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PREFACE

In this document we describe three options for upgrading MFTF-8, and the
nomenclature used for these options is shown an the chart, "MFTF-B Upgrade
Options." We propose to add a 4-m-long “reactor-like" insert to the central
cell, or to change the end plugs to the new MARS-type confiquration, or both.
LLNL prefers the third option, labeled MFTF-a+T in the chart, in which both
the central cell insert is added ard the end plugs are modified. A1l options
are long-pulse or steady-state DT burning experiments.

Those upgrades with the insert would be constructed beginning in FY 86,
with operation beginning in mid-FY 92. Confirmation of our intent to modify
the end plugs would be sought in FY 88 based on positive results from MFTF-B
experiments. The upgrade with only the end plug modification would not start
until MFTF-B data are available. The timeline for constructing and operating
the MFTF-8 Upgrade included at the end af this preface is for reference while
reading the text. The various modes of operation shown an the cnart are

described later.
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ADDENDUM ON AVAILABILITY AND RUN TIME

In this document we arbitrarily chose the uninterrupted running time and
availability of 10 hr and 1%, respectively. This choice was first made nine
months ago when the only upgrade option considered by LLNL was to insert a
reactor-1ike section in the central cell of MFTF-B {called MFTF-B+T), About
three months ago the other two options {described here) were conceived, both
requiving the same new end regions in the machine. The first (MFTF-q) does
not incarporate the central cell insert but the second (MFTF-o+T), provides
the insert and also new end plugs.

After this document was prepared in draft form and discussed among
ourselves and in the community, it was clear that longer run times and higher
availability were both possible and desirable in the MFTF-a+T option,
possibly with 1ittle cost impact. The central cell is modular, and
maintainability is more easily incorporated there. Ir contrast, the exisiing
end region of MFTF-B preseris m2ny maintenance problems should there be a
component fajlure after the machine is activated and, for that reason, our
initial choices of run time and availability were modest. With new plugs
those parts of the vessel outside the central cell must be rebuilt, and this
affords the opportunity to design theie less accessible regions for ease of
maintenance.

Al1% systems in MFTF-otT are designed for CW operation, and end region
shielding allows access to the vault area for contact maintenance after 24 hr,
even for runs much longer than 10 hr. After considering these matters, we
be':zve that run times up to 100 hr and an uvitimate availability of 10% in tne
later years of operation is an achievable design goal. Conseguently, we are
adopting this goal in our ongoing studies of MFTF-a+T.



1. SUMMARY

Previous MFAC documents] have described the MARS tandem mirror reactor
concept, which has a thermal barrier and axisymmeiric throttle coils; the
remaining physics and technology issues for this concept have been identified,
and a program to resolve these fssues i: in place. Assuming a peasitive
outcome, this research program, culminating in the demonstration of plasma
confinement times approachirg 1 s in the MFTF-B, wili verify the physics
design for a tandem mivrror reactor by FY 87-88. In this report, we propose
upgrading the NFTF for further experiments in the early 1990's.

With MFTF-Upgrade, program emphasis will pegin to shift away from
resolving specific issues toward systems integration of all subsystems of a
tandem mirror reactor. This will also serve to advance plasma confinement
parameters and other measures of program progress on & broad front. In this
report we describe three upgrade options, all of which call for DT-burning
plasmas and, hence, systems integration in the nuclear envircnment of a
reactor. It is our intention in MFTF-Upgrade to go as far towards addressing
nuclear systems icsues as possible, consistent with technical readiness and
budgetary constraints. We do iniend that the VFTF-Upgrade be an affordable
option, and, as is discussad below, our present cost estimates are consistent
with this objective.

The precise role of the MFTF-Upgrade in the tandem mirror program will
depend on overall funding levels. In an aggressive funding climate we propose
that, in parallel with upgrading the MFTF, we also proceed directly to the
construction of the Fusion Power Demanstration (FPD)} that would evolve through
two phases to become the tandem mirror Engineering Test Reactor (ETR) and
finally a demonstration reactor. In such an aggressive program, the main
purpose of the MFTF-Upgrade would be to permit the boldest possible step by
reducing the risk. It would do this by providing earlier cperatiing experience
on a facility having all of the elements of the FPD but on a more modest
scale, This is similar to the role that the TMX-Upgrade now serves relative
to the MFTF-B. On the other hand, if the FPD were delayed, the MFTF-Upgrade
itself would greatly advance the tandem wirror data base and thereby strengthen
the case for the FPD when the funding picture improves. Moreover, as we shali
see, the MFTF-Upgrade would provide the entire fusion crmmunity with a urique
capability for comple*e nuclear systems tests ([blankets, tritjum, heat



transfer) at power densities and neutron wall Tpadings close to reactor
parameters,

In short, in a constrained budget the MFTF-Upgrade would be the most
advanced fusion engineering test facility available in the world in the early
1990's, while in an aggressive funding climate it would enable the tandem
mirror program to push ahead with an Experimental Test Reactor at the earliest

opportunity.
1.1 SCOPE AND OBJECTIVES

Three options (describsd in detail in Sec. 2) have been proposed for
upgrading MFTF. They include MFTF-oT, which is our preferred option. It
would upgrade both the end plugs and the central cell of MFTF, and would
permit iwo modes of pperatiocn, one emphasizing better confinement and higher
Q, and the other a high fusion power production in the central cell. The
second option, MFTF-a, would upgrade only the end plugs. The third,
MFTF-B+T, would upgrade enly the central cell.

The MFTF-a+T upgrade has three main objectives:

1. To extend physics performance to (.2 in a 07 plasma, at which

point about a third of the central cell heating comes from the alpha
particles;

2. To gain experience in integrating tandem mirror systems in a nuclear

environment; and

3. To provide a unique capability for operating a power-producing

section of a fusion reactor at reactor-1like parameters (hours per

shot at a neutron wall loading of 2 MW/mZ).
The other two options, although somewhat Tess expensive, can meet one or
another of the above objectives but not all. MFTF-a can meet the first
objective but not the third; MFTF-B8+T cannot address the first pbjective,and
the neutron wall loading in the central cel) would be less because the
upgraded end piugs are needed to maintain MHD stability at the higher central
cell density specified for MFTF-otT.

A sketch of MFTF-0+T is shown in Fig. 1-1, and parameters for this
option are compared to the FPD and the MARS rveactor in Tables 1-1 and 1-2. As
the tables indicate, the MFTF-Upgrade js impressively close to reactor
conditions, both in physics parameters such as particle confinement time

g ")
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Table 1-1. Physics parameters for tandem mirror facilities.

;
|
WFTF -0 FPD-1112 1
Parameter MFTF-BD High P High Q FPOD-J1@ demo MARSA )
1
|
Central cell length (m) 15.8¢ a.0¢ 2oc 75¢€ 75¢ 130¢€ H
¥
Central cel) plasma radfus (m) 0.30 0.15 0.15 0.54 0.6 0.49 c g
Central ceM field {T) 1.0d a.5d 1.69 2.5d 3.60 4.1d f
Central cell density{10Mem3) 0.39 4.75 1.9 1.5 2.85 3.08 .
{
Average ion temperature (keV) 15 27 25{with 28.5 30.2 28.6
{axicell) i
H
E'ectron temperature (keV) g 7 12 24,3 24.8 24.0 :
Central cell average 8 (%) 20 3 40 47 a7 28
(axicen) {central)
Ton (n1)
(particle) (cm-Jeg) 2.72x10'3 e 470013 e qxr0Md e gacolde aexial? e 5 16x1073
Ton lifetime (particle) (s} 0.57¢ 0.26¢ 1.068 3,28 1.728 1.68
ton canfining potential (k¥) 30 22 6z 153 160 1656
Totel plug potentjal {kV) 85 69 141 322 33% 329
Central cell Q¢ o.62f i.of 1.7f a.73f 4,95f 5.caf :
Effective central cell {Dg)pss 6.629 1.29 2,48 st gnited (w)d—n ;
Gverall 0.23" 11" 1.5h 7.18h 1.2k 25,60 {

2The MARS and FPD designs have evolved since last describec in the MFAC panel T report and these parameterc
are different, The FPR will continue to evolve since it is in a definition phase, but the MARS dasign is
nearing corpletion, FPO-1, 11, and 111 refer to different phases of operation af the same facility,
succeeding phases reouiring yporade funpds.

Bparameters for the axicell MFTF-B are taken from K. [. Thomassen and R. A. Jong, "MFTF-R Performance
raleculations," UCID-18621, Dec. Y9R7.

CNistance belween first mirror peaks at ends of central cell, axcept for MFTF-q+T, In the high I' mode
we use Fhe d-m ipsert lepngth whereas in the hiah N mode we use the lenath hetween YR T choke cnfls,

¢ Axicell field in the high T mode, central A1l field in the Hiah 0 mode. FPR is desianed for 3.6 T, !
MFTF.8 is desianed for 1.6 T, 3

eThe particle nt values Include radial and axial Insses, and averaoe over hot and warm specirs. Similar
treatment af particles aives the lifetime.

fThe value 0c 1s a ratio of fusion power and power losses fram the cantral cell, except that in MFTF-B -
we give the eauivalent valye if DT were used. Mo credit is taken Tor the a-power makeup of the losses. :

9The effective value of O¢ uses the full g-power heat ta reduce the central cel) power losses.

hThe overall O is 2 ratio of fusion power and tota) plasma power Yosses.

-4~
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Tabie 1-2. Power producing region parameters per meter of length.

METE -Uparades
MARS FPD-III FPD-11 ofT o7
{Demo) (High T) {High Q)2
Plasma radius (m) 0.49 0.6 0.54 0.15 0.25
Plasma density x 1014 3.26 2.85 1.5 4.75 1.1
Fusion power density {W/cc) 26.5 20.6 5.8 56.2 1.93
Pfusionéunit length (Mw/M)} 20.0 23.3 5.3 3.9 0.38
I {MW/m") 4.26 3.57 0.96 2.0 o.n
First wall radvus (m} G.6 G.83 0.7 0.85 G.45
Bianket thickness (m) 0.41 0.41 0.41 0.5 avail. 0.5
Reflector thickness (m) 0.42 0.42 0.42 0.5 avail. 0,5
BO (m) 4,7 3.5 2.5 4.5 1.6
Mean coil diam. {(m) 5.6 5.6 5.6 5.0 5.0
Coil spacing (m) 3.2 3.2 3.2 5.3 1.25
T2 production g/day 3.0 3.5 0.8 0.6 0.06

or this option we use the central cell parameters since the axicell isg
not the primary power producing region in this mode.

-



(Tabte 1-1) and “n nuclear engineering parameters such as neutron wall loading
(Table 1-2).

Note especially the upgraded central cell. This shielded cylindrical
region, approximately 4 m long (mirror-to-mirror} and 5 m in diameter, is in
a1l respects a complete working section of a tandem mirror reactor, at full
magnetic field and full fusion power density. A complete reactor merely
consists of many such cylindrical sections Tined up end-to-end. The mair
compromise in MFTF-Upgrade relative to a full power system is the smaller
plasma radius, which reflects lower field strength and smaller magnets in the
end plugs of MFTF. To compensate for the smaller plasma radius and still
obtain reactor-level power densities in the inner bianket region, the first
wall radius is also reduced accordingly. HNonetheless, the overall diameter is
about the same, as can be seen in Fig. 1-2, which compares cross sections of
the MARS reactor and the MFTF-Upgrade central cell on the same scale. A
second compromise is a low operating duty cycle (v1%} to reduce the
maintenance expense (see Addendum at front of this report). However, with
superconducting coils and essentially dc power systems, any one “"shot" in
MFTF-Upgrade can be extended to many hours to achieve steady state conditions
in the blanket and auxiliary systems. We shall return to this point later.

The possibility of inserting a complete power-producing reactor section in
the MFTF-Upgrade is a unique feature of the 1linear geometry of the tandem
mirror, made possibi2 by the use of mirror coiis to jsolate a short section of
central cell from the rest of the machine. Because of its small volume, this
isolated section can be maintained at an elevated plasma density and
temperature by intensive auxiliary heating. In the MFTF-Upgrade, this heating
is supplied by the existing MFTF B0-kV neutral beam system, upgraded for dc
operation with tritium, which also fuels the central cell.

As is discussed in Sec. 2, the upgraded end piugs also play an important
role in obtaining high fusion power density, by “anchoring® the high-g
central-cell plasma to provide MHD stability. In addition, the improved
end-plugs permit us to increase the electrostatic potential from ~70 kV
(relative to ground) in MFTF to approximately 140 kV in the upgrade (in the
High Q mode). This is about half of the potential required to reack ignitien
in the central cell. In a tandem mirror, ignition means that the alphas heat
the central cell so that the only power input is that required to sustain the
end piugs; then, Q is directly proportional to the length of the central

-6-
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celi. In MFTF-a+T, the alphas would supply about 30% of the central cell
heating (Qv2).

While it would be desirable to demonstrate ignition in the MFTF-Upgrade,
we conclude that this is not possible within our cost objectives and,
therefore, this task must be deferred to the FPD phase of the prcgram. As is
discussed in Sec. 2, the main limitations are the field strength and plasma
radius in the end-plug region {the yin-yang anchors, transition ¢oils, and
axicell or choke cojls), which set the upper limit on adiabatic confinement
and hence, the upper 1imit on ion energies (sleshing ions and passing ions),
which in turn set Timits cn the potential levels. This is an issue of cost,
not technical readiness. For example, a full MARS yin-yang anchor is cniy 30%
targer in linear dimension than the existing MFTF yin-yang that has been built
and tested, and it could use a NbTi conductor. The differences jmpacting cost
lie in the use of He II {at 1.8 K) to achieve 10-T fields in the conductor,
and the larger number of ampere-meter of conductor in the MARS coils.

1.2 BENEFITS TO THE PROGRAM

As noted above, besides advancing tandem mirror physics and technylogy
parameters to near-reactor conditions, the MFTF-Upgrade will provide the first
experience in integrating all subsystems of a tandem mirror reacter in a
nuclear environment.

Every component of the current MARS reactor design is in¢cluded in the
preferred MFTF-Upgradge option, without exception. In the central cell, in
addition to the magnet, vessel, blanket, shield, and other elements of the
reactor core, this includes all of the auxiliary systems necessary to recover
the tritium and process the heat. Ia the end plugs, this includes negative
ion beams, a direct converter, advanced means of removing trapped jons in the
transition region (drift pump), high-power gyrotrons, and a magnet set of the
MARS design. These features are described at length in Sec. 2 of this report,
and the kinds of information that can be obtained from the facility are
discussed in Sec. 3. Finally, although we have based the MFTF-Upgrade on the
present reactor design, the project schedule retains the flexibility to
incorporate various end-plug design improvements currently being investigated
in the research program. We shall return to this point later and again in

Sec. 4,

-8-



Although the MFTF-Upgrade is aimed specifically at tandem mirror
requirements, tandem mirrors and tokamaks (and other concepts) have much
technology in commen, especially in the power-producing reactor regions, so
that information from the MFTF-Upgrade would be valuable during the design,
construction, and operation of a tokamak £TR and for the tandem mirror FPD
{see Sec. 3). Moreover, even with a limited duty cycle the MFTF-Upgrade can
over a period of time test and provide operating experience on several reactor
core designs, As is shown in Sec. 2, the design permits the blanket region to
be remaved and replaced with other designs from time to time.

