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ABSTRACT 

Th« Hirror Fusion Teat F a c i l i t y (HFTF-B), now 
under construction at Lawrence Livermore National 
Laboratory, repreaenta more than an order-of-
msgnitude s t ep up from e a r l i e r Magnetic mirror 
experiments on the way t o a future mirror fuaion 
reactor. In f a c t , when the device beginn operating 
in 19B8, i t w i l l be capable of achieving p l a s m 
performance approaching s c i e n t i f i c breakeven for 
D-T equivalent operation* We have taken major 
steps to develop HFTF-B technologies for tandeet 
• i r r o r s . In the machine, we w i l l use s t e a d y - s t a t e , 
h i g h - f i e l d , superconducting magnets on reac tor -
elevant s c a l e s . The 3 0 - s beam pulses . ECRH, and 
ICRH w i l l a l so introduce nsar s teady-s tate 
technologies into those systems. 

INTRODUCTION 

The Hirror Fusion Test Fac i l i ty (MFTF-B) i s a 
large , near-reactor s c a l e experimental device t o 
teat advanced plasma-confinement concepts in tandem 
configuration* 

The HFTF-B haa evolved from a minimum "B", 
s i n g l e - c e l l device t o an a x i c e l l , thermal-barrier, 
tandem mirror c o n f i g u r a t i o n . L - z The creation of 
the thermsl-barrier concept, o f fers the p o s s i b i l i t y 
chat the plasma-confinement performance of the 
tandem mirror w i l l be competit ive with the tokamak 
by the end of the decade. Furthermore, the device 
may be superior to tokamaks in the long run because 
of i t s r e l a t i v e l y simple magnet geometry and 
steady-state operat ion . 

In i t s present conf igurat ion! HFTF-B i s capable 
of operating very near the s c i e n t i f i c breakeven 
point for deuterium and t r i t ium (D-T) f u e l . 
Current plana c a l l for operation only with 

deuterium. Construction of the MFTF-B configuration 
began in I960, and the d e v i c e u i l l be operational in 
1988» although delayed because of funding l i m i t a t i o n s . 

FBRfOBHANCB COALS 

The major physics goal i s to reduce end 
lo s ses so that confinement in the central c e l l 
would allow us to approach the energy breakeven 
point for an equivalent D-T plasma. To do t h i s , 
HFTF-B must do the fo l lowing: 

• Achieve a x i a l loA-confinement times in 
excess of 1 second (ax ia l nx_ • 5 
v 1 0 " c m " 3 - s ) . 

• Generate maximum, c e n t r a l - c e l l , ion-
confining p o t e n t i a l s (* c » 30 kV) 
suf f i c i ent for confinement, i . e . , 
equivalent to achieving Q a 0,5 with D-T. 

• Achieve plasma temperatures s u f f i c i e n t l y 
high to t e s t the physics of thermal 
barriers and o f radia l transport* both in 
appropriate c o l l i a i o n l e s s resctor regimes. 

• Demonstrate high b e t a , magnetohydrodynamic 
(HUD) equil ibrium and a t a b i l i t y 0 C »s 0 . 5 . 

• Achieve microstable s loshing ions snd 
thermal barr iers in the HFTF-B yin-yang 
magnets (based on theoret ica l models). 

The a x i c e l l MFTF-B outperforms previous 
designs because i t produces equivalent values of 
HTC* T ; c , and T „ a t a much higher density in the 
centra l c e l l , and hence y i e l d a a much higjher fusion-
power output per uni t volume (Table 1 ) . I t i s t h i s 
l a t t e r property, traceable to the high magnetic 
f i e l d s poss ible with the c i rcu lar a x i c e l l c o i l s , 
Chat i s so a t t rac t ive for a reactor . 

•Vcrk performed under the auspices of the U.S. Department nf Energy hy the Lawrence Livermore 
Rational Laboratory under contract number H-7405-EKC-48. 



F i g . 2 . The a x i c e l l MFIF-B magnet array in 
the neat ha l f of the vacuum veaaeL. The 
whole array includes thia ha l f plua a 
r e f l e c t e d and rotated dupl icat ion for the 
eaat h a l f . 

p r i n c i p a l l y through the 12-T magnets on the 
outer aide of the a x i c e l l s . The pr inc ipal 
confinement time for fusion reac t ions occurs in 
the central c e l l with ap ira l ing deuterium ions 
bouncing back and forth between the inner a x i c e l l 
magnets a t the 6-T po int . 

