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M. 0. Calderon, H. H. Bell 
Lawrence '..lvermore National Laboratory 

P. 0. Box 808, L-5^0 
L ivermore , CA 9^550 

Abs t rac t Introduct ion 

Since its c o n s t r u c t i o n and commissioning was 
completed in the Winter of 1981, the Tandem Mirror 
Experiment Upgrade (TMX-U) has been conducting tandem 
m i r r o r t h e r m a l b a r r i e r e x p e r i m e n t s . The work, 
following the Fal l of >983 when s t r o n g p lugging with 
thermal b a r r i e r s was achieved, [1] has been directed 
toward c o n t r o l l i n g r a d i a l t r a n s p o r t and fo rming 
thermal b a r r i e r s with high density and Beta. 

This paper d e s c r i b e s the o v e r a l l e n g i n e e r i n g 
component of these e f f o r t s . Major changes to the 
machine have included vacuum improvements, changes to 
t h e E l e c t r o n and Ion Cyclo t ron Resonance Heat ing 
systems (ECRH and ICRH), and the i n s t a l l a t i o n of a 
P lasma P o t e n t i a l Cont ro l system (PPC) for r a d i a l 
t ranspor t reduct ion. 

TMX-U o p e r a t e s an e x t e n s i v e d iagnos t i cs system 
[2] that a c q u i r e s da ta from 21 types of d i a g n o s t i c 
i n s t r u m e n t s with more than 600 channels, in addit ion 
to 246 machine parameters. The changes and a d d i t i o n s 
wi l l be presented. 

In i t s basic configurat ion, the machine shown in 
F i g u r e 1 i s a vacuum v e s s e l 2 1 . 3 n i t e r s l o n g 
containing an 8-meter-long centra l c e l l , twc -nd c e l l s 
3 meters long , and the r ec t angu l a r - shapeo . end fan 
tanks. An in t e rna l ly enclosed magnet set of 2JJ water-
cooled c o i l s , shown in Figure 2, produces a solenoidal 
magnet ic f i e l d of 3 kG in the c e n t r a l c e l l and & 
minimum-B magne t i c we 11 of 5 kG in the end c e l l . 
Magnetic mirrors of 20 kG form both ends of each end 
c e l l . In the end tanks, the f ie ld shape and magnitude 
has been designed to expand to a 100-Gauss geometry. 
The vacuum space inside the vesse l , as shown in Figure 
3, forms three regions radiaLly described as a plasma 
space at the center extending the length of the vacuum 
v e s s e l , surrounded by c o n c e n t r i c f i r s t and second 
i n j e c t o r r e g i o n s t h a t a r e s e p a r a t e d by 1 i q u i d -
n : t r o g e n - c o o l e d p a n e l s . An e x t e n s i v e g e t t e r i n g 
sys tem, c o n t a i n i n g over 1000 Ti-Ta wires, sublimates 
fresh coats of ti tanium en every surface before plasma 
s h o t s , e s t a b l i s h i n g a ves se i p r e s s u r e of 10- 8 Torr 
before the shot. Six neutral beam i n j e c t o r s a t each 

The c losing sect ion of t h i s paper w i l l d e s c r i b e 
the i n i t i a l s tudy work for a proposed TMX-U octupole 
configured machine. 

Fig. 1 TMX-U Overview 

*Work pe r fo rmed under t h e a u s p i c e s of the U.S. 
Department of Energy by t h e Lawrence L i v e r m o r e 
Na t i ona l Laboratory under contract number W-T^OS-ENG-
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plug produce the sloshing Ion plasma geometry, another 
six injectors are used for barrier pumping, and six 
in the central cell are used for heating. ICRH 
systems are used to heat ions in the central cell, and 
ECRH microwave power is applied for heating electrons 
in the plugs and for forming target plasmas. Gas 
fueling is by gas box and individual gas valves in the 
center cell and plugs. Plasma conditions and 
characteristics are observed by the 21 different types 
of diagnostics listed in Table 1. These diagnostics, 
along with transducers to measure machine parameters 
(magnets and beam currents and ECRH and ICRH input for 
example), account for some 900 channels of data that 
can be read by a diagnostics computer system [2] that 
collects more than 8 MBytes of data for each shot. 