We believe that the advanced engineering capability of the MFTF-Upgrade
will make it especially attractive tc industry. It is LLNL's policy to become
partners with industry in the construction and operation of the MFTF-Upgrade
to the fullest extent possible. A recent step in that direction is a
cost-sharing contract, now in negotiation, whereby an industry will assume
responsibility for specific subsystems of the MFTF-B now under construction,
fram design through operational testing on the facility. These and cther
measures that will involve industry in the tandem mirror program are discussed
briefly in S2c. 6.

Finally, with its limited duty cycie, MFTF-Upgrade cannot perform
engineering tasks related to failure modes that reguire many months (see
Addendum at front of this report} or years of running time. For these tasks,
the MFTF-Upgrade can, however, provide a calibration for other techniques
attempting to simulate the fusion reactor environment in various ways.

1.3 PROJECT SCHEDULE

If construction of MFTF-a+T is initiated in FY 86 in parallel with the
initial operation of MFTF-E, operation could begin in FY 92, as shown in
Fig. 1-3. 1In this plan, authorization of the entire project would be sought
in FY B6 on the basis of positive results from TMX-U and a consensus on the
value of the unique reactor systems testing capability of the facility.
However, the actual freezing of ihe end plug design and fabrication of end
plug components would be delayed until after MFTF-B data were in hand. The
prior work on central cell components and associated nuclear systems not
affected by this decision would speed up the completion date by 2 years or
more and would provide a continuous transition for the LLNL and industrial
construction teams from MFTF=B to the Upgrade.
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Fiscal year
85,86,87,88,89,90,91,92,93,94,95,96,97,98,99I

VI tor comsamscton "

Divert
THX-U ? e
TARA W Upgrade )
GAMMA |1 O
Begin DT
upgrade in Begin
h fabricati
parallel with abrication Op. Upgrade DT

MFTF operation of end plugs

7///‘)),\ MFTF ' V27777777, phys. blanket )

/) 1st. op.
£PD I Full op.

FPD |

Prelim. design J

Fig. 1-3. Mirror facilities operation plan. (The start date of FPD has been

slipped one year from that given in the National Mirrar Program Plan.)
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Thie above plan calls for an initial go-ahead decision in mid-FY 84 jp
order to initiate project funding in FY 86. A second checkpoint decision to
proceed with upgrading the end-plugs would come early in FY 88 (simultaneously
with a decision to procesd with the FPD in an aggressive program). The
technical readiness of the program at these crucial decision dates is
distussed jn detail in Sec. 4 of this report.

Briefly, considering first the central cell upgrade, we are confident that
a high fusion power output could be obtained in the upgrade, at least to the
level of 1 Mw/m2 neutron wall loading, whether or not thermal barriers
perform in MFTF-B as well as expected. By FY B4, the TMX-U will further
confirm this in-experiments with “choke coils" that jsolate the central cell
as the mirror coils would do in the upgraded central cell of MFTF. Moregver,
as is discussed in Sec. 4, by that time the TMX-U is expected to provide
substantial verification regarding most of the critical physics issues for the
tandem mirror, though not at the performance jevel of MFTF-B.

If, at the checkpoint decision in FY 88, it were decided for any reason
not to proceed with upgrading the end plugs, one could still elect tn continue
upgrading the central cell, as in the MFTF-B+T option described in Sec. 2, As
can be seen from Table 1-3, the physics performance for such critical
parameters as the hot jon lifetime is similar For this mode ¥ operation and
for TMX-U, while the reactor system test capability remains substantial,

Finally, as noted earlier, the project retains the flexibility to
inc@rporate improved, more axisymmetric end plug magnets and other improvements
being investigated in the research program. This information should be
available at the time of the end-plug design decision in early FY 88, as
discussed jn Sec. 4.

1.4 PROJECT COST

1.4.1 The Preferred Option (MFTF~a+7)

As is discussed in Sec. 5, the total estimated cost (TEC) of the preferred
MFTF-Upgrade option is approximately $4G0 ¥ in present dollars.

In Table 1-4, we present an approximate cost profile for the project, with
a project completion date in mid-FY 92, and also a plan to fit the project
within the overall mirror program. By taking advantage of cost
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Table 1-3. Parameter comparison for TMX-U and MFTF=B+T.

TMX-U MFTF-B+T

Plasma With choke coils® and
parametersb central cell injection TDF mode Design mode
ne {em3) 3x1013 3.9x1014 4,2x1014
B (T) 0.4 4.5 4.5
B> (%) 25 15 20
o (kY) 2.2 2.0 10.8
b + ¥ 5.3 15 48
(ntp) (cm™3) 8.6x1017 € 2.5x1012 ¢ 1x7013 €
{tp)(ms} 23° £.5¢ 25C
Eic (kev) 5.5 33 49
Tae (keV) 0.7 2.3 6.2
o {(em) 17 15 15
Reactor parameters
Wall fiux (M/m2) 1.0 1.3
Fusion power {MW) 5.5 7.3
Fusion power

line density (MHW/m} 2.0d 2.4
Fusion power

density (W/cm3) 28.3 36.8

3See D, L. Correll et al., Throttle Coil Operation of TMX-U, Lawrence

Livermore National Laberatory Report, UCID-19650 [1983).

bsubscript ¢ refers to central cell, ¢¢ is the confining potential, and

d.+de is the total potential,

CThe {nt) and T values average over radial and axial losses and over
hot, warm, and (for TDF mode)j pellet-supplied warm ian populatians.

dThe effective central cell length, 2.5 m, is used here.
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Table 1-4. Tandem mirror budget {B/A) in §M (constant FY 84).

Fiscal year
85 86 87 88 89 90 91 92

Mirror base, with
MFTF-o+T Upgrade

MFTF
Exp. ops. 5 17 61 61 61 20 20 65
MFTF-B const. 67 44 -- -~ -- -- ~- --
Upgrade const. - 15 20 58 &0 100 lpp 55
Upgrade pre. design 10 -- -- - -- - - --
Other LLNL' 30 3 3 2 10 N 1 11
Non-LLNL! 17 7 17 172 7 7 1

7
129 123 128 148 14 148 148 148

Mirror base,
MFAC report! 108 108 108 108 108 108  .vuernn.

In¢rement 21 15 20 40 40 40 ciiiieenne
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savings in FY 90-91 from reduced experimental operations during a 2-yr
shutdown to install upgrade components in the MFTF facility, the incremental
cost to carry qut the upgrade project is $15 M in the first project
construction year (FY 36), increasing to $40 M in later years. A longer
Shutdown would reduce the out-year cost increment. This cost increase over
that of a level base program must be judged against the unique value of the
MFTF-Upgrade to the tandem mirrar program and the fusion program in general,

The above costs do not include ongoing mirror research funded by Applied
Plasma Physics or development of the neg.tive jon neams, magnets and dc
neutral beams for the central cell. However, these costs are ‘targely covered
by ongoing, funded programs.]

Finally, we note that our cost estimate is contingent upon being able to
carry out the project at the Livermore siie with appropriate mocifications of
the existing MFTF building as planned. While majo. miclear activities are
already an integra’ part of LLNL programs and the Laburaiory has filed an
Environmental Impact Statement covering the existing activities, it remains to
be determined whether the MFTF-Upgrade falls within the scope of that
statement. This important topic is discussed briefly in Sec. 2.

1.4.2 Qther Options

As we nated at the outset, in this document we concentrate on B7-burning
options for upgrading the MFTF, poth because of the importance we attach to
early experience in systems integration in the DT environment and because the
timing and minimal cost impact of other options do not require the attention
of MFAC at this time. These othar options resemble the MFTF-o optian
(discussed in Sec. 2) with deuterium plasmas only. Thus, there is no need for
extensive shielding and tritium handling fe-i1ities. The focus would be on
physics and advanced physics technnlogy, such as negative ion beams,

Focusing on the DT options, Table 1-5 compares the cost and main
functions of the three MFTF-Upgrade options discussed in Sec. 2. Also listed
is the cost if the preferred option were constructed from s rat-h, showing a
savings of $250 M by upgrading tae present facility. Finally, we Yist the
present estimated cost of a new facility, the TDF, that would be similar to
the MFTF-Upgrade but with a high duty factor to provide high fluence exposuve
over a period of years.

-14-
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Table 1-5. Comparison MFTF-q, MFTF-B+T, MFTF-ofT, a new Tacility, and TOF.

Option
MFTF-g

(upgrade plug only)

MFTF-B+T
{(upgrade central
cell only)

MFTF -q+T
{upgrade plug
and central cell)
New facility

(like atT)

TOF

TEC
Purpose FY 84 (M)
Physics (Q 2) 267
{FY 89 start}
Reactor system test 334

{r a1 Mi/m2)

Physics and reactor 401
system test
(T = 2 ¥/m?)

Physics and reactor 650
system test
(T = 2 Mu/ME)

Reactor system test, 1000
high fluence

Annual jncrement
tu mirpor base

budaet ($M)
20

20

20 ¢o 40
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Among these choices, we have selected the MFTF-otT option as the most
affordable one that advances both physics and technalogy objectives for the

tandem mirror program.
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2. UPGRADE OPTIONS

A unique feature of the tandem mirror is the ability to insert a
reactor-like section in the central cell to gain early experience in fusion
reactor engineering. At LLNL we have incorporated this insert intc MFTF-8 in
two of three proposed options. The first option uses the MFTF magnet set,
adds tritium and the associated facilities (and is therefore called MFTF-B+T),
and allows infreqguent 10-hr runs of the facility (see Addendum),

A second option concentrates on improved physics through better end
plugs, uses DT to produce a particles (so is called MFTF-c}, and has a
significant role in DT mirror system integration. Run times of 1000 s permit
virtual steady-state physics operation at Q ~ 2, producing 6 MW of fusion
power in the central cell, The higher Q is achieved by creating a higher
confining potential, and to do so requires higher slpshing beam epergies and
plug magnetic fields (for higher adiabatic energy timits). Drift pumping
replaces neutral beam pumping, so that the only neutral beam of consequence in
this option is the 1-MW, 200-kV beam in each plug.

The final aption, with a reactor insert, combines the above pptions to
accomplish botn the mirror physics and system integration tasks and the
reactor system engineering demonstrations. In this option, called WFTF-otT
{although it might better be called a Reactor System Engineering Facility),
the reactor insert section can be run at a higher wall Toading {2 Mw/m2 Vs
1.3 Mw/mz) than in the MFTF-B+T option because the better end plugs allow
higher B values.

The MFTF-a+T would operate in the Q@ ~ 2 mode by driving the insert
with 30 A of deuterium and tritium beams, and each end plug would operate at
the full 62-kV confining potential. In the mode where rn =2 Mw/mz, the insert
would be driven with 190 A of current and the plugging potential would drop to
22 kV to provide a loss channel consistent with the higher particle input.
Particle confinement time in the insert depends on the performance of the
tandem that surrounds it to provide MHD anchoring and a warm plasma bath for
microstability. The higher the potential that can be erected to confine the
warm plasma, the higher the bath temperature. Because particle lifetime for
the mirror-trapped ions in the insert is determined partially by alectron drag
on that background plasma, it is indirectly set by the end plug performance.
In MFTF-a+T (high I’ mode} and MFTF-B+T, respective confining potentials of
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22 and 11 kV Tead to ion lifetimes of 260 and 25 ms, respectively. By using
pellet injection to inject cold plasma directly into the insert, the electron
temperature can be further lowered. So, with 2-kV potential and a 6.5-ms icn
lifetime, the objectives of the reactor cell can stil be met; 1-MH/m2 wall
loading can still be produced by modestly increasing the beam injection power.
We describe each of these three options, starting with MFTF-a+T because
it is the option we prefer at LLNL. We describe MFTF-a+T in the most
detail, and devote less attention ta the other two options.

2.1 THE MFTF-o+T UPGRADE
2.1.1 Jntroduction

Central to the theme of the upgrades is the insertion of an axisymmetric
mirror cell in the central cell of MFTF-B. This 4-m celi--its length defined
by the 12-T peaks in the mirror field--is bean-fueled and heated from two
beamlines, each having four beam injection ports. Two large superconducting
c0ils produce the 4.5-T mirror midplane field, while two copper coils create
the peak mirror fields. When driven by six sources (240 A incident), 11 MW of
fusion power is generated, giving a 2-Mw/m2 peak wall flux. Figure 2-1
shows these components and the shielding required to minimize nuclear heating
in the coil and activation in the area around the machine. Also depicted is a
1-m-Tong blanket test module that can easily be inserted and removed.

In many respects this insert can be consideired a small section of a
reactor, although at Tess than full scale, complete with support systems and
technologies of a full-scale operating reactor. This ability to create
reactor-like conditions in a small part of the machine is unique and affords
the fusion program an early opportunity to gain experience with reactor
systems at a relatively modest cost.

Although this insert is the main feature of two of the proposed upgrades,
in MFTF-o+T the end plugs would also be new. These end plugs are geometrically
similar to those designed for the MARS reactor and would allow Q v 2
operation in the machine. The improved performance results from the higher
potential that can be sustained in the plugs, i.e., a 62-kV confining
potential compared to 30 kV in MFTF-B, A 1-MW, a 200-kV sloshing beam is
reguired to generate the end plug potential, and higher fields than those in
MFTF-8 are needed to raise the adiabatic energy 1imits in the plug and ancher
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Fig. 2-1. The central cell reactor-1ike insert in MFTF-o+T.
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cells. Figure 2-2 shows the MFTF-B end region magnet set alongside the new
magret set.

In this new set the MFTF-B axicell is replaced by an 1B-T choke coil, and
the two transition c¢pils are replaced by three coils that create a 2.6-7
anchor cell and allow the transition to the choke coil. A 2-T yin-yang plug
replaces the 1-T plug of MFTF-B, and two recircularizing coils are added
outside of the plug. The last of these recircularizing coils is the
axisymmetric 6-T coi) from the MFTF-B axicell.

A new feature of the MARS-style end plug is the added anchor cell in the
transition region, a feature that is a natural one in the new "double fan"
transition design first invented by Baldwin and Bulmer to minimize
transport and parallel currents in MFTF-B, This added minimum-B anchor gives
extra MHD stability to the tandem mirror by introducing hot ions at an average
g of 40%, Not only does this add more pressure-weighted good curvature, but
the axial location of the anchor between the two elliptical fans in the
transition makes it particularly effective against balloc1ing instabilities in
the transition. As a result of the added stability of tne new end plug, the
axicell idnsert in the céntral cell can hold more pressure, and therefore
produce higher wall flux, than it would when anchored by the present MFTF-B

end plugs.

