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Abstract 

developing a definition of an engineering test re
actor (ETR) is a current poal of the Office of Fusion 
Energy (OFE). As a baseline for the mirror ETR, the 
Fusion Power Demonstration (FPD) concept has been pur
sued ut Lawrence Livermore National Laboratory (LLNL) 
in cooperation with Grumman Aerospace, TRW, and the 
Idaho National Engineering Laboratory. Envisioned as 
an intermediate step to fusion power applications, the 
FPD would achieve DT ignition in the central cell, 
after which blankets and power conversion would be 
added to produce net power. To achieve ignition, a 
minimum central cell length of 67.5 m is needed to sup
ply the ion and alpha particles radial drift pumping 
losses in the transition region. The resulting fusion 
power is 360 KW. Low electron-cyclotron heating power 
of 12 MW, ion-cyclotron heating of 2.5 MW, and a 
sloshing ion beam power of 1.0 MW result in a net 
plssma 0 of 22. A primary technological challenge is 
the 24-T, Ub-cm bore choke coil, comprising a copper 
Iwhrid insert within a 15-18 T superconducting coil. 

Introduction 

Since the early 1950"s the mirror concept has been 
a significant branch of the fusion research program. 
High beta, quasi-steady-state mirror plasmas were first 
demonstrated in the 2XITB* single mirror device in 
1975. Then, in 1979 the basic principles of electro
static confinement in tandem mirrors were demonstrated 
in the Tandem Mirror Experiment (TMX) 2 and Gamma-fi 
experiments. Inclusion of thermal barriers^ is pre
sently being pursued in Tandem Mirror Experiment-
Upgrade (TMX-U) , 5 whereas the Mirror Fusion Test 
7acility-R (MFTF-B)6 is being constructed to test 
large-scale engineering and long ion confinement times 
at near reactor levels. 

The latest example of n commercial tandem mirror 
reactor is provided by the Mirror Advanced Reactor 
Study (MARS). In the MARS reactor, the central cell 
fusion plasma is self-sustained by alpha beating 
(ignition), while electron-cyclotron resonant heating 
and negative ion beams maintain the electrostatic con
fining potentials in the end plugs. Plug injection 
power is reduced by the use of high-field choke coils 
.-ind thermal barriers, concepts to be tested in TMX-U 
and MFTF-B, 

Notable improvements in this reactor concept in
clude radial drift pumping in the transition region be~ 
tween the central cell and end plug region, and a much 
smaller direct converter. Drift pumping replaces neu-
t ral beam charge-exchange pumping and results in a high 
reactor energv multiplication factor (Q = 26) and a 
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Department of Energy by the Lawrence Livermore 
National Laboratorv under contract number 
V-7405-ENG--8. 
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low recirculating power fraction (?07.). The small 
direct converter has a central region to decelerate 
electrons and an annular region outside to receive and 
pump ions, impurities, and alpha ash from the halo that 
encircles the fusion plasma. No grid wires are neces
sary, so that higher power density is achieved with no 
radial expansion of the magnet vacuum tanks to enclose 
the direct converter. In addition, the thermal energy 
of plasma ions and electrons is converted to elec
tricity so that the majority of the plasma energy is 
efficiently collected and used. Electrical grids are 
not necessary in this new compact design, unlike the 
design tested in TMX in 1980, because a small negative 
potential near the end plugs prevents back-diffusion of 
electrons. Accordingly, the electron energy can be 
uniformly spread over the end plates, thereby leading 
to e more compactt simpler design. 

Envisioned as the next logical step toward a power 
reactor, the FPD° would advance the mirror fusion pro
gram beyond MFTF-B and provide an intermediate step to
ward commercial fusion power. Net electric power 
capability uould be the goal so that no utility power 
would be required to sustain the operation. A phased 
implementation is envisioned, with a hydrogen checkout 
first to verify the plasma systems before significant 
neutron activation has occurred. Maior tritium-rela*ed 
facilities would be installed ir the second phase to 
achieve central cell piasma igni t ion for short t imes. 

A third phase would complete the installation of 
tritium breeding blankets and steady-state heat removal 
or electrical conversion equipment equivalent to a net 
power capability. Provisions would be made to include 
a short nuclear test cell with auxiliary neutral beam 
power for accelerated testing of nuclear components and 
materials. Stringent environmental design criteria are 
specified regarding vulnerable tritium inventory and 
materials activation so that the FPD would not be sub
ject to restrictive siting considerations. All waste 
and decommissioning would be completed within the site 
boundaries in conformance with the 10CFR61 nuclear 
code. 