Fig. 4 TMX-U Systems Overview 

Diamagnetic loops 
Beam attwiuation datactor 
Secondary amission datactor 
RF probes 
X-ray spactromatars 
EUV monochromatar 
EUV normal incidence spectrometer 
End loss analyzer (ELIS) 
Langmuir probes 
Faraday cups 

Net current collectors 
Fast ion gauges 
Thomson scattering 
Microwave interferometers 
Electron cyclotron emissions 
Charge exchange analyzer 
Plasma potential diagnostics 
Emissive probe 
High speed framing camera 
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Table 1. 

Diagnostic Channels 

Following i t s construct ion and checkout s t a r t in 
December of 1981 [ 1 ] , TMX-U has u n d e r g o n e seven 
e x p e r i m e n t a l p h y s i c s r u n s , wi th the most recent one 
ending in June of 1985. In the subsequent a i r c y c l e , 
which extended over a period of 4 months, the machine 
was ex t ens ive ly modif ied with changes or a d d i t i o n s 
a f f e c t i n g e v e r y mach ine r e g i o n . The e s s e n t i a l 
e l e m e n t s of t h i s u p - t o - a i r c y c l e c o n s i s t e d of 
r e p o s i t i o n i n g the sloshing ion neutral beam in jec tors 
in the plugs to a 40 degree i n j e c t i o n angle to move 
t h e s l o s h i n g ion t u r n i n g n c i n t to a higher magnetic 
f i e l d , i n s t a l l i n g new ECRH an tennas to provide more 
uniform h e a t i n g , and adding i8-GHz microwave heating 
in the plugs and cent ra l c e l l to heat warm e l e c t r o n s . 
In the cen t ra l c e l l , ICRH antennas on e i ther side of a 
midplane gas box heat ions symmetrically, and new 2 kV 
n e u t r a l beams w i l l be used to fuel and heat the 
cen t r a l c e l l ions when that system is completed l a t e r 
i n the y e a r . F i n a l l y , the plasma p o t e n t i a l p l a t e 
systems in the end tanks have been expanded r a d i a l l y 
to improve p a r t i c l e containment and accountabi l i ty . 

Descript ion of Changes 

Since experimental measurements and analysis had 
determined tha t the sloshing ions were turning i n s i d e 
of the 10-kG p o i n t , four of s i x plug s l o s h i n g ion 
neutrai beams shown in Figure 4 have been reposit ioned 
t o a 40 deg ree i n j e c t i o n angle in order to e s t ab l i sh 
s loshing ion turning nearer the 10-kG ECRH fundamental 
r e s o n a n c e p o i n t . To e f f e c t t h e s e changes along a 
l i n e - o f - s i g h t , as seen in F igure 5 . new tank wall 
a d a p t e r s , a p e r t u r e s , and ducting have been ins ta l l ed 
to maintain gas con t ro l . Also, to measure the turning 
p o i n t l o c a t i o n , a Turning Po in t Secondary Emission 
Detector has been i n s t a l l e d adjacent to the ea s t plug 
o u t e r r e s o n a n c e l o c a t i o n , and a d d i t i o n a l 94-GHz 
i n t e r f e r o m e t e r s have been added at both inner and 
outer 8-kG locat ions in each plug. 