2.1.2 Physics Description

For DT operation, MFTF-a+T includes a shielded, high field axicell
(Bmidp1a e " 4.5 T) with continuous beam injection (> 10 hr, F_inj = 60 keV
p% and T°) in the central cell; new end plug magnets (see Fig. 2-3) that are
geometrically simiiar to the MARS reactor design; 200-kV sloshing beam
injection; ICRH; and drift pumping. Combining these central cell and end plug
upgrade elements meets three objectives:

1. Improves confinement of DT plasma to provide significant alpha

heating (Q © 2} in a tandem-mirraor central cell.

2. Gives more reactor-relevant experience with mirror systems and

tritium in a nuclear environment.

3. Provides econcmical blanket technology testing (hours per shot at

r, = 2 /),
A1l objectives are to be achieved in the same upgrade, although objectives 1
and 3 would not occur at the same time.
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As we found in the TDF study,’ large end plug confining potentials are
not reguired to create high enough densities in a small-beam-injected mirrar
cell to praduce interesting 1eve1s of 14-MeV neutron production. Indeed,
2XI1B (Ref. 3) produced n > 10'* co™3, T; > 10 keV at 8 = 1, which would have
generated > 1 H/cm3 fusion power dens1ty in a few liters of volume with DT.

Because such plasmas are anisotropic, high densities and neutron fluxes
can be generated with manageable beam powers in 2 small mirror cell volume
even with a small (@ )eff = fusion power/injection power, where, since
injection power = central cell losses minus alpha heating,

2
1/4 n[]T <ovor 17600 keV

(Q) = —y . (M
eff "pT fe T ) - (kev_ )
nTj Eitass * % ec a1pha mgsec
and where
()7 = (o)l e (2negy Tog, RYTT + (ne F—‘ﬂi—) (2)
c mirror 90 9yp drag i1oss

would be . mirror ion confinement parameter limited by ion-ion scattering and
electron drag.

Although mirror confinement alone may be adequate for neutron production,
much more confinement is needed to ignite the central cell in a tandem mirror
reactor, where the alpha heating term [Pa1pha in Eq. (1)] equals the central
cell energy losses (Qc)eff + o, Because the regquired confinement time
for ignition is many jon-ion scattering times, the central cell pressure tends
to become isotropic, i.e., mirror throat density approaches the midplane
density. In MFTF-B Upgrade the maximum mirror throat density that can be
electrostatically plugged with thermal barriers (10]4 cm™? Maxwellian
density, limited in part by ECRH absorption} is less than the peak midplane
density supportable with 15 MW of available beam power in the most compactly
designed mirror DT axicell. So, we are led to a design in which maximum
(Qc)eff and maximum Fn are achieved in two different operating
modes--the "high Q" mode and the “high I'" mode, respectively. However, we
can make sure that the entire set of central cell and end plug hardware
components for hoth modes of operation are compatible in the same device so
that switching from one mode of operation to the other can be made as quickly
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and easily as possible. Moreover, while the maximum plugging potentials in
the high Q mode may not be needed in the high I' mode, combining the end plug
upgrade with the central cell upgrade provides a healthy margin in plugging
potential generation for the high I' mode. Aside from plugging potentials,
the end plug upgrade provides an extra anchor cell for increased MHD B-1imit
and improved thermal barrier pumping (drift pumping}, allowing the high T
mode to be extended to 2 MW/m™, significantly heyond the maximum of 1.3
Mw/mZ possible with the present MFTF-B end plugs.

2.1.2.1 The High Q Mode, Figure 2-4 shows axial profiles of magnetic field,
potential, and density along the axis of the MFTF-Upgrade operated in the high
G mode. Table 2=1 lists plasma parameters in the DT axicell, central cell,
transitions, anchors, and plugs. Table 2-2 lists heating systems parameters,
and Table 2-3 summarizes performance parameters for this case. The coils and
fields in Fig. 2-4 are taken as identical to the high T mode described in

the next section, although future analysis may indicate a more optimum
adjustment of coil currents and fields to maximize g and Q.

The potential profiles shown in Fig. 2-4 are plotted with respect to end
wall plates biased to a sufficient negative voltage so that, with proper
radial tailoring of the pumping ECRH and end wall potentials, the central cell
radial electric field is held to a small fraction of T, ./r . This
minimizes resonant radial jon transport due to ExB drifts, which would
otherwise reduce the radial ion confinement to much less than the
1014 cnr3/sec required to achieve a Q = 2. Even with E, = 0 n the central
cell, there is still a residual neoclassical radial transport for central cell
ions passing to the plugs. However, the geodesic curvature components in the
quadrupole transition fields of this upgrade magnet design are smalier than in
the present MFTF-B transition coil design by nearly a factor of three,
increasing (”T)neoc1assica1 by almost an order of magnitude, to anm estimaled
5 x 101 cn? sec.

The dominant radial loss of central cell ions is expacted ta pccur as a
result of collisional trapping in the end transition regiors, followec by
radial loss induced by bounce-resonance drift pumping. This type of central
cell loss, required to maintain low density thermal barriers in the ends,
scales crudely as
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Fig. 2-4. Profiles of field, potential, and density in the high Q mode of

MFTF-o+T.
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Table 2-1.

MFTF-B Upgrade (e#T, high Queps = 2.4 mode).

Plasma parameter Value
DT axicell

By 4.5 7T

EFX 12T

Eix 50 keV

Tec 12 keV

ny 1.9 x 10" em™3

éx 0.28 :> guartic
<Bx> 0.19 radial profile
06 79 kV

e 62 kY

(nT)1oca1 mirTor 2.5 x 102 en™3/sec
<ov>pr 6.6 x 10716 cm3/sec
Peusion (axicell} 2.25 MW

y 15 cin

Mwall 25 cm

Laxicel? 4.0m

Lx,eff 3.5m

0.33 M /nl

P, (at r =25 cm)
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Table 2-1.

(Continued. )

Plasma parameter Value

Central cell
Bc 1.6 T
Bmc 181 _
Nac 1.1 x 10" cm
N o 1.0 x 10" cn”3
"ich 1.0 x 103 cm3
Ticw 20 keV
Tichct 30 neV
Eec 12 keV
B, (total) 0.6 (quartic)
<ec> 0.4 {profile)
I. (Pastukhov) 4.4 A y 3
(") pastukhov 5.5 x 10 cm” sec
Pie 68 kv
bec 73 kV
e 25 cm
Tall 45 cm
Lc 20 m
Lc,eff Zm
Peusion {central cell region) 4.55 My

0.11 Mi/m?

I, (central cell region}
at r, = 45 cm



Table 2-1.

(Continue

d).

P

Plasma parameters Value
Anchor
"pass(BA) 5 x 1012 em™3
ny (Bg) 2.4 x 1013 em~3
ne (By) 3.4 x 101 em™3
Ba 2.6 T (vac)
Bres 3.3 7 {with plasma}
BnA 4.8 7T
Ba 0.6 ({quartic) :
<Bp> 0.4 (profile) i
Ey 400 kev (D7) |
LA 2.7 cm ‘
LAEff 1.3 cm
TA 20 cm
Transition (choke to §) 5:
Itrap 21 A
Ineo 5.6 A
Wt 15 kV ;
Npass (3T) 8 x 10'2 cm~3 3
9 2.0
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Table 2-1. (Continued).

Plasma parameters Value
Plug

Mpags (PONE b) 2 x 10‘213

ny {point b) 1.0 x 10

9 2.0

G, 5.0 13

ny 1.65 x 10

B, 1.65 T (plasma)?
Bp (point b) 2.0 T (vac) 1.25 T {plasma)
Ba' (injection point} 2.7 T (plasma)
Eeh 580 keV

Tow 100 keV

Bp 0.6 (quartic)
<Bp> 0.4 (profile)
50,10 78 kY

6¢a 125 kV
ﬁsmsh/ns(b) 2.75

2g-depressed values are denoted (plasma).
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Table 2-2. MFTF-B Upgrade heating systems {otT, high Qeefs = 2.4 mode).

Trapped power Incident power Frequency
System current current {voltage)
Axicell beams 1.86 MW 2.7 MW Einj {60 keV)
3t A 45 A 9505 2 759
Anchor drift pump 15 kW (antenna dis- 0.66 MW reactive (each f = 160 kHz
sipation) + 50 kW anchor) lantenna af, = % 32 kHz
(plasma dissipation) ~ 1.3 kA RMS N = 12 oscillators

Plug drift pump

Anchor ICRH

Plug ECRH

Plug sloshing beam

each anchor

1.5 kW {antenna dis-
sipation) + 65 kW

(plasma dissipation)

each plug

350 kW absorbed

each anchor

67 kW absorbed

gach anchor

320 kW each plug at b
300 kW each plug at b
60 kW each plug at a

125 kW

0.63 A

(each plug} at a'

{each 4 Voops)

0.2 MW reactive
{each plug}

Tantenna 2
0.4 kA RMS

(each 4 loaps}
700 kW (antenna)

130 kW (antenna)

384 kW
360 kW
72 kW

0.84 MW
4.2 A
(each plug) at a’

5.3 kHz apart

fo = 1.2 MHz
Af, = * 84 kiiz
1 FM oscillator

0.1 sec sweeptime

25 MHz {u,
fundamental)

50 MHz (2 w, for
A control)

35 GHz
56 GHz
56 GHz

200 keV
(0%

32~



e s ]

Table 2-3. MFTF-B Upgrade {a+T, high Q.qp¢ = 2.4 mode).

Composite confinement parameters (combined axicell, central cell},
né x volume~weighted average

(nT)pr =1.0x 10" cn"3 sec  Ragial + axial ion
T = 1.06 sec particle containment
{nT) =4.2x 10 en 3 sec  Radial + axial
enerqgy N
Tenergy = 0.42 sec energy containment
) Pfusion (axicel)l + ¢c) 17

Qc = {axicell + ccy energy Josses

q ) Pfusion (axicell cell + cc) =
ceff energy losses - alpha heating
Pfusion (axicell + cc}

610b21 Q = $5taT cc + pTug Tnjected power

2.4

= 1.5
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Qnax Lceff

14 -3
(nr)pump * 10nT,; (-Tirﬁ E—IE— = (1.8 x 10 " ¢cm ~ s), (3)

where ntss is the Cli jon-ion scattering time at temperature Tic {20 ke¥), and
Bnax (18 T) and Ly (10 m} are the peak mirror field and transition length,
respectively, over which pumping is required. The length of a uniform cylinder
of radius re = 25 c¢m, having the same volume as the central cell plasma, is
(L)opr = 72 m. The factor of 10 in Eg. (3) comes from ratching Fokker-Planck
talculations. With central cell ion plugging potentia’ o, g, = 62 keV
{Fig. 2-2), which is syfficient to give an axial confinement
(1) gyia1 = ("T)pastukhov =5 x 10]4 en”3 s, the equivalent radial ion losses
due to transition drift pumping exceed the axial electrostatic jon lesses. So,
(M), giar = Lieing + 4000 bectsscan]” = 144 % 1010 cn™® s, ana
(nt)tota1 = [("T);adia1 + (n'r);)ﬁa.II T = 1.0x 10" em ~ s. The scaling
for (nT)pUmp by Eq. {3) is what motivates the development of higher field
(18-T) choke coils placed a maximum 20 m apart, as shown in Fig. 2-4, to
maximize nt and Q. The estinated neoclassical electron tro~sport is much
smaller than for the ions, so that all electron leosses are take. <§ axial
losses to the negative electron collectors at each end. The mainiy radial ion
Toss and the axial electron loss is the same situation as in the MARS reactor,
where collection of the electron Tosses at -¢, potential on a biased,
gridless plate constitutes a simple and efficient direct conversion. Although
end plugging was not sufficient to stem all the axial ion 1oss in TMX, there
was a net electron current collected in the ends, consistent with the
pradictions of neoclassical theory.4

To be confined by the plug mirrers, sleshing ions must be injected with
an epergy above a cutoff

+

SR (4)

mirror _ 1
B

Ecutoff
inj

which, for a total potential drop b * b, = 140 kV, requires approximately
200 keV of negative-ion-based neutral besams. These ijon energies are within,

but not far from, the adiabatic energy 1imit for conservation of y of
deuterium ions

-~ 2 2
Eadianatic < 250 By(T) (1-8)) L (m) keV, (5)
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or, Eadiabatic < 320 keV for Bp = 2T, ep = 0.6, and magnetic doubling scale
lengcth Ly = 0.9 m in the plugs. In other words, the potentials shown in

Fig. 2-4 are near the maximum consistent with adiabatic sloshing ion energy
1imits in the end plug magnets. Because the central cell ion temperature,
elecirostatic potential, and sloshing ion energy tend to scale together, the
adiabaticity 1imit sets an upper limit on the end plugging capability with the
upgrade end plug magnets, given a negative ion beam to match the adiabatic
limits. This abservation, together with the limits on radial confinement set
by pumping Eq. (3}, which depends on basic machine parameters such as mirror
ratias and central-cell-to-end-plug-length ratios, tead to the conclusion that
Q = 2 may be the maximum that can be achieved in an MFTF-Upgrade device with
physical dimensions similar to the present MFTF-B machine,

A particularly significant improvement in the MFTF-Upgrade end plug
magnet design, besides the higher fields raising adiabatic energy limits
v mrired to MFTF-B, is the inclusien of an extra yin-yang anchor in the
transition region between the choke cail and the plug. This anchor region
evolved from the MFTF-B design by replacing the transition-baseball coil in
the MFTF-B transition design1 with a yin-yang pair and raising the local
fields and r.irror ratio to provide a local mirror cell into which beams or
ICRH could be used to add anicotropic ion pressure in a region of good
curvature, Present thinking favors the use of ICRR to add the pressure, but
energetic negative ion beams might also be used as an alternative. The extra
anchors in the MFTF-Upgrade design more than doubie the MHD g-limit in the
central cell because the higher fields (compared to MFTF-B transitions} reduce
the magnitude of bad curvatv e in the connecting flux tube fans and add more
good curvature in the anchor wells. (Reduced geodesic curvature also
accompanies reduced normal curvature, thus reducing neoclassical transport as
we have noted.)