Figure 3 shows the magnetic f i e l d re la ted to 
the magnet c o i l s and v e s s e l l o c a t i o n s . The 
primary experimental mode ia the MARS reference 

(M I H IM 

Fig* 3 . Configuration of HFTF-B a x i c e l l 
magnets and v e s s e l (a)* P r o f i l e s of magnetic 
f i e l d atrength B, plasma po tent ia l $ , and 
plasma density a for three of the HFTF-B 
operating modes ( b ) . 
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node. Alao i l l u s t r a t e d are potent ia l 4 and 
densi ty n shown as a function of a x i a l pos i t ion 
r e l a t i v e to the center of the v e s s e l . These 
dep ic t the plasma-conlinemant atodas nost re lated 
to advanced-reactor concepts. The thermal 
barriera peak in the a x i c e l l and in the anchor 
r e g i o n s ! thus aiding ion confinement. 

VACUUM CQMHT10KS 

Tiie plasms internal pressure i s e s tabl i shed 
by d e n s i t i e s from 2 x 10' to 5 x 1 0 9 

p a r t i c l e s / c m 3 . The end-cel l background 
preaaure haa a bsss value of N T 8 Toer but 
r i sea to 10~° Tocr during experimental 
operat ions . The vscuust system features ( I ) 
high-volume cryocoodensing pumps with 1500 w 2 

of 4.5-K surfaces to pump a l l condensable gasea 
and (2 ) cryoaorption pumps with 2.7-K surfaces 
on which argon i s condensed to pump helium. The 
cryopanela are regenerated p e r i o d i c a l l y . 

PLASMA HEATING 

The MPTF-B central c e l l haa ten 80-kV, 80-A,' 
0 . 5 - s neutral beams to provide added gas density 
with s i x addi t iona l 0 . 5 - s neutral beams in the 
anchor and a x i c e l l regions. The 400-kW centra l 
plasma heat ing i s achieved through ICSH at 
frequencies of 6 to 20 Hfuu S p e c i f i c a l l y , the 
machine runs a t durations up to 30 s with s i x 
BO-kV, 35-A neutral-beam injectors to f u e l , 
h e a t , and pump various regions of the confined 
plasms. The 80-kv high-energy pump beams 
(HEPB) are aimed a x i a i l y (from each end dome. 
To r a i s e the e lectron temperature in each 
yin-yang anchor and thus minimise ion 
c o o l i n g , we use ECRtt at frequencies of 2 8 , 
35 , and 56 CHa. Ten 200-kW gyrotrons w i l l be 
required. In addit ion, a c losed-loop 
feedback-control system i s incorporated in 
the ECK1I system to s i Lou individual , 
simultaneous, or staggered operation of these 
ten gyrotrona. This f l e x i b i l i t y at operation 
permits the complex spat ia l and temporal 
app l i ca t ions of ECB.K needed for a wide range 
of plasma-phyaica experiments. 

A l l beams, except the one 0 . 5 - B bean in 
the yin-yang reg ion, are housed in external 
beamlinea equipped with magnetic s h i e l d i n g , 
cryopanels , and ion dumps. The ion dumps 
w i l l be capable of handling power f luxes up 
to approximately 5 kW/cer on the surface 
perpendicular to the beam a x i s . 

The absorbed heat i s removed during each 
shot by coo l ing water in the high-temperature 
beam dumps « d warn l i n e r s . Liquid-nitrogen 
sh i e lds ( a t BO to 85-K) protect the 4.5-K 
magnets and the 4.7-K cryopanels. For 4.35-K 
l iquid helium, a 10-kW cryogenic helium 



r e f r i g e r a t o r / l i q u e f i e r i s used . There i t a l i o 
a 500-kW, Liquid-nitrogen, c l o s e d - l o o p system 
t o provide re l iqut fac t ion of n i trogen for 
cool ing* 

DlAOWSTICS AMD MACHINE CONTROL 

The MFTF-B control room ia housed in a 
separate building hundreds of f ee t from the 
actual machine. Fiber o p t i c bundles link the 
control roost and the f a c i l i t y . Following an 
experimental shot, both the nachine and plasma 
d iagnost ics data are sent through the computer 
aystea 'a shared memory to the d i s tr ibuted 
database in the nine supervisory computers, 
including two diagnost ic data processing 
• in i cooputers . The operation i s ver i f i ed and 
data transferred between s h o t s ; t h i s can occur 
as frequently as once every f i v e minutes. 