The FPD would achieve DT ignition in the central 
cell, after which blankets and power conversion would 
be added in a following phase to produce net power. By 
ignition we mean that central cell energy losses are 
sustained by alpha beating rather than bv auxi1i arv 
heating. Because of unavoidable electron beat con
duction between the plugs and central cell, a signifi
cant fraction (>50%) of the plug ECRH power is coupled 
to the central cell electrons, vet to approach irieal 
ignition we must keep the ECRH power that is coupled to 
the central cell small compared to the alpha heating 
power in the central cell. This requires a steadv-
state plasma and Q near 16, where 0 is defined as the 
rat io of central cell fusion power divided by pi ug 
beating power. Since plug ECRH power is the dominant 
input power to sustain end plugs with drift pumping, it 
is important to optimize the barrier beta and magnetic 
field variables. Optimized cases tend to have moderate 
betas and fields so that synchrotron radiation losses 
are not dominant; i.e., the hot electron energv tend? 
to retrain below the electron rest nass above which syn
chrotron radiation losses increase strenalv. Subiect 
to these constraints, a simplified expression can he 
found for the minir-un central ceUl length 

centra!! cell = L 3 <1 c ic cbeke 
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v*>ere 3* i* (be tTanait ion-barTier purpinft length, r^ 
is the central fell field, P f is the central cell beta, 
T j c Ss the ion temperature, and B^^g, is the maximum 
field in the choke coil. For FPD this leads to a 
•b7*5-w-1cr.g central cell and « corresponding 360 MV of 
fusion power. Conservative infection End conversion 
•efficiencies would produce 3ft MW of net fusion power. 
However, with later improvements this could he im
proved to 1?4 MV net power. Other baseline FPP- param
eters are listed in Table 1. 

Baseline Configuration 

Figure 1 depicts the baseline configuration. The 
central cell is 67.5 n long and comprises 2.5-T po!e-
noids with simplified blanket service stations, as in 
the MARS design. Early phases of the experiment would 
only contain neutron shielding without tritium breeding 
blanket modules. In Phase 3, a net power of 36 MW and 
full tritium self-sufficiency could be produced with 
the MARS-type lithium lead blanket. Because increasing 
the duty cycle up to 50% is envisioned, tritium self-
sufficiency would be an economic necessity. However, 
generation of net power is not essential, and it may 
be cheaper to buy the utility power to sustain the 
23 MW of plasma heating, 80 MW of choke coil dissi
pation, plus other auxiliary requirements. Thus, the 
technology requirements on blanket design can be eased 
for early operation with neutron wall loadings of less 
than 1 MW/nr. 

To enable fusion to make the next step toward com
mercial power it is highly desirable to produce greater 
wall loadings for nuclear component and material 
testing. Borrowing an idea from the MFTF OH-T study,** 

Table )• FPD baseline plasma paTaretor* 

Fusion power, P, . (MW) • fusion 
Central cell length, 1- (n> c 
Plasma radius, R (m) 

c -3 Central cell densitv, N (cm ) ec 3 

Confinement, (nT), „ (en sec) tot 
Ion temperature, T. (k^V \c 
Electron temperature, T (keV) 1 ec 
Central cell field, n (T) c 
Choke coil field, R . , (T) choke 
Centra! cell, 8 (peak) 
Central cell B (average) 

Transition length, I. (m) 
Fueling current, 1 ,, (amps, equiv.) pe1 let 
Sloshing ion beam, P. (MW) (475 1<V) beam 
Anchor heating, P- C M (MW) 

(trapped in both ends) 
Plug barrier heating, P__,, (MW) fcXH 
Wall loading, P (MW/ir ) 
Plasma power gain, 0 

360 
h7,"i 

1.41 x ]i|K< 

A.3 x 1 0 1 4 

17.7 
?n.7 
2.S 
?•'• 

0.74 
0.4° 
0.37 
13.3 
235 
0.35 
4.0 

12.0 
0.ft5 
22 

0 10 20 30 
1 I ' f 

Scale — meters 

F ig . 1. Machine layout - Phase 3 . 



we could incorpprat* a neutral-beam-driven test section 
in the FPU central cell to produce 5-MU/m vail load
ings, as shown in Fig. 2, This would be a very econom
ical weans of nuclear testing since the entire fusion 
experiment need rot be built to such demanding perform
ance. Not only is construction and operating money 
saved, but the technical risks of high wall loading 
would be on the test blankets and materials, instead of 
being distributed throughout the machine. Accordingly, 
a modest technology machine could enable the nuclear 
developments necessary for full commercial power. 

-Test cell wall 
- Neutral beams 

Test blanket -

Floor 

On-ax is view 

Neutral beams 
Test blanket 

Beam dump 
i 

Machine J 

[] 

-Test plug 

Side view {Shows section of test 
plug with two neutral 
beams boxes removed) 

Fig. 2. Nuclear test station. 

