-coil that produces a 
reverse-quadrupole transition field and thus creates a 
reversal in the transition-region flux-bundle fan; we 
call this a reverse C-coil. Table 2 lists the 
coil-set specifications. 

The on-axis field strength is also shown in Fig. 1. 
The existing mirror C-coils in each end cell 

produce four outer and inner mirror fields of 2 T at 
the ends. When each of the throttle-coil sets is 
included, they will produce two 6-T mirrors at the 
outside ends of the central^cell region (the inside 
ends of the transition region). 

Figure 2 shows the magnetic flux-bundle. The 
"bow-tie-shaped" fans on both ends of this flux-tube 
are the minimum-B regionB created by the end cells. 
The circular axisynmetric central-cell region is seen 
in the middle of the flux-tube. The outer end of this 
region is pinched by the new throttle coil, just 
outside of the central cell is the reversal in the 
transition fan that is created by the added reverse 
C-coil. 

Fit. 2. Flux-bundle of H U M ) . 

The addition of these two new coil it permits: 

• The study of the physica of axicell tandm-niiror 
machines, including radial transport, stability, 
plasma heating, fmd pumping power requirements. 

• Improved central-cell plasma confinement '3,'tJ. 
Specifically, 

- The throttle coik .educes the number of 
particles that reach the bad-curvature 
transition region by a factor of 5; 

- The reverse C-coil reduces the averaged 
transition geodesic curvature by a factor of 2; 

- This combination reduces radial transport by a 
factor of 10. 

Magnet-Set Design 

Design Guidelines 

The design guidelines were set by minimum 
performance requirements as well as cost and 
schedule. For cost and schedule reasons, we decided 
to change the existing TMX-U magnet set as little as 
necessary. In particular, the end cells were not to 
be altered or moved. We wanted the plasma size to 
remain at the existing 0.15-m end-cell radius with a 
plasma halo extending to a 0.25-m radius. Also, the 
new plasma configuration had to be 
tnagnetohydrodynamically (MHD) stable at the TMX-U 
design point (average end-cell beta ot 0.165 and 
average central-cell beta of 0.125). 

Initially we wanted to include a complete axicell 
with two high-field coils in the central axisymmetric 
region, similar to the tandem Mirror Fusion Test 
Facility (MFTF-B) geometry 14]. However, with the 
length restriction caused by fixing the end cells, we 
could not include a complete axicell without reducing 
the central cell to essentially zero length. When we 
attempted to gain some length by shortening the 
transition region, the increased normal curvatures 
(curvature normal to the surface) made the 
configuration MHD unstable. 

Because the physics of the axicell can be studied 
in a geometry having a single throttle coil, we chose 
to modify the TMX-tf magnet geometry by adding one 
throttle coil and one reverse C-coil in each 
transition region. All of the transitioning was thus 
done within the existing transition length. 
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H»j»r Himr t«kt»ni»4 Mr Axial 
re4ivt TMliui S**cin|t an*l» Imglh location No. of Curr.nt 
<»«»• Umr ten)* «.»)" ( e n ) ' <m> t'-irnt < * 1 * 

l««-rell (»!«»> cell* 
Outer C-coil 100 
Outer circular 113 
leff* 
Inntr circular 113 
Inner C-coil 200 

Traniition ceil* 
C-coil 72 
loffe 45 
Reverie C-coil IS 
Throttle 29 
Del. circular 
Outer 113 
Inner 113 

Sing, circular 113 
Central-cell coils 

Outer circular 113 
Hiddle circular 113 
Inner circular 113 

23 

23 

23 

24 

46 59 50» h 12 x 12 4515 
608 10 « 8 4668 

110 110 558* 10 x 10 3075 
$08 10 x 8 4668 

46 59 «08 h 22 x 11 4511 

46 180 303 h 8 x 4 4933 
90 180 106 274' 10 x 10 4838 
48 120 25 254 h 8 x 6 3613 

213 24 x 20 5965 

288 4 x 19 0 
279 4 x 19 0 
220 4 x 19 1136 

156 4 x 19 3199 
96 4 x 19 2800 
36 4 x 19 2457 

*C-coils with radius of large arc sections* 
"C-coils with radius of saall arc sections. 
cC-coils with distance between center lines of large arc sections; 
loffe coils with distance between center lines of adjacent bars. 

d0f large arc sections as seen from their center of curvature. 
eLength of straight section. 
^Distance from center of central cell. 
STotal coil power is 37 MW. 
"Axial location is center of curvature of major radius. 
^xial location is center of straight sections. 