The density profiles in shown Fig. 2-4 represent the maximum value in the
central cell region consistent with a calculated MHD g-1imit B> = 0.4
(volume average). For a given B-limit, the central cell density could be
raised by proportionately lowering all the temneratures, potentials, and beam
energies. However, because both central cell and end plug losses are
dominated by Coulomb collision processes, nt would decrease proportional to
T3/2. Moreover, the fusion reaction rate <gv>pr would decrease, so
that Q v nt <ov> would drop on both counts. On the other hand, maintaining
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the temperatures specified in Fig. 2~4, while lowering all the densities and
betas, would not affect Q much because collision-rate-limited (nt)'s are
independent of density. Thus, only the maximum neutron wall Toading depends
strangly on the B-1imit in this high Q mode, which is limited to 0.33 Mw,’m2 in
the axicell and 0.11 MW/m™ in the central cell for the maximum densities and
betas assumed in Fig. 2-4. In addition tao the B-1imits corresponding to

8 = 0.6 on axis in the central cell, anchor, and plug mid-planes, the

maximum central cell density would be constrained by the maximum plug density
for ECRH heating, together with the relationship between plug and central cell
densities for pumped thermal barriers

B T. 1/2 /n +n
n_ = | p ) 13 trap pass
p ¢ Phax ("(Ec Ip)) ( "pass
v ong ﬂprmax’ (6)

where ne is the Maxwellian density at the throat of the %nax = 18 T choke
coil. Here again we see the motivation to increase Bnay, tO as high a field
as practical i, WFTF-Upgrade, either by increasing n. for a given plug
density (increased fusion power), or by reducing " and plug ECRH power
o np for a given n.. For B ~2T (fce = 56 GHz), the maximum useful density
far ECRH heating would be four times that of the TMX-Upgrade (Bp A 17,
78 GHz, n = 5 x 102 ¢n™3), or no(max) = 2 x 10'3.  This would produce
nc(max) = 1.8 % 1014 in Eg. (6), not much higher than the 1.1 x 'IO14 cm"3
limited by B.

By wiraviding the fueling (30 A equivalent DT) and auxiliary heating
{1.8 M¥) required to sustain the central cell losses in the high Q mode with
one neutral beam of 30 A, 60 keV (trapped) injected into the DT axicell,
Fokker-Plarnk calculations indicate that the local peaking of injected ion
density in the axicell would be less than a factor of two over the Maxwellian
density in the central cell. Substituting an alternativ> combination of 30 A
equivalent of pellet injectiaon with an equal power (1.8 MW) of ICRH,
Fokker-Planck models indicate the local density peak would be even smaller
than with a beam. From the foregoing considera!ions, we conclude that for
this maximized Q mode, the maximum neutron wall loading would probably be

limi‘ed below 0.1 Mwlmz.
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The primary purpose of the high Q mode is to approach as close as
possible to conditions in an ignited tandem mirror reactor such as MARS or
FPD. In terms of the relative importance of alpha heating to the central cell
energy balance, the high Q mode is about a factor of 3.5 away from ignition;
i.e., the central-cell energy losses consist of (21 A pump radial +on
loss + 5.6 A neoclassical ion radial loss) x 3/2 Tic = 0.8 MW; (4.4 A axial
ion Toss) x (. + T5.) = 0.4 MH; (31 A of axial electron 10ss)

x (¢ + Too) = 2.8 MW, giving a total power loss of 4.0 MH. The fusion power
in the central cell is 4.55 MW and the fusion in the axicell (the source of
centra?l cell heating and fueling) is 2.25 MW, or 6.8 MW total fusion power.
The alpha power generated is thus 6.8 {0.2) = 1.36 MW, of which Fokker-Pianck
calculations give 85% (1.16 Md) as mirror-trapped and transferred to the
central cell ions and electrons. Thus, fusion alpha heating constitutes
1.16/4.0 = 29% of the central cell energy losses. These effects of alpha
heating on central cell energy balance are certainly enough to be measurable,
and experimental determination of the fractional energy transfer of the alpha
energy to the plasma (to compare with Fokker-Pianck), would be an important
geal of MFTF-Upgrade in the high Q mode.

‘n terms of nt, the high Q mode is about a factor of 5 away from
central cell dgnition; (nr)DT = 1014 cm-a sec in MFTF-Upgrade vs
5 x 1019 em3 sec needed for ignition in MARS and FPD. The reason jgnition
nt is more than (0.29)'] times 10°° cm'3, where alpha heating is 29%, is
because the energy losses per icn-electron pair (Ei Joss t & * Toe * ¢e)
in Eq. (1) must increase as nt increases, since both ion and electron
confining potentials increase as &n (nt/nr:;at). In spite of the "ignition
gap"” in nt, the high Q mode can operate in the same physics confinement
regime as in MARS and FPD, where the relative importance of pumping and
neoclassical radijal ion losses would be nearly the same.

Another important alpha physics issue which the high Q mode of MFTF-a+T
can address is the accumulation of thermal alphas and the efficiency of their
removal by neoclassical radial transport and bounce-resonance drift pumping.
Without such radial loss mechanisms, Fokker-Planck caiculations show that
equilibrium thermal alpha fractions could build up to very high levels in a
tandem mirror:
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n_(thermal) exp ¢ /T,
< n * finermal Fournu ; o I (7)
DT P z,
where fthermal = 0.7 is the fraction of alphas thermalized to the DT

temperature, and fburnup = ]/2(nr)DT <ov>pr is the DT burnup fraction. For
MARS and FPD with fburnup = 0.15 and ¢c/Tic =6, €q. (7) predicts a

disastrous Ny = 4 np7s but even for MFTF-Uparade with fburnup = 0.02 and a
lower O /T = 3.4, Eq. {7) sti1? give a significant concentration level

n, = 0.1, Consequently, T is 20% higher than n, and there is a 40% increase
in the DT ion collision rate. Therefore, determinaticn of radial loss rates of
thermal alphas in MFTF-Upgrade is both possible--because the consequences of
factors of 2 in the radial loss rates would have significant effects on

ng/ny and on scattering rates--and valuable in pinpointing ianition conditions
for FPD. We could, of course, inject helium into the cantral cell to simulate
part of the thermal alpha physics, but only DT operation would confirm the
actual thermalization fraction ftherma] originating from 3.5-MeV alphas, and
produce the correct radial profiles upon which the transport rates depend.

2.1.2.2 The High T Mode. Figure 2-5 shows axial profiles of magnetic

field, potential, and density along the axis of the MFTF-Upgrade operated in
the high T mode. Table 2-4 lists plasma parameters in the DT axicell,

central cell, transitions, anchors and plugs. Table 2-5 1ists heating systems
perameters for this mode, and Table 2-6 summarizes performance parameters.

The coils, magnetic fields, and end plug heating equipment used in this mode
of operation are the same as those used in the high Q mode described in the
previous secticn. Essentialiy, only the amount of beam power injected into
the DT axicell and the amount of plug ECRH are changed significantly (1 axicell
beam in the high Q mode + 6 axicell beams in the high I' mode, 1.36 MW

total absorbed ECRH power in the high Q mode -+ 2.0 MW ECRH in the high T
mode) .

Neutral beam jnjection into the central DT axicell (the blanket test
cell) is “ncreased sixfold in the high T mode for the sole purpose of
increasing the peak density of mirror-trapped DT jons in the test cell to the
maximum set by MHD B-limits, thereby maximizing the local 14-MeV neutron
flux (rn =2 MH/mz) for blanket testing purpr =s. The maximum axicell
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Table 2-4.  MFTF-8 Upgrade (a*T, high T, = 2 M4/mmade).

Plasma parameter Value
BT axicell

Bx 4.5 T
me 127
Eix 40 keV
Tec 7 keV _
ny, 4.75 x 1@ " om
By 0.46  (quartic)
<B,> 0.3 (radial profile)
be 47 keV
¢ 22 keV

13 -3
(" 10cal mirror 2.0 x 10" cm “/seC
<gv> 6.6 X 10-16 cm3/sec

DT
Pfusion {axicell) 11.0 MW
Ty 15 em
Twall 25 cm
Laxicell 4.0 m
Ly, eff 2.8 m »
2.0 Md/m

r, fat v = 25 cm)
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Table 2-4.

{Continued. )

Plasma parameter Value

{entral cell
Bc 1.6 T
Bmc 187 w3
Nec 1.6 x 107" em
Mie 1.3 x 10" cn°3
Nich 3x 10]3 cm™3
Ticw 15 keV¥
Tichot 20 keV
Tec 7 kel
B. (total) 0.6 (quartic)
<8.> 0.4 {profile)
Ic {Pastukhov) 90 A 3 3
(0T} past ukhov 4,7 x 10" em ~ sec
bic 30 kv
Pec 39 kv
re 25 ¢m
Twall 45 ¢m
"c 20 m
l'(:,eff 12 m
Peusion (central cell region) 5.9 Md
I, {central cell region) 0.14 Mhlfm2

at Mu = 45 cm



Table 2-4.

(Continued.)

Plasma parameters

Value

“pass(BA)
ny (8,)
ne (BA)

Transition {choke to &)

Anchor

trap
neo

59t

Npass (31)

42—

7.75 x 1012 cm3

2.4 x 103 em™3
2.7 x 1013 cm™3
2.6 T (vac)

3.3 7 (with plasma)
4,87

c.% (quartic)
0.4 {prafile)
400 kev (D)
") em

130 cm

20 cm

97 A
3A

10 kv
1.2 x 1013 cm

1.7

3



Table 2-4.

(Continued. )

Plasr arameters Value
Piug

Mpass (POTNE b) 3 x 1012

n, (point b) 1.2 » 1013

% 1.7

Gb 4 13

n, 2.3 x 10

B, 2.2 T (plasma)

Bp {point b) 2,0 T (vac) 1.25 T (plasma)

B,' (irjection point} 2.7 T (plasma)

Eeh 475 keV

Tew 60 keV

ﬁp 0.6 (quartic)

<sp> 0.4 (profile)

86,10y 37 kV

86, 60 kv

Ng105h/ Mg (b) 3.3
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Table 2-5. MFTF-B Upgrade heating systems (a+T, high Iy mode) .

Plug drift pump

Anchor ICRH

Plug ECRH

Plug sloshing beam

sipation + 150 kW
plasma dissipation
(each anchor)

1.5 kW antenna dis-
sipation + 24 kW
plasma dissipation
(each plug)

400 kW absorbed
each anchor
170 kW absorbed

each anchor

anchor) Iantenna
~ 3 kA RMS
{each 4 loops)

0.2 MH reactive
{each plug}

Iantenna i
0.4 kA RMS

(each 4 loops)
800 kW {antenna)

340 kW (antenna)

500 kW each plug at & 600 kW
400 kW each plug at b 480 kW
100 kW each plug at a 120 kM

85 kW
c.42 A
(each plug) at a*

0.44 MY
2.2 A
(each plug} at a'

Trapped power Incident power Frequency
System current current (voltage)
Axicell beams 1.4 MW 14.4 MW Einj (60 keV)

190 A 240 A 8ip; > 75°
Anchor drift pump 80 kW antenna dis- 3 MW reactive (each f0 = 140 kHz

Af, = + 28 KHz
N =10 oscillators
5.6 kHz apart

fo = 1.2 MHz

Afy = + 84 kHz

1 FM oscillator
0.7 sec sweeptime

25 Mz (wps
fundamental)

50 MHz (2 wp for
8 control)

35 GHz
56 GHz
56 GH»

200 keV
(0%
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Table 2-6. MFTF-B Upgrade (etT, high ) = 2 mode} .

Composite confinement parameters (combined axicell, central cell)

(nT) g = 4.7 x 10" cn™3 sec | Radial + axial ion
Tor = 0.26 sec particle containment?
(nt) =2.2x 10" cn”7 sec | Radial + axial
energy *
Tenergy = 0.11 sec energy containment?®
P . {axicell + cc)
Q = fusion = 1.0

¢ Texicell + cc) energy 10sses

e ) Pfusion {axicell cell + cc) il
ceff energy losses - aipha heating °
Peusinn (axicell + ce)

total cc + plug injected power

Giobal Q = = 1.1

8ar values are (n2V) weighted, and T values are (n¥) weighted.
V = volume.
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B <B,> = 0.31 in the high I' mode is moderately higher than the g
B <B,> = 0.19 in the high Q mode because the pressure of Maxwellian
plasma in the central cell and passing through the transitions is 11% lower in
the high I mode than in the high  mode due to lower Tic and Tec (20 keV
and 12 keV in the high § mode vs 15 keV and 7 keV in the high I mede). WHOD
stability allows pressure in one bad curvature region to be traded off with
pressure in another bad curvature, although this is limited to some extent by
ballooning. Because some of the bad curvature drive in the central cell
regions could, as an option, be reduced by drift-pumping the Maxiwellian
component down to the density of passing fons in both the central cell and
transition regions, the allowed B in the axicell could be raised beyond
<> = 0.31 and, correspondingly, I, could be increased beyond 2 mw/mz,
provided enough neutral beams were added {in part to match the increase in
"E’ and ta compensate for a 20 to 30% reductian in Tigcal caused by
the central cell pumping). Because six to eight beams are a reasonable match
ta the space availabie for beam Tines in the compact axicell design that we
are considering for the MFTF-Upgrade, we have decided to forgo the option of
beam pumping tg remave pressure from the central cell regions. So,
significant fusion power (5.9 MW) continues to be generated between the 12-
and 18-T mirrors of the central ¢ell in the high T mode as in the high §
mode. Aside from the benefit of an additional 1 MW of alpha heating to the
central cell power balance, keeping a long Maxwellian plasma column in the
central cell allows almost as much physics data to be taken in the central
cell region during high ' mode operation as in high Q mode operation.
Therefore, operating time for blanket testing need not conflict with time
needed to diagnose fusion physics in the central cell.
However, some guantitative reductions in T and QC eff 2re required for : 3
high I operation compared to high Q operation. Increasing the injected beam i
current from 30 A in the high Q mode to 190 A in the high T mode in the same '
volume axicell produces about a sixfold increase in ni in the axicell. This
is because in the axicell NTypcal is mostly a mirror-scattering nt [see
Eq. (2)] and we have held Einj fixed at 60 keV. Because the 18-T mirrar field
is significantly higher than the 12-T axicell mirror field, most of the
injected axicell current will transfer into ihe Maxweilian central cell
plasma. If we held (nt) in the central call fixed to the values of the high !
Q mode (i.e., Tic and ¢c held to 20 keV and 62 kY, respectively), then
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six axicell beams would cause the central cell density to rise by the same

factor (¥/6) as in the axicell. MHD stability allows only a smaller increase

in central cell density, to ng o = 1.3 x 1014 cm-3 Maxwellian

density--allowed by the decrease in T, and To. in the high I mode).