Remote maintenance of the FPD was considered very 
seriously from the inception. Because it is Hnear, 
the FPD can be assembled as depicted in Figs. 3 and £. 
First the yin-yang coils are rolled into a four-rail 
frame structure, minimizing the structural requirements 
of the coil cases while enabling remote disassembly in 
the event of a coil failure. The choke coil and copper 
insert are also assembled on their respective vacuun 
domes and rolled into position. Khile the envisioned 
duty cvcle of FP]> rising from 10 percent to ^0 percent 
over a 10-vear period might not require replacement of 
the copper choVe coil insert, we Save facilitated its 

remote replacement because of potential reliability 
problems. Final assembly of the FPD in Fig. 4 shows 
the coil sets rolled into position and the ECRH and 
direct converter assemblies in their respective vacuum 
tanks being rolled into position. The son drift pump 
and all ECRH neutral beams and other auxiliaries are 
removable with simple straight line motions. Whereas 
hands-on maintenance outside of the machine is possible 
two days after shutdown, the activated assemblies must 
be removed remotely and simply before they are trans
ported to a hot cell. 

Siting and Safety 

Our desire is to enable the FPD to be built any
where in the USA. Thus, particular attention is paid 
to vulnerable tritium inventories and materials acti
vation. As a baseline, the geographic restrictions of 
Livermore, California, are considered, including earth
quakes. In a high hazard facility it is necessary to 
design to 0.5-g accelerations. These accelerations may 
amplify at frequencies of 0.5 to 1 s, depending on neu
tral frequencies of equipment and suspension systems. 
It has been found that modifying equipment for earth
quakes produces relatively small increases in the cost 
and complexity of the equipment. However, the building 
response can be significant and require additional 
structural supports. 

Special hazards connected with the use of tritium 
in the facility have been surveyed, and there is a high 
degree of confidence that proper design will allow ade
quate containment. The present LLNL tritium facility 
has a design capability such thac release of a mega-
Curie of HTO (106 g of tritium) in a worst case situ
ation will give rise to 3 rem at the fence line. The 
FPD has an expected total inventory of about 800 g, 
but less than 40 g would he vulnerable. The majority 
of the tritium would be kept in a hardened storage 
area. 

Alternate schemes for further reducing the total 
amount of tritium in the FPD are being investigated. 
An example is prompt recycling of the tritium exhausted 
out through the halo plasma. This tritium, plus the 
included deuterium, could he purged of heavy ions and 
then recycled back to the pellet injector along with 
make-up tritium from the blanket breeder. There seems 
to be no inherent reason why the tritium and the deu
terium should be separated in a tritium facility. Such 
a conceptual system could significantly reduce the size 
of the tritium-'mndling facility and the amount of vul
nerable tritium. 

Waste Disposal 

Fusion electric power plants will probably be de
signed to meet Class C (or better) requirements of the 
Code of Federal Regulations (]0 CFR 61) for near-
surface disposal of radioactive waste. These require
ments have many strong favorable implications for 
fusion plants with respect to maintenance, safety, 
operational issues, and economic competetiveness. Th i s 
goal may be difficult to reach for the FPD facility. 
However, it is clear that any next-generation fusion 
machine is unlikely to challenge the first wall materi
als because of neutron fluence- If given the choice 
between a well documented, highly activated structure 
and a less developed material, the latter would be a 
better choice to avoid deconissioning costs and 
political-environmental misinpressions. Manganese 
steels are wel1-docunented for conventional usage jn 
electrical generators. Some of these steels are 
Class A wastes, yet no neutron damage r-easurements have 
been made. An alternate possibility would be to RC^tfv 
an s!3cy Hike HT-9 by reducing or removing the cc^eeri-
tration of the offending elerwmt or isotcpe. 
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The moderate wall loadinR for FPD (0.85 HW/m*) in 
the long solenoid section plus the high wall loading 
(<* to 5 VMfr?) in the 3-m-leng central test seetion are 
noderated by the duty cycle. The copper insert coil 
will activate and present problems both in handling and 
in waste disposal. Activity will be dominated hy the 
5.3-yr Co-60 produced by the (n»alpha) reaction in 
Cu-63, and determine the shielding and handling tech
niques needc-d to replace this coil. The Li-Pb used as 
a coolant in the blanket and first wall will activate 
in the neutron flux. Depending on the actual residence 
time in the high neutron flux regions and on the oper
ating level and availability of the FPD, the contact 
surface dose rate for cooling loops containing the 
T-i-Pb could be several to many rem/hr. 

Decommissioning, if it occurs 5 to 10 years after 
shutdown, is likely to be heavily influenced by Co-60 
activity, just as in light water reactors. This Co-60 
originates from Cu-63, Co- r9, and Ni-60 and is a hard 
gamma emitter. Careful choice of structural materials 
can result in all radioactive waste being classified as 
Class C, suitable for near-surface burial. If this is 
achieved, site selection to allow on-site waste dis
posal could be important, so that packaging and trans
portation problems are minimized. 