Design Details 

Our design calculations used the EFFI 15,6] 
magnetic field code together with the TEBASCO {7] 
plasma stability code. Our magnet design objective is 
the same as that for the MFTF-B transition magnet set 
[81- Simply, the objective is to minimize the 
integral of the geodesic curvature (curvature in the 
surface) over the length of the transition region. 
This minimises the central-cell radial transport and 
also reduces the plasma distortion due to parallel 
currents in the plasma. However, HHD stability is 
controlled by the normal curvature (curvature normal 
to the surface). As positive normal curvature is 
stabilizing and negative normal curvature is 
destabilizing, the transition geodesic curvature 
integral must be minimized without an excessive 
increase in the negative normal curvature. 

Ideally, the transition design should make the 
geodesic curvature integral zero throughout the 
transition region. However, with the allowable 
transition length, the geodesic curvature integral 
cannot be made zero without introducing too much 
negative normal curvature and making the geometry MHD 
unstable. 

Typically, the geodesic curvature integral is 
minimized by a "bow-tie" flux-bundle shape similar to 
that found in the end cell. This symmetry causes the 
positive and negative geodesic curvature contributions 
to cancel, thus minimizing the curvature integral. 
This flux-bundle shape, generated by opposing 
quadrupole fields, was introduced into the existing 
transition fan to create a reverse fan. 

Figure 2 shows the reverse transition fan that 
the added reverse C-coil generates. Figures 3a-b and 
4a-b are EFFI outputs depicting elevation cross 
sections cut through the flux-bundle and the coils. 
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Fig. 3. Field line profile and elevation view of the 
magnets for the (a) east end and (b) west end. 

In particular, Fig. 3a-b shows the east (-z) and west 
(+z) halves of this elevation view; Fig. 4a-b 
illustrates the transition elevation view in more 
detail. Note that the rectangles are cross sections 
of the magnet conductor bundles, and the flux bundle 
is the 0.15-m flux line. The reverse transition fan 
can be seen in both Figs. 3a and 4a. 

Figure 5 is a TEBASCO output showing the normal 
(Yah) and geodesic curvature (Yuh) plots through the 
machine. Mote in particular the geodesic curvature in 
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Fig. 4. Detail and elevation view of the 
transition-region magnets for the (a) east 
end and (b) west end. Note the reverse fan. 
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lite tr**aitia« T*|ie«. T M tart* dip ie rresttd »> 
eiitlisg Wl'li *«* •» it transitions treat the • M cett 
to IK* tawtral fell. Tit* sailler ca*«*llii* pee*. >• 
generated »y the •Met' reverse C-coil. This 
transition design creates at large e reverse peek ae 
•off)*)* within the transition length allowed. 

To allow the full range of physics, the 
plaswto-Mgnet clearances are determined with the 
throttle-coil mirror field lowered to the i-T value at 
the inner end-cell nirror. At thie field the 
0.23-st-radiua end-cell field line clear* ell of the 
Machine isagnet catee* 

Because of the additionel flux-bundle twist int. 
required to ainiaiiie the geodesic curvature integral, 
the teoaetry with the added throttle magnet and 
reverse C-coil ia slightly leas HHD stable than the 
original mx-U geometry. However, aa seen from the 
TEMSCO stability plot in Fig. 6, the TKX-U design 
point is still within the stability limit. 
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Fig. 6. Magnetohydrodynamic (MHD) 
rigid-ballooning-mode stability limit for 
TMX-U Throttle. 

Conclusion 

The new throttle coil and reverse C-coil will be 
included in the THX-U magnet set when the physics 
experiments using the existing magnet set are 
completed. The design and fabrication of both coil 
sets are essentially finished. Reference [9] 
describes the fabrication of the coils and related 
mechanical issues. 

Fig. 5. The geodesic and normal curvatures for the 
TMX-U Throttle. 
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