Therefore, the local (nt). for the central cell ions must drop by a factor

of almost four, from 10' " c¢m > sec to around 2,5 x 10°" cm™, to

accommodate the sixfoid increase in current. This is accomplished in the high

T mode by a lower {nT) pump &~ 5 x 1013 cm'3 sec [due to lower Tic

and smaller transition g, = (ntrap + npass)/npass‘ which reduces the

coefficient in Eq. (3) below 101, and by a 10x lower (nr)pump Pastukhov

(axial) v 5 x 101 cn? sec (due to lowering of ¢, from 68 to 30 kV).
Because the same DT ions spend time in both the high and low field

portions of the central cell, a composite (nr)DT defined by an nz-weighted

average

16 , 2 2
_ 30 (nx Ve v 1 vc)
(ntlpy =7 —Tm—— (8)

and an average time in the system defined as

wira

+
o mex ng“ﬁ (9)
beam

will always be larger than the Vocal nt's and t's obtained by dividing the
current into that local cell alone. However, obtaining the ToT and (nr)DT
in this way aliows us to better judge the sensitivity of the whole system to
unknown loss processes other than the opes that have been included in this
analysis. In Egs. {8) and {9), the factors 16/30 and 2/3 are radial profile
factors appropriate for the quartic radial profiles

" 4
n(r) =n[1- (g) 1 (10)

assumed in this report. For energy confinement, we similarly define

16 ;2 31 yedy 3T +3
30 [nx vx(Eix * 2 Tec) * "c Vc(z Tic + 2 Tec):I

{n1) =
Energy ! d (tiloss + ¢E + Tec)

(1)

injecte
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angd

Z 3 3 3
T _F Oy V(B + 5 Te) +mp VG T+ 5T )] (12)
1 4
Energy linjected (Ei1oss * ¢E * Tec)
whare
1 G 1) + T (b, + Tyo)
radial ‘?2 'ic axial ‘*¢ ic
E iloss ™ T ’ {13)
injected
= mpl
Vy = orily off (14)
Ve = nrch’eff, {15)
mirror 2 B
0
Lee= J ultsl) () 4z - (16)
eff mirror n z

When we compare Table 2-3 and Table 2-6 we see that the high I mode requires
about a factor of 2 less nt {both particle and energy] and about a factar of

4 less t {both particle and energy} compared to the high G mode. Thus, the
high T mode is "safer” with respect to unknown losses, to help ensure

blanket testing, while the high Q mode pushes confinement against "knawn" 1055
processes to their 1imit, and therefore is better equipped to test the
importance of ary “unknown" Tosses.

2.1.3 Engineering Description

The engineering aspects of the MFTF-a+T Upgrade derive from an
enyineering study that we conducted to establish a credible desizn concept, to
provide a basis for realistic costing, and to schedule the project in
accordance with budget profiles consistent with the needs of the overall
mirror program. Although the study was not detailed encugh to provide a
conceptual design, it did accomplish the above goals.

The upgraded device incorporates some totally new systems and modifies
some existing components where necessary. In addition, wherever possible,
existing hardware has been incorporated to maxfmize the contribution of the
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current device to the upgrade. The present day value of the MFTF-B systems
used in the upgrade is ~$270 M (mid-FY 83 dollars).

The most technologically innovative additions are the continuous 80- and
200-keV neutral beams and the introduction of high-field (18-T) unshielded
copper coils. These items require an aggressive development program to be
available in reliable form in the time frame of the upgrade construction
schedule. The most critical new technology to be incorporated in this plasma
confinement device is the tritium fuel cycle and cleanup system. The other
challenge will be to design a machine that can be operated and maintained with
acceptable reliability in the high radiation fields in a DT burning device.

2,1.3.1 Overview. As we have stated, Lhe MFTF-a+T device is made up of
various systems and components integrated inte a configuration that meets the
machine requirements while making maximum use of the existing MFTF-B
experimiual facility. The machine is built into the existing MFTF facilities
in and around Building 431 (Fig. 2-6). The most noticeable facility
modifications are in Building 431 where we have added hot cells for
maintenance and a tritium processing facility. Significant modifications to
power and cooling systems are also required.

Figure 2-7 is a cutaway plan view of the device showing the major systems
and components. In this drawing, the components have been rotated into the
plane of the drawing for the sake of clarity. A1l of the components of the
end cells in Fig. 2-7 are actually oriented at 45° to the plane of th=
drawing. Accordingly, the halo plasma outline is also displaced by that angle.

For engineering purposes, the MFTF-otT device configuration can be
divided into three main areas: the DT axicell, the central cell, and the end
cells. The end cells are surrounded by a 50-cm=-thick concrete shield outside
of the vacuum vessel to reduce activation within the vault.

The DT axicell portion of tha fusion chamber that provides the vacuum
boundary consists of a new struciure designed to accommodate the above
components. The two DT axicell beamiines are located on opposite sides of the
device, with the beams intersecting the axis at an angle of 80°% The beam
Tines are angled 2° downward frem horizontal (see Fig. 2-8a), so that their
internal components may be withdrawn into a hot cell located on the
first-floor level. Each of the two central-cell beamlines has a companion
dump Jocated opposite the beamline in a chamber outside the vacuum vessel
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(Fig. 2-8b). The dump chamber contains a cryopump to remove the dump gas.
The external location provides room for particie pumping and allows
maintenance by simpie vertical removal of the modular hardware.

The test module, located at the midpoint of the machine, can accommgdate
complete 360° specimens., Figure 2-9 shows the vertical access provided for
module maintenance. The test module is located between the two normal
conducting choke coils, which are 4 m apart. This distance was selected to
provide relatively uniform neutron wal’ loading over the 1-m-long test
module. Additional test volume is available to the side of the test module
away from the beamlines. ‘

The central cells are located to each side of the axicell and extend 8 m :
to the 18-T choke coil. Each portion of the central cell contains nuclear
shielding modules within the bore of four MFTF-8 sclenoid coils. Structural
reinforcements are provided to accommodate the nuclear shielding boundary in
the anchor and plug coil regions., A 200-keV negative-ion beam is located at
the anchor. This anchor sloshing beam is oriented at 450 to the vertical,
such that the beam passes through the throat of the anchor coil.

A particle dump with its particle pumping cryopanels is Tacated at the
extreme end of the coil set. Plasma-streaming guns are provided for startup.
The particle-dump design accommodates these guns and provides for their
protection from particle bombardment.

2.1.3.2 Machine Description.

Magnets. The WFTF-o+T magnet configuration requires extensive
modification of the MFTF-B magnet set. The existing end plugs, including the
MFTF-8 axicells, must be removed and repiaced by the end-plug upgrade. The DT
axicell magnets arz added ip provide the field required for high-flux DT
operation. Plasma confinement in the ~ 8 m bHetween the OT axicell and each
end cell is previded by the existing central-cell salenoid coils of MFTF-8.
Figure 2-3 shows the MFTF-a+T magnet configuration and the field on axis
which results. A listing of pertinent magnet parameters is given in Table 2-7.

The magnet configuration described in Fig, 2-3 and Table 2-7 provides the L
required field profile on axis. Detailed component design will be required to
verify that the winding locations are compatible with structural and shielding
design criteria of the components. Access for beams and beam dumps has been

54~



crane

i i ek T
’ {n-vault | i
kecterd

Fig. 2.9,

\\\/-
S
N
RN

Test module/

Elevation through test module.

~55.




-95-

Table ?-7, MFTF-o+T magnet parameters.

Mean djametera Sweep Winding Conductor (SC = Nb-Ti Peak field
Axial or major, minor angteb current density Tiquid He @ 4.2 K approximate
Coil  Tocation (m) radii® (m) (deg) ) MAT € = water cooled Cu) in winding (T)
ccl 2.0 0.64 NA 2450 28.3 c 12
¢s1 22,65 5.0 NA 2000 25.5 sC 10
s1¢ +4,375 5.0 NA 3090 1.7 N 3
52¢ 5,625 5.0 NA 3140 1.7 3
53¢ 6,875 5.0 NA 3140 1.7 s¢ 3
sa® 48,125 5.0 NA 3140 1.7 sC 3
cc2 £10.0 1.253 NA 2798 18.9 c 20
m £11.811 1.5, 0.5 80 3473 5.6 sc 7
Al +15,611 1.3, 0.5 90 3473 5.6 sc 7
Az 15,611 1.3, 0.5 90 3473 5.6 sc 7
Pl 19,411 1.5, 0.5 80 3473 5.6 sC 7
P2 +19.411 1.5, 0.5 80 3473 5.6 sC 7
T2 23,211 1.3, 0.5 n 3473 5.6 N« 7
nC £24,71) 0.928 NA 2380 9.2 sC 8

250lenoidal coils only.
Baga coils only.

CEXiSt'ing MFTF-B coils, relocated as necessary.




verified in a preliminary fashion. We do not yet know whether the competing
requirements for space by the magnets, magnet support structure, shield beams,
and beam dumps can all be accommodated using the specific configuration
depicted. However, based on previous TDF and MFTF-B+T design studies, we
expect that these competing requirements can be successfully satisfied. We do
know that shielding will be required in the bore of the end-cell magnets, and
preliminary studies show that 1% ¢m is sufficient and will fit into the
present configuration; more detailed calculations may, however, dictate a
modest increase in size for some of these magnets.

The superconducting coils to be added are of the same general design as
those already built and tested in MFTF and, therefore, will not present any
new design or fabrication problems. As indicated, shielding will be required
to protect the coils from excessive neutreon heating.

The high-field choke coils {12-T and 18-T inserts) do present a new
technology for mirror machines. The<e coils are wound with copper alloy
conductors to minimize size while being capable of operating in a high neutron
fiux. We have propased the use of internally water-cooled constructien in a
design based on the TDF study.2 Here, the duty cycle is relatively low and
the cails should last the 1ife of the machine. Because radiation damage will
not be an issue, the design will be controlled by heating and
magnetically-induced siresses.

ﬁeating. The MFTF-o+T heating system uses both rf and neutral-beam
injection. Much of the microwave equipment currently planned for the MFTF-B
can be used for the upgrade, either as-is or with modification. The
neutral-beam systems are new. A summary of the MFTF-a+T heating system
parameters is given in Tables 2-2 and 2-5,

For the axicell, 240 A (total) of 60-keV beams is supnlied by two
injectors, one using tritium and the other using deuterium, each with four
positive ion sources. The source species mix is expected to be 83/15/5, and
this source supplies a low-divergence (%0.5% x 0.5°) accelerator. These
injectors are similar to those proposed for TDF central-cell injection {see
Figs. 2-10 and -11). They are equipped with nuclear and magnetic shielding,
the stray magnetic field being about 2 k6. A1l of these injectors are
maintained through the back, where the injector penetrates into the hot cell.
The injectors are oriented so that the four beams converge azimuthally at the
plasma,
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The sloshing beam is a 200-keV negative-ion-based beam that supplies
4.2 A of 0° in the form of 12 sheet beams, each measuring about 50 cm alang
the axial dimension of the reactor ang # 0.49 to the orthogonal plane.

Figure 2-12 shows the general placement in the vault, with the beamline
penetrating the end cell shield structure. The beams are aimed at the center
of the plasma target, 10 cm wide {see Fig. 2-13). This injector will model
the sloshing beam injector required in future devices, such as MARS, in that
it uses the latest techniques of transverse field focusing (TFF) for transport
and acceleration, 2s shown in Figs. 2-14 and 2-15. Twelve LBL-type sources
provide approximately 0.9 A each. Separate gas cells perform the
neutralization function. The unneutralized ions are removed from the beam by
electrostatic deflection. A relatively low operating efficiency of 30% is
expected, This is the result of collumating the beam at the source to obtain
low emittance and using a gas neutralizing cell, which provides a neutral
fraction of only 60% or sr. The nuclear and magnetic shielding requirements
are Jess severe than those of the axicell. A passive magnetic shield will be
used,

Electron-cyclotron-resonance-heating (ECRH) is used in the thermal
barrier of the end plug. The frequencies required match two of the three
presentiy planned for the MFTF-B (specifically, 35 and 56 GHz). Additional
power is reguired, and assuming a transmission efficieacy of at least 80%,
eight 200-k¥W gyrotrons are required for each plug. At point "a," one 56-GHz
gyrotron and its transmission system from MFTF-B can be used. At point "p,"
the three remaining 56-GHz gyrotron systems from MFTF-8 are used. Four
additional MFTF-B-1ike equipment strings of 56 GHz each will be required for
the other plug. At point *b” there 1s a requirement far §0F k¥ of 35 Ghz.
The two strings of 35 GHz planned for the MFTF-B plus the two 28-GHz equipment
strings modified for 35-GHz operation will satisfy the MFTF-a+T Upgrade at
one plug. Four new strings of the same design will be required for the gther
plug,

The anchor uses ion cyclotron resonance heating (ICRH) at the fundamental
and second harmonic for deuterium. Presently, the MFTF-B plans to use 400 kW
at 12 to 20 MHz to heat the central cell. This equipment can be modified to
provide ICRH power for the upgrade. The modification will require new
resonators and modified or new lauchers. For each anchor, 340 kW incident is
required. This is satisfied by ane modified MFTF-B ICRH system for one end
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and an additional system for the other end. We expect that further savings
can be effected by using modified power supplies left over from those required
for the NB injectors on MFTF-B. For the 25-MHz ICRH system, two MFTF-B rf
generators {(or their equivalent) will be used on each anchor to provide BOO kW
incident. This approach using developed tested components will be cost
effective. These systems will be of the master oscillator-power amplifier
(MOPA} type with coaxial transmission lines and tuned loop-type launchers.
This technology is currently in use on fusion devices and hence is low risk.
For the drift pump systems, two wide-band frequency modulated sources are
required. In the anchor cell, a conventional MOPA chain, operating at
1200 kKHz and driving a set of four loop launchers is planned. The rf generator
is a broad-band tuned amplifier {(v7) with a tightly coupled untuned
secondary transformer output driving the loop antennas. The master oscillator
is a voltage~tuned oscillator controlled by a linear sweep with a periodicity
of 0.1 sec. Because the frequency band is much lower for the anchor pump
(i.e.. 140 kHz), the approach proposed for the generator is different. The
generator is a dc-to-ac chopper-type device with the four loops in the device
driven from an untuned transformer. A series of low-pass and hi-pass filters
ts used to limit the spectrum to the 140 kHz * 28 kHz. Ten individual
choppers, operating 5.6 kHz apart, are required to produce the spectrum.

First Wall and Dumps. First wall surfaces are required to take surface
heat Toads in the DT axicell and the central cell. Two distinct regions exist
in the DT axicell (Fig. 2-16). These are the region in front of the test zone
and the region between the test zone and choke coil.

The first wall in front of the test zone is designed for 10% of the sum
of the total device input power and one-fifth af the fusion power. This is
distributed ocver a 4-m length at a radius of 25 cm, resulting in a surface
flux of 44 H/cmz. The design for the 1-m-long test zone is a water-cooled
stainless-steel cylinder. Construction is double-walled with rib stiffeners.
The skins, ribs, and overall wall depth are minimized in this region to
provide maximum neutron transparency. Skins are 1-mm thick, so the neutron
transparency is 0.90. The wall depth is 7 mm and the water coolant flows
radialiy. The pumping power required is negligible (<100 W).