Fig. 5 TMX-U oast end cell 

In TMX-U, fundamental mode microwave h e a t i n g i s 
app l i ed at the inner and o u t e r plug 10-kG resonance 
p o i n t s . A d d i t i o n a l s e c o n d h a r m o n i c h e a t i n g i s 
i n j e c t e d a t the 5~kG magnet ic w e l l . The complete 
system as modified during the summer a i r cyc le can be 
seen in Figure 6. Separate 28-GHz gyrotrons power the 
outer 10-kG l o c a t i o n s t o 200 kW, and a s i n g l e tube 
with s p l i t t e r has been i n s t a l l e d to power the inner 
10-kG resonance po in t s . Two addi t ional tubes are used 
to power the 5~kG l o c a t i o n s . The Vlasov r e f l ec to r 
a n t e n n a s , f o r m e r l y a t t h e 10-kG r e s o n a n c e 
loca t ions , heated only the centra l port ion of the long 
e l l i p t i c a l plasma fan, and t he se have been r ep laced 
with new an tennas and r e f l ec to r s designed to provide 
more uniform h e a t i n g of the e n t i r e fan a t 10 kG. 
T h e s e s t a i n l e s s s t e e l a n t e n n a s have a nomina l 
rectangular cross s ec t i on and a re shaped to f i t t he 
plasma shape desc r ibed as the 25 _cm f i e l d surface. 
The rad ia t ing surface cons is t s of two p a r a l l e l rows of 
s l o t s 0.5 cm wide x 5.2 cm long closely spaced over 
i t s length of 1 meter. 
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An a d d i t i o n a l 18-GHz heating system has been 
added in the -jlugs and cen t ra l c e l l . The i n te rna l 
wavegu ide sys tem p i c t u r e d i n F igu re 7 shows 
transmission horns'located in the plug outer 6.4-kC 
regions, with receiver antennas positioned in opposite 
locations to measure power. Addi t iona l t r ansm i t t i ng 
horn pa i rs have been located in the t rans i t ion magnet 
regions of the central c e l l . Power to these systems 
is generated by four 18-GHz klystrons on loan from Oak 
Ridge National Laboratory. Each k l ys t ron system can 
supply up to 15 kW to i t s corresponding waveguide. 
The power components consist of a k l y s t r o n , magnet, 
f i l a m e n t , and h igh-vo l tage power suppl ies and the 
local control panels. Supporting f a c i l i t i e s for the 
en t i r e system provide 665 kW of e lec t r ica l power and 
55 gpm of low conductivity water, 

A new ion cy lco t ron resonant frequency (1CKF) 
heating arrangement has been i n s t a l l e d in the TMX-U 
central ce l l to ensure that a l l cold ions from the gas 
box w i l l pass at least once through an ICRF resonance. 
In t h i s arrangement, as shown in Figure 8, a new gas 
box has been i n s t a l l e d near the midp lane, and an 
e x i s t i n g 2 x 170 degree loop antenna has been 
insta l led to the west. On the east s ide, H new dual 
h a l f - t u r n antenna has been added. In the new gas box 
c o n f i g u r a t i o n , i.ie su r face f a c i n g the plasma, 
corresponding to the 2U cm radius f i e l d l i ne , becomes 
the machine l i m i t i n g aper ture. Gas is suppl ied by 
four p iezoe lec t r i c valves that in ject uniformly and 
d i rec t ly across the plasma circumference. Gettered 
s ta in less s tee l ba f f l e plates posi t ioned to either 
side are intended to pump the small f r a c t i o n of cold 
gas not interact ing with or pumped by the plasma. An 
exist ing west gas box located at the 5~kG location has 
been s imi lar ly rebu i l t , with i t s l imi ter corresponding 
to the 26-cm f i e l d l i ne . Thus, comparisons of fuel ing 
ef f ic iencies between the two systems w i l l be possible. 
Charge-exchange of energetic ions at the gas box is 
measured by a th ree channel Secondary Electron 
Detector, w i th detectors mounted at 15, 30. and 45 
degrees facing the gas box. 