The plasma diagnostica measure the 
s p e c i f i c plasma parameters, that i t , determine 
energy balance, monitor d e n s i t i e s , measure 
potent ia l pro f i l e s , monitor plasma-wall 
in terac t ions , determine p a r t i c l e and power 
f lows, and characterize the plasma buildup in 
various regions. The i n i t i a l d iagnost ics s e t 
w i l l cons i s t of 12 instruments with 222 data 
channels . 

A l l the systems are operated by an 
h ierarchica l control and data handling system 
( F i g . * ) . The ayatem i s projected to c o l l e c t 
8 x 10* bytes of data per ahot . Seven 
consoles are included—five for subsystems, 
one for in jec tors , and one for the overal l 

Fig* Mm Supervisory and l o c a l control and 
d iagnost ics system of MFTF-B. 

systems operation. A l l contro l functions are 
d irected and executed through toucit panels on 
the operating console . The subsystem diagrar 
with control blocks i s f i r s t displayed; then 

a l l l e v e l s are adjusted, switches are thrown, 
and ranges s e t from the control touch panels . 

The supervisory minicomputers in ter f sce 
with loca l control computeta through standard 
a e r i a l communication l inka. The loca l control 
computers (LSI-11) communicate through f iber­
o p t i c Links to Computer-Automated Measurement 
and Control (CAHAC) crates for l oca l control , 
monitoring, and data communication. There are 
75 subsystems to handle 35,000 diverse dev ices . 
The parameters are set before each ahot, 
v e r i f i e d back to the systems contro l console , 
and time-sequenced for each element before the 
shot i s i n i t i a t e d by the 3-MHx master t imer. 

STATUS 

MFTF-B cons i s t s of two elements: f i r s t , 
denign and construction of a f a c i l i t y (PACE) to 
be completed by June 1986 at a coat of S246.6 H 
and, second, expense-funded items covering 
research and development, design and fabricat ion, 
and aux i l iary components, such as those for 
plasma heat ing, diagnostics system, experimental 
preparation, and maintenance. The operational 
budget waa reduced for FY85 and FY86. As a 
r e s u l t , operational readiness w i l l be delayed 
from January 1987 to June 1968. Total estimated 
coat a t completion for the above operational 
a c t i v i t i e s i s £198.5 M. 

TECHNOLOGY DEMONSTRATION 

By the end of 1981, construction of the 
o r i g i n a l s i n g l e - c e l l mirror machine (MFYF) had 
progressed substant ial ly to allow integrated 
t e s t a of several key systems to demonstrate the 
technology. This ser ies of system t e s t s was 
formulated to provide the principul data 
necessary to confirm the technology o b j e c t i v e s . 
At the cornerstone of the Technology 
Demonstration was the 500-MJ yin-yang magnet 
t e s t . The magnet operated at i t s f u l l design 
current; the peak f i e l d s , ease s t r e s s e s , anl 
conductor s trains matched the ir ca lculated 
values very accurately. 

For t e s t i n g , the l iquid helium required to 
cool the magnets was supplied by the 3075-W 
helium refrigerator; t h i s device can produce 
helium a t a rate of over 600 l i t r e s per hour* 
During the t e s t of the external and internal 
vacuum systems, vacuum pressures of 10"* Totr 
were achieved, (The vacuum systems esploy both 
l iquid helium and l iquid nitrogen to achieve the 
low Vacuum pressure demanded in a large v e s s e l . ) 
Al to meeting t e s t object ives were the systeu 
cryopanels; while maintaining a hard vacuum, 
they were able to pump added deuterium from the 
v e s s e l housing the magnet. 