The region between the test zone and the choke coil makes up the
remainder of the DT axicell. The surface heat lpad in this region is assumed
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to include 10% of the central-cell beam power (distributed over a 1.2-m
tength), in addition to the average calculated for the test zone. This total
surface heat load is calculated to be 120 H/cmz. The design for this area
consists of water-cooled copper panels. The shape will be complex because of
the need for coverage around the choke coils and beam ducts. The total
surface area to be protected is approximately 5 mz.

Beam dumps are required opposite the central-cell beams {Fig. 2-8b) and
opposite the pl.g sloshing beam. These dumps will consist of arrays of
20-x-20-cm water-cooled copper (AMZIRC) panels. Approximately 112 panels are
required in the DT axicell and 30 panels are required in each end cell. The
heat loads in the DT axicell dumps require that their surfaces be angled to
the flow of current to minimize the heat load to 1 kW/cmz.

The plasma end dumps comprise arrays of watar-cooied copper panels. The
area to be covered is approximately 15 m at each end and the average heat
load js approximately 300 N/cmz. S~me angling of the panels may be required
to reduce peak surface heat loads to near the average values. Details of the
end-dump design have not yet been addressed but the technology, from a heat
transfer standpoint, is well within the state-of-the-art. A major
complication is the requirement that these panels be biased to -75 kV to
control plasma potential.

Vacuum System. The vacuum system is designed to maintain the required
base and operating pressures in the vessel. In addition, the vacuum vessel
serves a dual function of superconducting coil dewar and support structure.
For a+T, the vacuum vessei will also support all internally located bulk
shields. The vacuum vessel is separated into three distinct regions: DT
axicell, central cells, and end cells.

The DT axicell vacuum vessel is 8.3 m in diameter and 7.2 m long. This
portion of the vacuum vessel will be a complietely new component, similar to
the existing MFTF-B central cell vacuum vessei (a cylindrical shell of 304 L
stainless steel with stiffeners and openings as required). It will support
the aricell supercanducting coils, the copper choke cails, and the required
bulk shielding. Also, interfaces for two neutral-beam injectors and dumps are
providea. Support legs will be provided for interface with the modified
center structural platfarm.
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The central cell vacuum vessel is the 8-m-long portion on each side of
the DT axicell, between the axicell and the end cell. The central cell vacuum
vessel jis the same as is used on MFTF-B with the addition of required
stiffeners for supporting the bulk shield loads. Each half of the central
cell vacuum vessel consists of two modified existing central cell segments and
2 reworked ‘hird segment. The three modified segments will be translated
outward, toward the end cells, to provide space for the new DT axicell. The
support legs will be modified to support the new loads and interface with the
modified center structural platform.

The existing end-cel? vacuum vessels will be modified to accept the g+T
device configuration. This modification will consist of removing the MFTF-g
end-cel] superconducting coil supports and adding structural support for the
atT superconducting end-cell coils. All unnecessary ports are closed off
and new ports will be added as required. Also, supports are added for the
bulk shield around and in between the superconducting coils. The MFTF-B
fan-shaped end dumps are reworked to support the new circular end dumps. The
cone end of the end-cell vacuum vessel is reworked to interface with the
refocated central cell. The existing support legs are modified for the new
loads. The end-cell vacuum vessel will not support the external bulk shield.

The cryopanel arrangement in MFTF-a+T #s the same as the arrangement
for MFTF-B+T. It fncludes 670 m2 of cryopanel surface ar2a in each end
cell. Qver half of this area (380 m) is in the form of eight
2.2-x-20,8-m axially oriented panels around the perviphery of the cylindrical
vessel, The remaining area is an accordion array at the end of the end cell.
Of the total area, 560 m? s continuously pumping. The pane? design is the
regenerable design developed by Batzer™ at LLNL. For a gas load per end of
the device of 13 Torr-l/s/cmz, the pressure of the end cell can be
maintained below 5 x 107 Torr.

The present cryopanel arrangement will need to be critically reviewed in
view of the shielding needs now being identified for the end cell. Adequate
conductance to the cryopanels is the major design consideration.

Neutron Shielding. Neutron shielding fram the 0T and 0D sourres wili be
required throughout the machine. The intensity of the neutron source vs axial
position is plotted in Fig. 2-17. These neutrons can cause heating, damage,
and activation in various components in the device. Activation of the vaylt
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walls must alse be considered. Shielding is required to 1imit some of these
effects to acceptable levels. The criteria being used to estimate shield
requirements are:

For supercanducting coils:

[ Maximum local heating 1.0 to 2.0 mH/cm3

. Maximum totat heating T8D

. Maximum neutron fluence 4 x 1018 n/cm2 (E>0.1 MeV)

[ ] Maximum newtron fluence between anneals 1 x 10]8 n,'cm2 (E>0.1 MeV)

. Maximum gamma dase in insulation 5 X 10]0 rad.

For normal copper coils:

. Maximum, neutron fluence 10%? n/cm2 (E>0.1 MeV)
{between anneals/total)

[ Maximum dose in insulation 10]3 rad.

An initial appraisal indicates that in most cases the plug coil layout
for otT provides sufficient space (a minimum of 15 cm) for the shielding
needed Lo protect the coils, The most likely exception is that the choke
coils will require either a thicker or a more effective shield material “han
the steel/water proposed., Tungsten is a passible alternative to steel. A
trade-study must be done to determine the laowest-cost shield/coil combination.
Because of the low duty cycle, local superconducting heating is the limiting
criteria in the ¢oils.

Shutdown dose rates in the vault caused by neutrons generated jn the end
cells are to be kept to an acceptable level by a corbination of shields and
the coils themselves. The design dose rate 24 hr after shutdown is
0.5 mrem/hr.

Tne end-cell bulk shield is divided into two major areas: Area 1, inside
tne vacuum vessel and Area 2, outside the vacuum vessel. Area 1 consists of
water-cooled stainless steel, and Area 2 is reinforced concrete.

The shield in Area 1 is further separated into two regions. Region 1
consists of 15-cm-thick water-cooled stainless steel shielding to pratect the
superconducting anchor coils--the space between the plasma and the coil
cases. (The cases themselves are ~10 cm of steel and provide additional
coil shielding.) Region 2 is a 50-cm-thick water-cooled stainless steel
shield for the spaces not occupied by the superconducting cnils, Credit is
taken for the shielding effectiveness of the superconducting coils in Region 1
to obtain a similar radiation level as in Region 2. The shielding in both
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regions is supported by the end-cell vacuum vassel. Vacuum pumping ducts will
1ikely be required in Region 2.

The Area 2 shield consists of 50-cm-thick reinforced ordinary concrete.
The concrete shield will be located far enough away from the vacuum vessel to
minimize penetration in the concrete. Equipment protruding beyond the Area 2
shield, such as fueler, neutral beams, dumps, etc., will be individually
shielded.

Shielding requirements for the axicell/central cell indicate that there
is enaugh room between the plasma and the superconducting coils for the
shielding needed to pretect the coils and 1imit the shutdown dose rate to
0.5 mrem/hr. The DT axicell shield is split into ihree regions, each with a
different shielding composition. Region 1 is the area outside the test module
or blanket module. Region 2 is the adjacent area on each side of Region 1
(between the test module and the choke coil). Region 3 is the area under the
background superconducting coil and around the choke coil. A1l the shielding
is supported by the vacuum vessel.

The Region 1 shield is 165 cm thick by 120 cm long and consists of
discrete layers of H50, B4C, Pb, «nd ordinary concrete. It i< located
behind a 50-cm-thick test module, and is designed to allow for test medule
removal. Region 2 shielding is similar to Region 1 shielding in composition,
except tha. it is located behind a 30-cm-thick test volume. The shield is
195 ¢m thick {including 30-cm test volume) by 1.33 m leng. Tha Region 3
shield consists pasically of water with discrete layers of B4C and Pb and is
i24 cm thick by 1.5 m long.

The central cell shield consists of discrete layers of water-coaled
steel, ordinary concrete, B,C, and Pb. It is built in eight segments and is
165 cm thick and 11.3 m Tong.

Power Supplies/Conversion, Magnet power supplies from MFTF-B will be
used for most of the coils. There are two additional end-cell coils that do
net exist in MFTF-B and power supplies are required for these magnets. Power

supplies for the axicell and choke coils are also needed.

The twa large solenoids have a stored energy of about 1000 MJ each and
the coil current is 10 kA. The coil voitage does not exceed 1 kV during a
rapid coil discharge. The cojls are assumed to be connected in series and
driven from a common power source. Coil protection circuitry is s”.ilar to
that used in MFTF-B.
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The electrical power needed for each resistive choke coil is about 10 MW
and is designed for a coil current of 100 kA. To decrease the cost of the
bussing, large copper pipes will be used to connect the power supply modules
with series-connected choke coils. These pipes provide the cooling water to
the coils. A large, grounded water-return pipe is electrically iselated and
tar be made of any noncorrosive material.

The sustaining NB power supplies require continuous power, and existing
MFTF-B power supplies canr be refurbished for steady-state operation. Two of
these MFTF-B power supplies will be connected in series to power the
negative-fon NB injector. One of these power supplies must be refurbished
with stand-off insulators to operate 200 kV above ground potential.

A common HV pawer supply will be used for all Tow-freguency rf generators
with separate power conditioning for each generator. The cost estimate is
based on praviding & new power supply and power conditioners. Similarly, a
common HY power supply and separate power conditioning unit will be used for
all ICRF gereratrs.

An existing NB power supply will be upgraded to provide all additional
ECRH HY power for otT with separate power conditioners provided as required
by design, A new ECRH load station and gyrotron magnet power supnlies will be
provided for the adderd ECRH.

Each plasma end cell dump collects electron current and is a direct :
converter, In the initial stages of T, the design concept will provide

plasma potential control, but will not be aimed at providing efficient dire -
conversion. Development and optimization of direct conversion and the
interfaces between the halo region and the plasma edge will be considered as
a special future development program.

The simpie concept for the electron collector plates will be copper disks
maintained at the required negative potential. They are water-cooled to
remove the thermal energy. The circular, disk-shaped collector plates will be

i
:
3
;
i.

supported by ceramic insulators. The deionized water coclant lines will run
through insulator tubes or pipes before the coolant water exits through the
vacuum chamber,

To provide for the plasma-gun-beam opening in the center of ihe
collector, @ disk will be cut in the caliectar and rotated so the eye is open
during startup and closed during machine operation. This disk, as well as its
rotational operating mechanism, will be at the collector potential of 75 kV.
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Behind the disk and electron callecter plate will be the vacuum tank and
neutron shield.

The coliectors will have an electirical control system to maintain them at
the desired potential {electrical canverters could provide ac power). This
w111 be & simple system but ane from which we can evaluate the potential power
conversion efficiency. There is no planned feedback of the electrical energy
into the electrical grid, but it can be accomplished for demonstration
purposes.

A negative dip in the plasma potential in front of the piates prevents
cold ions, emitted from the electron collector plates, from going back into
the hot plasma. Thus, there will be no need for grids in front of the
collector plates.

The region between the halo, which is essentially at ground potential,
and the piasma at the edge of the electron-collector piate have high potential
gradients. This could result in the need for a multiregion electron collector
plate (disk and washer construction and antiarc suppressors). This feature,
if reguired, will be provided when the edge effects are better defined.

The currents and power distribution at the end of the machine is as

follows:

Ion current to collectars 10,6 A
Electron current to collectors 45.2 A
Electrical power recovery 2.67 MW
deating power to collectors 2.76 MW
Electrical efficiency 42.0 %
Potential of collector (nominal) 75.0 kV.

2.1.3,3 Tritium Systems. The main function of the tritium system is to
process the tritium and deuterium fueled tc the plasma, to process the water
coolant, and to pruc.ss the atmosphere in the tritijum areas. The units,
especially the atmospheric processing units, are designed to function during
normal, maintenance, and accident modes of aperation.

There is a complete tritium fue® cycle {see Fig. 2-18} capable of
Processing 600 to 2000 g/d of DT plus impurities. Specifications for many
units are found in the Final Safety Analysis Report of the Tritium Systems
Test Assembily (SAR~82-1F, Los Alamos National Laboratory, 1982). A complete
fuel cycle requires not only the components needed to process and store the
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fuel (fuel cleanup unit, isotope separation unit, storage beds, receiving
glovebox), but also the units required for secondary containment (glovehox
detritiation system); waste processing {tritium waste treatment--gasses and
tritiated waste processing, solids); tritium analysis (required to detect
probiems and their solutions in the fuel cycle, and also to maintain
accoyntability records); tritium monitoring (safety consideration); and
process control with associated data acquisition (data acquisition syStem).
The basis for each of these units is shown in Table 2-8.

These units will be Tocatec in a separate, relatively leak-tight,
earthquake-praaf space. Earthauake valves will be located on lines between
unity to minimize any potential releases. An atmospheric processing system
will be provided for the area to handle tritium releases. The aitmospheric
processing units for the vault and the hot cell will also be located in this
space. The sizc of the atmospheric processing units is the most important
Tactor influencing the size of building required. At present the building is
estimated to have a volume of approximately T x 104 m’, The specifications
for these atmospheric processing units are shown in Table 2-8,

Atmospheric processing systems are needed for each area where tritiuym < s
present. The size of these systems is a function of the volume to be
procéssed and the processing rate as determined by the nature of the area
(externatl leak-rate expected under accident conditions, nature of the
surfaces, wall, etc., need for quick re-entry, and expected tritium release).
The sizes of the potential tritium releases for accident conditions are shown
in Table 2-%, where the expected tritium inventories associated with different
operating modes are summarized.

In the vault, 10 to 26 g of tritium are present at steady state during
each 10-hr run. A sealed vault with an external leak rate of 1 vol%’hr
Tollawing an accident would reguire cleanup in 424 hr to approximately 1imit
the environmental impact.