Outer 10 Kg antenna 
and reflector 

5 Kg antenna and 
retro-reflector 

Inner 10 Kg antenna and 
reflector 

Fig. 6 TMX-U28 GHz ECRH system 
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Figure 7. TMX-U 18 GHz heating system 
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Plasma potential 
control plates 

Low Energy Neu t r a l I n j e c t i o n (LEND [3 ] i s a 
second c e n t r a l c e l l f u e l i n g system being added t o 
TMX-U. I t s main advantage w i l l be the forming of 
beam-fueled , p o t e n t i a l l y c o n f i n e d , c e n t r a l c e l l 
plasmas without the cold ion3 tha t are injected by gas 
box fuel ing. In t h i s system, ten 2-kV, f u l l - e n e r g y -
component n e u t r a l beams are i n s t a l l e d in the cen t ra l 
c e l l . As seen in F igure 9, a r r a y s of f i v e sou rces 
each a re p o s i t i o n e d to e i t h e r s i d e or the machine. 
All the i n t e r n a l work c o n s i s t i n g of a p e r t u r e s , 
d u c t i n g , a l ignment , and SED d i a g n o s t i c s have been 
i n s t a l l e d . Six of the ten source modules have been 
fabr icated and are undergoing t e s t i n g . 

-Ducting 

SED(s) 
-Low energy neutral-
beam module 

Fig. 9 TMX-U central cell low-energy neutral-beam injec'.ion 

The PPC system in TMX-U [1 ] i s used to measure 
end- loss cur ren ts and for cont ro l l ing rad ia l t ranspor t 
by con t ro l l ing p o t e n t i a l g r a d i e n t s a c r o s s the p l a t e 
assembly seen in F igure 1 0 . [ 7 ] These e l l i p t i c a l l y 
shaped p l a t e s , l oca t ed a t t h e end w a l l s , map t o 
c i r c l e s in the machine c e n t r a l c e l l . The p re sen t 
system has been expanded from f ive r i n g s to seven 
r i n g s and p r e s e n t l y i n c o r p o r a t e s edge f i e l d l i n e 
c o n t o u r s r ang ing from the 5.2 to the 26-cm f i e l d 
l i n e . These p l a t e s a re segmented by quadran t s to 
de tec t azimuthal p o t e n t i a l d i f f e r e n c e s . All p l a t e s 
a r e c o n s t r u c t e d of 0 .32 -cm- th i ck s t a i n l e s s s t e e l , 
spaced to keep e l e c t r i c f i e l d s below 5 kv/cm, and have 
b e e n d e s i g n e d ana c o n s t r u c t e d t o h igh v o l t a g e 
cons ide ra t ions . A system of 2*1 Faraday cup d e t e c t o r s 
a r e combined w i t h t h e p l a t e s , and mesh-covered 
openings are posit ioned to provide viewing for back-
m o u n t e d d i a g n o s t i c s t h a t i n c l u d e End Loss Ion 
Spectrometers (ELIS), End Loss Analyzers (ELA), and 
Bolometer d i a g n o s t i c s . Each p l a t e i s e l e c t r i c a l l y 
i s o l a t e d from o t h e r p l a t e s and may be g r o u n d e d , 
f l o a t e d , or b i a sed as required. The system has been 
tes ted to stand off 5 kV between p la ten . 

Fig. 10 T M X - U plasma potential control plates 

Diagnostic Changes 

The TMX-U Diagnostic system, shown in Figure 11, 
has undergone con t inuous changes in r ea r r angemen t , 
i m p r o v e m e n t s , and growth s i n c e the l a s t r e p o r t e d 
progress p r e s e n t e d in December of 1983. [ 1 ] Since 
t h a t t ime , t h r e e major new d iagnos t i cs systems have 
been added that include an End Loss Ion Spec t romete r 
(ELIS) [5] mounted at the east end fan wall to measure 
end-plug p o t e n t i a l , average c e n t r a l - c e l l ion energy , 
and plasma p o t e n t i a l in the thermal ba r r i e r region. 
A n o t h e r s y s t e m added i n c l u d e d f i v e new 91-GHz 
microwave i n t e r f e r o m e t e r s which, when combined with 
one ex is t ing 91-GHz interferometer and four e x i s t i n g 
140-GHz sys tems , a r e used to measur- l ine-averaged 
d e n s i t i e s in a l l the machine r e g i o n s . To measure 
e n e r g e t i c e l e c t r o n x- ray emis s ion , s i x new x-ray 
spectrometer systems havo been added to the TMX-U end 
c e l l s and 