REPRODUCED FPOM 
BEST AV AH \ - . - ^ - - ' 



Teats of the Supervisory Control and 
Diagnostic System (SCDS) were successful in 
v a l i d a t i n g the h ierarch ica l s tructuring of 
contro ls and data handling f r o * the machine's 
l o c a l control panels to the SCDS for operating 
and monitoring. The SCDS i s used to t e s t the 
operation of a l l tha integrated t e s t tystesajt 

Design and construct ion a c t i v i t y i s 95X 
complete. The design of major elements for the 
construction project i s e s s e n t i a l l y completed. 
He are entering the assembly. i n s t a l l a t i o n , and 
acceptance t e s t phase. Tha aux i l iary components 
a c t i v i t y i s 50Z complete.. 

The main building housing the f a c i l i t y i s 
f inished (F ig . 5 ) , ..-id many systems are in the 
f i n a l stages of i n s t a l l a t i o n . The vacuum v e s s e l 
haa been fabricated and acceptance tested (F ig . 6 )* 
Solenoids have been i n s t a l l e d in the v e s s e l 
modules (Fig* 7 ) , snd l i n e s and piping are being 
leak checked. Both yin-yang assemblies are 
i n s t a l l e d in their r e s p e c t i v e vacuum-vessel 
a e c t i o n s . Transition and trim c o i l s are 
fabricated and ready for i n s t a l l a t i o n . The 
external vacuum system i s i n s t a l l e d . The 
cryogenic system i s fabricated ( and i n s t a l l a t i o n 
i s complete with the except ion of the vault 
p ip ing . Rel iqueficat ion compressors have been 
t e s t e d . 

The 80-kV prototype and preproduction 
neutral-beam power suppl ies were operated 
success fu l ly with a 0 . 5 - s , 80-kV, 80-A source. 
A l l components on the remaining 20 supplies were 
fabricated and i n s t a l l e d , except the controls 
which sre in fabricat ion ( F i g . B ) . A l l e ight 
channels of the ECRH power supply have been 
i n s t a l l e d and t e s t e d . One channel was tested 
with 28, 36, and 56 CHc. 200-kW gyrotrons 
i n t o a dummy load ( F i g . 9 ) . 

Fig* 5 . Building 4 3 1 , showing the western 
extension of the crane and bui lding structure to 
house the HFTF-B v s u l t ( 7 - f t - th i ck -eoncre te 
w e l l s ) s*.d major systems components. 

F i g . 6 . Vacuum vesse l in place in the 
v a u l t . The nearest component i s the West Snd 
Vesse l and the East Vessel i s shown with the 
8-m-diameter t e s t head attached to the 
t r a n s i t i o n cylinder for vacuum t e s t . 

F i g . 7. The Center Vessel i s made up of s ix 
modules with two 5-m-diameter superconducting 
so lenoid c o i l s housed in each module. This 
i l l u s t r a t i o n shows four of the s i x modules 
with c o i l s and LN-shield assembly underway in 
the LLNL magnet asseeMy yard in Livermore, 
C a l i f o r n i a . 



Fig , 8 , Thia a e r i a l view about the 250 kV, 
250 HW ac power l i n e v i t h two suin transformers 
providing 13.8 kV" or to the Accel DC power 
auppliea. Xwenty-four o f Che dc power suppl ies 
to aupply 24 Neutral Bean Inject ion Ion-Source. 
Modulei at 80 kV, 50-80 A eaeh are in the 
foreground v i t h 4 rove of 6 each individual 
u n i t s . 

The Supervisory Control and Diagr,oitiea 
Syscesa hardware waa i n s t a l l e d and ia 
operat ional . Software for i t i a 751 complete. 
Local control computers are 90Z i n s t a l l e d . 
Integrated system teat of PACK itemi i s 
scheduled for September 1985, and the t e s t of 
the remaining auxil iary components w i l l begin 
i n January 1988. 

The HFTF-B project continues to achieve 
i t s technical basel ine on schedule (budget 
per n i t t ing) and within c o s t . 
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F ig . 9 . The ECRH power supply system 
modulator/regulators Manufactured by Universal 
Vo Uremics Cor pot at ion <UVC). Each of these 
cabinet* have been r e c e n t l y ins ta l l ed 
on the f i r s t f loor of Blrfg, 431 and w i l l 
provide regulated high vol tage for a gytotron 
positioned under the weat MFTF-B v e s s e l . 