In the tritium processing area, 200 to 400 g of tritium are present, Due
to tha large size of & potential release, cleanup in %24 hr is required with
a dedicated system, If the atmospheric processing unit dedizated to the
tritium processing area were not functional, or if faster processing rates
were required, then the atmospheric processing units dedicated to the vaylt
could be used to address these conditions. Care would have to be used in
linking the different units to m.~imize cross-contamination. The hat ce]]
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Table 2-8. Tritium systems required for MFTF-o*T.
Item Description Quantity
1. Receiving glovebox for tritium; 1
basis is TSTA and TFTR units; upgraded
for 120 gfmo To.
2. Uranium beds for storage of tritium 8
and deuterium, Q0 g/bed; basis is
TSTA and mount units,
3. Fuel cleanup unit with helium removal: 1
basis is TSTA unit; 00 to 2000 g/d DT.
4, Isotope separation unit with storage 1
beds for accident conteely basis is TSTA
unit; 600 to 200 g/d DT.
5. Glovebox detritiation system; basis is 1
TFTR/TSDCS; flow capacity 0.3 m3/min;
~v107¢ g/d.
6. Tritiated water recovery unit; basis is 1
CECE at mound; flow capacity 100 g/d; no
dedicated isotope separation column is
provided,
7. Tritium waste treatment ugit; basis is TSTA 1
unit; flow capacity 1.5 m?/min; handles
*10 g Tp/d.
8. Tritiated waste processing unit; basis is 13
solid waste units at TSTA; capacity
a1 kg/d; individual units for atmospheric
processing area.
9. Tritium analysis system (accountahil®.y); 1
basig is Mound, TFIR, TSTA.
10. Sets of monitors for gaseous tritium 3
(3 areas); basis is TSTA system.
11. Data acquisition system (no software cost); 1
hasis is TSTA and mound systems.
12. Atmospheric detritiation system dedicated 1

to tritjum processng area; basis is cost
of 30-m%/min systems; each unit
140 m3/min; flow rate 1 val%/min.
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Table 2-8. (Continued.}
Item Description Quantity
13. Atmospheric detritiation system_dedic..ed 2
to vault; basis is cost gf I0-m¥/min
: systems; each unit 140 m“/min; flow rate
V] yol%/min.
14. Atmospheric detritiation system dedicated 1

to the rot cell; basis is cost of
30-m°/min sysiems; each unit T40 m3/mi. ;
flow rate ] voi%/min.
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Table 2-9. Summary of tritium inventories? for different MFTF~o+T
Upgrades, with and without processing during a run.

Inventory (g9)

A. No processing for 10 hr

T2 208 » 312
D2 170 = 260
Total 380 + 570

B. Processing during 10-hr runb--tritium location at steady state

Neutral beams 4+ 10
End cells 5

Beam dumps 1

Surge tank 3+5
Tritium in vault 13-+ 21
Fuel cleanup 50
Isotope separation 120 + 250
Storage (1 hr) 21 =+ 31
Tritium in processing 191 » 331
Total 204 + 352

2 Efficiency of neutral beams: (+) 20-30%; (-) 7-11%.

b Regenerable c¢ryopanels used; one-sixth of them processed every 10 min.
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also requires a dedjcated atmosphere processing unit since it will be used to
dismantTe test modules and other tritium-contaminated components of the
reactor, The size of the unit is dictated by the expected size of the hot
cell {(\1 x 10t m3) and the processing rate (1 vol%/min}.

The Tritium Systems Test Assembly is wrestling with the question of
accountability, which is set at * 100 Ci. For a tritium inventory of 400 g
expected in the MFTF-Upgrades, this requires an accuracy of 25 ppm. This is
considered unachievable due to various losses, e.q., permeation into the
structure and into the water coolant. In addition, personnel at TSTA have not
yet found equipment or methocs adequate to deal with this guestion. It is one
of the areas to be investigated in their program.

2.1.3.4 Maintenance. To date, we have considered three aspects of
maintenance: the maintenance philosophy, an understanding of the design
Vimitations imposed by this upgrade, and ap analysis of component lifetimes.

As witih oivher device concepts, we adopted a maintenance philosophy early
to guide the development of the configuration into a viable design.
Maintenance requirements have an important influence on the developmenc of a
design. For example, the existing vault facility limits component access and
handling. The largest~capacity crane system that can be accommadated by the
existing vault {with some modifications) is 46 t. Consequently, subsystem
components and shield modules are sized to that weight 1imit. Lifetime
estimates for key components were made from data generated from MFTF-B. These
extrapolations indicate that scheduled component replacements are infrequent
and can be readily accommodated during the device downtime. As an exampie,
sustaining beamline sources have a scheduled replacement approximately every
seven calendar months.

The maintenance philasophy for a+7 is based on the earlier work done

for the Technology Dempnstration Facility. It is a fourfold approach which
considers operating flexibility for this near-term device along with the
opportunity to accomplish numerous maintenance tasks between pulses. The
major aspects are iisted below:

1. Contact maintenance operations are permitted 24 hr after device
shutdown at the shield boundary. This enables persommel to
routinely perform hands-on inspection, maintenance equipment setup,
and supervision of maintenance activities in the vault be/ore the
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device is disassembled. These capabilities are particularly
desirable when one considers the amount of time available between
pulses.

Capability to accomplish scheduled major maintenance and disassembly
remotely under normal or emergency conditions is a design
requirement. Activation levels within the shield boundary are too
high to permit hands-on operations when the device is disassembled;
hence, remotely operated equipment is required.

Modularized component installations are also a design reguirement.
Modular components are arranged for independent disassembly and are
sized to the 1ifting 1imits of crane systems.

Utilization of proven remote equipment technology is mandatory for
this near-term device. It is not reasonable to assume that major
breakthroughs may develop in the next four to five year; hence,
maintenance operations are based on presently available handling
equipment.

Several considerations related to maintenance ogperations will be factored

into the disassembly scenarios. They are:

Neither persannel nor maintenance equipment are permitted in the
vault during device operation. Personnel are not allowed because
personal safety would be compromised in the neutron environment;
equipment is not allowed in order to avoid neutron-induced activation
that could hinder subsequent maintenance operations.

Pawer supplies to the device are shut down, the coils are
de-energized, and the tritium is removed during maintenance
operations near the device. Clearly, this is a safety requirement
for personnel, device systems, and maintenance equipment.
Superconducting coils may be kept at cryogenic temperatures during
maintenance operations that do not affect these magnets.

A1l of the components that may have scheduled replacements weigh less
than 46 t. Following are the major companents that fall into this category:

4 &4 & &

Choke coils (including shield plug),

Cryopanel assemblies (six panels plus structure),
Beamline components,

Beamdumps (including shield plug),

Test module (with separate split shield).
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The test module and its shield are an example of a component designed
arpund the 1ift limits within the vault. The total test module/shielq weighs
80 t; splitting the shield into two 40-t segments met the lifting requirements
ang also simplified the module replacement by allowing the lower shield to act
as a stationary cradle support for the test module.

Scheduled component replacements will not impact the operation of q+T,
This is primariiy because there is ample time between pulses to accomplish
maintenance and replacements, and because the estimated component lifetimes
indicate that replacements will be relatively infrequent. This may also lead
to a relatively small inventory of spares.

We used component tifetime-availability data for the MFTF-B machine to
make extrapolations for the operation of o#T. By comparing operating hours
hetween these two devices, we can show, at least to first order, that many of
the 1ife-limited MFTF-B components may be 1ifetime components on otT.

Eighteen replacements of the sustaining sources will be required. This
corresponds to a changeout every seven calendar months. Given the operating
sCeénario for +T, this will not present any availability problems; there are
720 hr in a month, with 10 hr for device operation, leaving 710 hr for
maintenance operations and other downtime activities.

The scenario described above is analogous in some ways to the operation
of the NASA Space Shuttle. That device operates for one to two weeks, and is
refurbished for up to six months,

2.1.3.5 Facilities. The necessity for upgrading the MFTF-B facilities arises
from the need to provide: [1) tritiuwm confinement capability: (2) a baprier to
the leakage of neutron and gamma radiation through reactor vault roof;
(3) on-site tritium and deuterium pracessing facilities; (4) remate transfer
capability of activated reactor components; (5} increased reactor heat removal
capability; (6) increased ac power capability; and (7) other miscellanepus
Capabilities, such as stack ventilation, guaranteed cooling water supply for
safety-related equipment, radiation monitoring, and a health-physics program.
The vault myst be upgraded to provide for tritium confinement and to add
2 barrier to prevent neutrons and gamma radiation from leaking through the
roof. These are necessary to ensure public and persanal protection from
release of unacceptable levels of radiation from the plant. The following
4pgrading of the reactor vauit is needed:
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Because the vault is the final tritium containmeni boundary, it is
required to withsiand a design basis seismic acceleration of 0.5 qg.
Preliminary analyses indicate that the existing vault is capable of meeting

P

this requirement.

It must also withstand a: internal pressure of 136 kPa (=5 psig) that
could result from an accidental release of Tiguid heljum in the vault.
Preliminary analyses indicate that the vault is capable of meeting these
reguirements. However, minor modifications may be needed, which may be
determined by detailed analyses.

The vault should be ieak-tight (leakage not exceeding 1 vol%/hr at 136 kPa
internal pressure) to limit tritium leakage to the environment within
acceptable 19mits. To make the vault leak-tight, all penetrations through the
walls and all the cracks between the concrete blocks of the vault wall need to
be adequately plugged. To reduce soaking of tritium and to allow
decontamination of the internal surfaces, all inside surfaces {walls, floar,
and ceiling) are required to be grouted and coated with epoxy pain*.

Additional shielding is reguired to provide a barrier to prevent neutron
and gamma radiation from leaking through the roof. This additional shielding
may be provided as increased roof thickness or as increased shielding for the
reactor, i

Two new transfer cells are needed to remotely hanule the activated
components of the reactor and its support equipment. The remote maintenance
will be performed in existing hut cells. The major components requiring
rempte majntenance are beamline sources, test modules, beam dumps, and end
dumps. The total volume of the transfer cells is estimated to be 3800 m>.
One cell is Tocated on the south side and one is an the north side of the

reactor vault.

A new facility is needed to process tritium in the plasma exhaust, and in °
general to handle deuterium and tritium in the plant. The volume of this
facility is estimated to be 10,000 mS. The existing steel structure to the
east side of the vault would be upgraded (to meet DOE safety criteria} to
house the tritium system.

The heat removal reguirement for o+T is approximately 125 MW continuoys
during steady-state operation. However, the heat removal capacity of MFTF.g
is approximately 10 MW continuous. Thus, to support steady-state operation of
xtT, an additional 115-MK heat removal capacity is needed. The heat
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transport system is upgraded by providing a parallel heat-removal loop of
115-MW capacity. For ultimate heat rejection, a large nearby heat sink is
available (a large water-supply canall; thus, no cooling tower is provided.
The MFTF-a+T needs additional continuous ac power for 10-hr pulse
operation, The ac power system will be upgraded to supply this power
continuously. The major upgrading needs are:
1. Pulsed-power system upgrade--
¢ Provide two new forced-oil, forced-air-cooled cooling systems for
existing transformers 230 kV/13.8 kV--60/80/100 MW;
e Provide 2000 m of rew feeder cables between 13.8-kV substation and
the neutral beam power supplies.
2, Facility power upgrade--
®# Replace the T-4000 two-winding transformer (115 kV/4.16 kV, 20 MVA,
115 kV/13.8 kY - MVA};
¢ Provide a new 13.8-4V, 2000-A gutdeor circuit breaker with associated
ducts to the transformer.
¢ Provide approximately 2000-m new 15-kV power feeders between the
outdoor substation and the rectifier transformers and rf power load
centers.
4 Provide approximately 300-m rew 5-kV power cable in the tritium
building.
3.  Tritium facility power--
& Provide a new 4.16-kV/480-V, 5-MVA double-ended load enter.
¢ Provide four new 48D-Y, 1200-kW diesel generators.
s Provide approximately 600-m new 430-V feeders from 1pad center Yo
tritium facility loads.
¢ Provide new distribution power components suitable for a tritium
environment.
The following miscelianeous facilities are also needed to support the
safe operation of the MFTF-otT:
@ Radwaste collection system.
®» Guaranteed cooling-water supply sysiem.
» Ventilation stack.
¢ Radiation monitoring and health physics equipment.
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2.1.3.6 Testing Program. A program of testing in MFTF-a+T, and the part it
will play both in the mirror program and the broader fusion program, can only
be developed by an extensive examination of needs and of the capabilities of
other facilities. Mevertheless, we have conducted an initial assessment of
testing to identify the outstanding gquestions and to outline the types of
tests that can be conducted with the present operating scenario.

The tescing assessment has focused only on identifying those tests that
can be performed with the present design of MFTF-a+T. The burn time is
assumed to be 3.4 x 104 sec (10 hr), the availability is assumed to be 1%, the
total burn time in the DT mode is assumed to be 2-3 x 105 sec, and the neutron
wall loading in the central cell is assumed to be 2 MW/m2 at 25-cm radius.

The impact of increasing these parameters and prioritizing tests will be
addressed at a later date.

Previous studies of devices with high fluences and availabilities have
emphasized the nuclear testing aspects. MFTF-o#T, on the other hand, is
expected to be a vehicle for the demonstration of subsystem technology and for
the examination of the behaviar of high-0Q plasmas, as well as for nurlear
testing. It is important that the test classifications reflect the
differences in fest objectives. The tests can be categorized in a number of
ways. For example, the tests can be characterized by the duration of the
tests, by when they are performed during the operating lifetime, by component,
by discipline, or by plasma fuel type (H only, DD, DT). For the purpose of
this evaluation, the major ciassifications of tests are preoperational
checkout tests, demonstration and design verification tests, planned tests and
experiments, and nucliear systems tests.

The preoperational tests consist of subsystem checkouts and calibration
with all hardware in place. The types of tests that are considered to be in
this category are the verifications of the performance of the magnet system,
the vacuum systems, and the maintenance system. If deficiencies in
performance are found at this stage, modifications can be implemented without
having to contend with neutron-activated materials that would result from DD
ar DT plasma apcration. Also, the information obtained from thes:: tests would
provice a significant addition to the engineering data base, Since these major
systems represent the state-of-the-art in fusion technology.
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Demonstration and design verification tests center on the performance of
the reactor subsystems during plasma cperation. Included in the demonstration
tests oare performance evaluations of:

1. The central-cell neuiral beans.

2. The end-cell ECRH, ICRH, and neutral beams.

3. The tritium recovery system.

4. The instrumentation and control equipment.

In addition, the response of several reactor systems to the plasma would
be evaluated. Items in this category are:

1. Neutroa flux profile measurements in both the central ceil and end

cells.

2. Thermal and particle fiux profiles on the first wall, beam dumps, and

end-cell walls.

3. Radiation field measuremants outside of the reactor to yerify shield

performance,

Finally, when repairs are needed from time to time, the maintenance
operations wil) be tested under actua) field conditions. A1) these tests,
being the first of their kind, would grovide significant advances in the
understanding of mirror devices.

2,1,3.7 siting and Safety. Siting of the MFTF-a+T on project at the
Lawrence Livermore National Laboratory appears to be feasible from a safety
point of view. While the LLNL site, in common with much of the western part
of the U.S.A., is subject to earth motions induced by earthaguakes, extensive
earthguake-fault mapping and analysis indicates that the maximum credible
accelerations can be accommodated by careful design of the facility. Severe
tropical storms and hurricanes are unknown in Lhe area, as are tornados. The

site is 400 ft above mean sea level, has good local water drainage, has no
water reservoirs up-slope, and is more than 50 miles from the ocean.