Wtst 

End-loss analyzer Calorimeter 

X-ray-. ( B U V 

TS_ ..^ \ ^ 
'^HX v Faraday cups 

-Calorimeter 
<$>BAD 

rf probes 
^SED 
e Neutron detector 

Calorimeter 

Endlosr analyze-

Wall probes 

-Grazi no-incidence 
spectrometer 

H o n probe 
^Microwave probe 
^Surface studies 

Wf probes 
L Calorimeter 

*-Neutron detector 

Key 
TS: Thompson-scattering system 
,A: Microwave interferometar 
UV: Ultraviolet spectrometer 
BAD: Beam-attenuation detectors 
SED: Secondary-emission detector 

Diamegnetic loops 

Fig. 11 . Diagnostics Instruments For Tandem-Mirror-Confined Fusion Plasmas 



west fan tank . [ 1 ] Each end s e l l I n s t a l l a t i o n 
consists of a pair or coaligned but oppositely mounted 
Nal and HPGe detectors. A single S1L1 detector In ;he 
east end c e l l measures f i r s t harmonic heating, and a 
t h i r d Nal detector w i th companion p in hole camera 
views bremsstrahlung radiation produced by energetic 
electrons exi t ing the west end-cell and s t r i k i n g the 
PPC plates. Above the west end-cel l , a second imaging 
camera 3ystem measures the spa t i a l d i s t r i b u t i o n or 
energet ic electrons in i t s thermal barr ier . F ina l ly , 
internal tank preparations were made during the a i r 
c yc le to I n s t a l l a t i m e - o f - f l i g h t analyzer and a 
second ELIS at the west ran region. 

Studies 

In a study fo r improving the end-cell magnetic 
r i e l d geometry, an oc tupo le set design has been 
i n v e s t i g a t e d as a p o s s i b l e replacement for the 
exist ing quadrupole co i l set [ 6 ] . The component col ls 
of the octupole set consists of a large octupole, two 
h igh- f ie ld end solenoids, two per iphera l so lenoids, 
and a nested t r a n s i t i o n oetupole. The octupole ha~ 
some basic advantages in that i t s f l u x surraces are 
more ax isymmet r ic , and since the inner mi r ror i s 
solenoidal, radia l transport is improved [ 7 , 8 ] . The 
octupole set shown in Figure 12 has a mirror, to-mirror 
distance of 3 m, with a conductor-bundle cross-section 
of 10 x 14, 5/8-inch, water cooled copper conductors. 
When the midplane of th is magnet set is posit ioned in 
the same axial posit ion as the present quadrupole set, 
the end-cell vacuum vessel and s loshing neut ra l beam 
.•rauntlnp. ports are d i rec t ly compatable. And 3ince the 
f l u x su r faces l e a v i r . g the end c e l l a re more 
axisymnietric, the small octupole t rans i t ion set can be 
made smaller, pe rmi t t i ng nest ing w i t h i n the larger 
octupole. Fur ther , as seen i n Figure 13, the inner 
mirror also serves as an axisyrametric t h r o t t l e for a 
machine c e n t r a l - c e l l whose c i r c u l a r i t y has been 
ax ia l ly increased by the removal of the quadrupole 
t r a n s i t i o n c o i l 3 e t s . The power requi red for a 
machine magnet system using the oc tupo le se ts as 
described is 46.5 MW, with 93i of th is power required 
to drive the end-cell octupole sets [ 3 ] . 

Fig. 12. TMX-U tnd call octupole 

Fig. 13. TMX-U octupole magnet set 
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