Breeding Blanket 

To demonstrate net power production, a tritium-
breeding blanket will be needed in the baseline re
actor design. The recent MARS conceptual design uses 
liquid Li-Pb (Lii7Pbg3) as the tritium breeding 
material because of its good breeding potential and 
shielding effectiveness. For these same reasons, Li-Pb 
will be the leading choice for the FPD blanket, parti
cularly since the main objective will be to provide 
sufficient tritium, while high thermal efficiency may 
be less important. 

Inherent in the use of Li-Pb at temperatures above 
450°C is the issue of corrosion of structural materi
al:", and redeposition of dissolved species elsewhere in 
the 1iquid-metal system. This corrosion can plug flow 
passages, ai.d higber-than-expected levels of radio
activity inside components outside of the reactor it
self. Since the corrosion rate is a st r^ng funct j on of 
structural material, temperature, and flowrate, further 
development is requi red to out 1ine al1owahle structural 
temperatures as functions of material and flow 
geometry. 

Radiation-Hardened Magnets 

High field and radiation-hardened magnets will need 
to be developed. Following the MARS design, the choke 
coil consists of a 15-T Hoped niobium tin magnet opei— 
ating in superfluid helium. Inside of this coil a 
copper resistive magnet would provide an incremental 
9-T to bring the total field to 24-T. Obviously the 
c pper magnet mu«=t face the full neutron flux, so that 
the insulator cannot be organic. General Dynamics is 
pursuing this development based on internally cooled 
MZC copper magnet with spinel insulation. Also, a 
superconducting coil development plan' has recently 
been presented to DOE/OFE in which LLNL and 
Kfk-Karl sruhe in Gemanv would each construct 15-T 
coils for testing in the i-m cryostack at LLNT-. These 
coils would also be directlv useful in an upgrade of 
MFTF-B. We expect to have an IS-T proof-pf-prsnciple 
demonstration about 1 Q88, in t ir:e for a decision on 
FPP. The rinor radius of the yin-yang coils in FPD is 
SO cm as compared to ~5 en for MFTF-R. It is interest
ing to note that the MFTF-B coils, vacuum chambers, arcd 
manv technological features are full reactor sire. 
Th is statement is dependent cm reducimss the meutrcn 
shielding in the threat of the yiim-yang ceil tu> 35 cm. 
As sue*"., r^c tra-iitirncil limits of 10 rat! on errsv-
^lass; insulators r-ĵ t Ve relaxes. : * Sew radiaticr 

darage datal? suggest that insulators will retain ade
quate compressive btrenfth up to 10** rad. Alter
natively, it is possible to use glass cloth weaves in* 
strad of layers and to modify glass fiber primers be
fore polymer impregnation with epoxy or polyamide to 
gain additional compressive strength. 

The neutron damage causing copper resistance in
creases must be accommodated hy further increasing heat 
transfer areas, using superflnid helium to increase 
heat transfer rates above 1 W/em*, or designing inter
nally cooled conductors that depend more on helium heat 
capacity than heat transfer for stability. Finally, 
the neutron heating and size of the cryogenic plant are 
the ultimate limitations on shield thickness. By 
separately cooling the coil structure at a higher, more 
thermodynamically efficient temperature we can lessen 
the cryogenic loads. However, an eventual balance must 
be struck between the cost of the magnet and cryogenic 
systems. For FPD this determines the yin-yang mirror 
radius of BO cm and reduces the comparable magnet 
weight in MARS by a factor of three. 
Costs 

Because fusion projects tend to be capital inten
sive, we madp a rough cost estimate for FPD based on 
the MARS first-of-a-kind costs. This basis is fairly 
good because so many of the items are direct extrapo-
lations from MFTF^B and existing electrical equipment. 
For completeness, in Table 2 a full turbine and elec
tric plant are included to make the FPD power self-
sufficient with about a 36 MW net power generation. 
However, we assume that FPD will be constructed in a 
similar manner to MFTF-B, by not including interest 
during construction charges. Escalation is also not 
included, since we have no good estimate of what might 
happen in future years. 

It is interesting to note that extending the 
central cell could make the FPD into a 500-MW experi
mental power reactor for a relatively small increase 
In cost;. Also, trie addition of a nuclear test station 
with wall loadings of 5 MW/m 2 is not costed but it 
should be similar to that done for MFTF-B Upgrade. 
Future Work 

We are still scoping the definition of the FPD. We 
anticipate that it will evolve over the next few years 
to fulfill the role of ETR described in the OFE Program 
Plan. Expanded participation in the studv is expected 
to :nclnde other university, national laboratory and 
industrial groups. 
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