Special hazards co.nected with the use of tritium in the facility have
been surveyed, and there is a high degree of confidence that proper design
v 11 allow adequate containment. Neutron and gamma radiation present during
and after typical operating scenarios for the MFTF-xT are projected to fals
within acceptable 1imits. Calculations of neutron-induced activation are
proceeding, but the recults obtained to date indicate that the facility can be
designed and constructed to operate within existing guideiines and can he
decomissioned after its useful 1ife.
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While DCE has placed requirements on construction of plutanium buildings
(DOE 6430, Part 2), 1. has no comparable document setting forth requirements
for tritium. However, the intent is that new tritium facilities alsa need to
consider a “design basis accident! when desigring the facilities,
Environmental Safety and Health (ES&H) is preparing to write such a document.
As far as Tegal requirements are concerned, the site boundary is our fence
line, and the requirements are that a person presumed to be residing there
continuously not receive more than 0.5 rem/yr. Normal operations should be
designed to 1imit this dose to 170 mrem/yr. To put this into context, the
present LLNL tritium facility has a design capability such that release of a
mega-Curie of HTO (104 g of tritium) will give rise to 3 rem/yr at the {ence
line in a worst case situation.

The Tritium Systems Test Assembly is wrestling with the question of
accountability, which ts set at % 100 Ci. For a tritium inventory of 400 g
expected in the MFTF-Upgrades, this requires an accuracy of 25 ppm. This is
considered unachievable due to various losses, e.g9., permeation into the
structure and into the water coolant. In addition, personnel at TSTA have not
yet found equipment or methods adequate to deal with this question. It is one
of the areas to be investigatud in their program.

Material activation under the operating scenario seems to be acceptable.
Nitrogen, where it occurs, is in a relatively low neutron flux region and
should rot activate appreciabiy. The copper insert coil will activate and
will present problems both in handling and in waste disposal. Caiculations
are continuing on the levels of activation relevant to hands on maintenance.
Earily results indicate that components which see neutron fluxes equivalent to
“first wall" will have to be handled remotely right fraom the beginning of the
experimental program. Other areas may have Jow enough fluxes ihat some
contact maintenance will be possible, at least initiaily.

In keeping with the contact maintenance requirements, the 24-hr shutdown
dose rate on the inside surface of the vault wall should not exceed
0.5 mrem/hr. Vault wall activation for a few days after shutdawn will be
dominated by 15-hr 2¥Na, which emits hard gammas of 2.75- and 1.37-MeV
energies. Calculations for TOF showed that if the machine itself is properly
shielded, the activatinn dose rate on the inside vault wall could be as high
as 20 mrem/hr 24 hr after shutdown, depending on the sodium content of the
concrete. If sodium activity poses a problem, there are at least three
potential solutions:
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1.

2.

3.

Add shielding around the machine to decrease the neutron flux in the

vault shield blocks.
Line the inside surface of the vault with a layer of lead or steel.
Delay access te 48 or 72 hr.

Because of the operating neutron flux in the vault {1 x 10% t0 1
X 108 n/cmz-s), argon activation will be significant; however, its haif-life
js only 1.8 hr. Thus, the principal concern for gaseous radionuclides in the
vault will be the accidental release of tritium. With the A-41 present, the
jonization chambers used to detect atmospheric tritium will not function and
alternate methods must be devised.

The vault and its roof are presently being modified for use of DD in the

MFTF-B.
L

The following points about the facility should be noted:

The vault is designed to operate at a positive pressure now; we will
need to go to negative pressure because of the tritium.

The "smoke clear" ventilation mode presently used in the event of a
fire is two times the air flow. This clears out smoke and allows
fire fighters to exit. For tritium operation, this system will need
to be replaced by a remote fire suppression system, such as halion,
After DT operation begins, the MFTF-u+T vessel will be contaminated
with tritium, so any in-vessel maintenance will need supplied-air for
the workers.

Designs for new facilities will probably be required to comply with
DOE guidelines for radiation workers of 0.5 mrem/hr. In addition,
LLNL has dropped this another factor of 2 to 0.25 mrem/nr (i.e., a
radiation worker shouid be ireated the same as the general
poputation). The special reportable level (to DOE) is still 5 rem/yr
and 3 rem/qtr. Short-term exposures for spacial cases fall under
these criteria.

At 3000 sec, MFTF-B operation per 8O-hr week, the time-averaged dose
rate on the roof is 50 to 100 mrem/hr (peak rate during a shot,
typically 30 sec, is 4 to B rem/hr for an integrated dose of 50 to
100 mrem).

Sky shine back down to a ground level location 10 m outside of the
wall is <1 mrem/hr.

Local shielding may be required for sensitive access areas.

The entire building is presently scheduled to be an exclusion area
during the shots.
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Operation with DT will markedly increase the flux of l4-MeV neutrons, and
hence the shielding regquirements, perhaps by a factor of 1000. The roof of
the building will not support the additional shielding this would require.
This means that more shielding will have to be incorporated into the machine
structure itself, perhaps in the nature of additional shielding over and
around the “"hotter" central section of the otT.

Calculations of radionuclide inventory are underway. The important time

regimes for central cell activities are:
1. Immediately after shutdown, when afterheat levels will be greatest.

2. At 24 hr after shutdown, when some of the activities will be a

consideration for the shutdown rate inside the vault.

3. Months after shutdown, when major replacements might be undertaken.

4. Years after shutdown, during decommissioning.

5. Decades after shutdown, for waste storage considerations.

The relatively nigh wall loading for MFTF~x+T (2 MW/m%) is ameliorated by
the rather low load factor (1.4%). Hence, for activation products with half-
lives of several months or more, this scenario is equivalent to steady-state
operation at 0.028-MH/m’ wall loading.

Afterheat in the first wall steel vight after shutdown will be about half
that of Starfire, or about 0.4 w/cm3, but wil} decay much more rapidly than
in Starfire.

Choke coil activity w:il be dominated by the 5.3-yr Co-60, produced by
the {n,a) reactor in Cu-63, and will determine the shielding and handling
techniques needed to replace this coil.

Longer-term activation is thought to be more of a problem for
decommissioning rather than waste storage. The total operating time gf the
central cell (about 0.14 Mw-yr/mz) is not likely to produce large
inventories of very long-lived nuclides; furthermore, we are not addressing a
whole series of machines, but one isplated test reactor. Decommissioning, if
it occurs 5 to 10 yr after shutdown, is 1ikely to be heavily influenced by
Co-60 activity, just as in light water reactors. This Co-60 originates from
Cu-63, Co-59, and Ni-60 and, being a hard gamma emitter, it will probably
dictate the shielding needed during decommissioning.

Liguid nitrogen is used in the superinsulation for several magnets, such

as the transition and yin-yang coils. He calculated the C-14 production in

liguid nitrogen at the yin-yang coils, assuming a 14-MeV neutran source
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strength of 5 x 10'3 n/cm-s at this location and no additional shielding on
the coils. The result was a C-14 production rate of 0.3 pC/&/yr. TO
determine whether such a preduction rate is a problem, one would have to
integrate over the entire nitrogen system and also make some assumpticns about
the N leak rate to the environment. The N-13 resulting from activation of the
liquid nitrogen may b2 a hazard in the event of a massive leak under accident
conditions.

The seismic criteria applicable to this type of facility depend on how
the facility is classified. If it is a “low hazard" facility, at LLNL it must
be built to 0.25-g horizontal acceleration (at zero period). If it is a "high
hazard" facility, as the o7 almost certainly is, it must be designed to
0.5-g. It should be understood that the g-loads will amplify as a function of
frequency (perhaps as much as a factor of 3 to 5 at periods of 1/2 to 1 sec).
Calculation of damping due to ground interaction indicates that the
amplification will be reduced, perhaps by 25 to 40%. The present design
criteria are:

¢ No loss of life at 0.5 g,

e No callapse of building at 0.5 g.

e No major loss at 0.5 g,

Decommissioning will involve all the techniques developed for dealing
with fission reactors. In particular, it will require a custodial period for
the MFTF-a+T facility to allow the induced radiocactivity to decay to levels
that will allow disassembly and disposal. This period has been estimated at
between 5 and 10 yr. During this time, maintenance must be performed on the
facility to protect it against deterioriation and accidents.

Once actuval decommissioning begins, the larger radicactive components
must be disassembled to allow packaging for disposal. This may involve the
use of a plasma torch, pools, and all the other technigues developed for
fission systems. If the levels are low enough, near-surface burial may be
possible; if not, the waste must be packaged as high-level waste. In any
case, decommissioning of this system, as any other DT fusion devices, will
provide a major challenge.
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2.2 THE MFTF-B+T UPGRADE

2.2.1 Introduction

In this upgrade the 4-m DT axicell described for MFTF-a+T is inserted
in the central cell of MFTF-B and the MFTF-B axicells are removed. The 6-T
cail from the MFTF-B axicell is used in the transition region to enhance the
pumping efficiency by the 40-kV beams in the transition. Figure 2+~19 shows
the magnet set and field profiles. Anchor sloshing beams and the high energy
axial pump beams from MFTF-B are used, as is the ECRH system.

With this configuration the axicell insert can be operated in much the
same way as in the o+T upgrade. However, the end plugs will not support the
same 8 value in the insert so the density and fusion power are lower. Also
Tower is the wall flux, at 1.3 Ma/me.

There are two modes of operation possibie in this upgrade, the design
mode and the TOF mode. As reflected in the parameter listing in Table 1-3,
they differ in the amount of current injected into the insert section with
neutral beams and pellets, and therefore the confining potential and electron
temperatures differ. In the design mode the beam injection current is 150 A
(trapped) while the TDF mode needs 279 A of beam and 720 A of pellets. The
electron temperatures are 6.2 and 2.3 keV, respectively, while the confining
potentials are 11 and 2 kV, respectively. Since the TDF mode has parameters
not far different from those expected from TMX-U, we believe that success
there will guarantee the 1-MH/m2 performance in the insert needed to carry
out the nuclear systems »ole for this upgrade.

This upgrade is not as expensive as the a+T upgrade because the end
plug magnets are not replaced. However, there is not much difference in the
tritium system, facilities, and other expensive items, so the differential is
not large.

Because this insert option is a part of the a+T option described
earlier, the physics and engineering descriptions that follow will center on
features that are different in the two applications.
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2.2.2 Physics Description

Profiles of magnetic field, potential, and density for the design maode of
MFTE-B+T upgrade are shown in Fig. 2-20. In the axitell the density, electron
energy, and warm ion energy are lower than they are in the MFTF-o+T
operating mode, a situation traceable to the lower B-limit. With a lower
warm ion energy the plugging potential is reduced to 11 keV (compared to 22 kV
in atT). A parameter set is given in Table 2-10.

With four neutral beams, the 150 A {trapped) needed to fuel and heat the
axicell is provided. The trapped power is 9 MW and 7.3 MW of fusion power is
produced, so that Qc = 0.81. This power gives a neutron wall flux of
1.3 MW/m2 at o = 25 cm.

By eliminating the axicells in WFTF-B and putting the 4-m insert in the
central cell, the transition region now extends all the way te the 12-T choke
coils. Pump beam currents would increase above their values in MFTF-B for
these longer transitions werz it not for the introduction of the 6-1 coil into
the transition, At that local peak in magnetic field the plasma is more dense
and nearly circular, increasing the trapping efficiency. In MFTF-B the pump
beam is poorly trapped because geometric constraints require that the pump
beam pass through the narrow dimension of the elliptical fan.

In the plugs the power requirements are similar to those in MFTF-B. The
slashing current is 7 A (with BO-kV beams) and there is some increase in ECRH
power to 950 kW per end. This ECRH reguirement is comparable to the T MW
required in the high T made of MFTF-ortT.

Turning now to the TBF mode at operation in MFTF-B+T we have derived this
scenario by searching for the lowest potential in MFTF-B+T that will give a
wall loading in excess af 1 MN/mz. In the following we describe the TDF mode
of operation having a 2-kV confining potential. Such a mode allows for the
possibility that impurities or instabilities might 1imit thermal barrier
potentials well below b = 30 kV. So, we have determined the migimum QC,

Tec, TnTs and ¢c needed to achieve a neutron flux of rn =1 Mi/m~, We find
that, with a modest increase in axicell beams (eight instead of six), in
present MFTF-B pumping beams (eight instead of four), and in ECRH power
{*1.6x), such a neutron flux can be achieved using the present MFTF-B end

plugs with a Q. = 0.3, Tg. = 2.3 kelV, Tpy = 6.5 ms {including the pellet fueled
population), and ¢, = 2 kV. The Q. and T, required for this most conservative

-92-

o —— .



f——

Fig. 2-20.
design mode.

Pumped

g Aioal = tramition —————>] _piug
60-keV
sk DT injection
(4 b.-'nl) A40-keV
12F pump . B80-kV
- i 7’ I‘Isf' * beams sloshing
E ofF | /30" beam
[ ] injaction
d
3|5x

¢ {(kV)

0 12 4 16 18 20 22

e 42X 101 ¢m-3

e Injected
SE . DT ions
& .
£ .
: 2 " .
) y 8 X 3013
™ . -
b o cm
1} 7% ;o‘z

cm

A

ECRH {b)
36,56 GHz
ECRH {a)
28 GMz
<1013
7% 10 80-keV

sloshing D + ions

[Ny S
-

MFTF-B+T axial pofiles of field, potenttal, and density, in the

«03-



Table 2-10, Physics parameters for the MFTF-B+T Upgrade.

Parameter Value
Central cell

PTasma Tength (m) 4
Plasma radius {m) 0.15
Solenoid field (T) 4.5
Pezk B 0.4
Electron temperature (keV) 6.2
Hot-ion average energy (keV) 49
Hot-ion lifetime [ms 42
Hot-ion density {cm™) 3.8 x 1014
Warm-ion tempecature gkeV) 9
Warm-ion density (cm™) 3.8 x 1013
Beam voltage (kV) 8
Trapped beam pawer {MW) 9 {150 A/60 keV)
Fusion power {MW) 7.3
Neutron wall flux (MH/m2)

at R=0.25m 1.33
Potential, ¢g (kV) 37
Choke/transition regi?n
Field at choke T 12
Plasma length Im?nax ) 14.6
Field at wmidplane (T) 1
Pumping beam current 50 A @ 40 ky
{each end)
Injection angle, B a300
Potential, $1 (kV) 27
aAnchors

Plasma Jength (m) 5.2
Plasma radius (m) 0.32
Plasma density (cm~9) 21013
Field at mirror (Tz 3

Field at midplane (T) 1
Potential, ¢ (kV) 218
$loshing neutral beams (each end) 8 94@ 80 kV

Trapping fraction, Fy
ECRH (each end)

Hot electron energy (kev)

Electron temperature {warm), Ts (keV)}
Potential, ¢ (kV}

Pumping/beam current (each znd)

350 kW @ 35 GHz

600 kW @ 28, 56 GHz

2200

22

1

5 A0 60KV
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case are similar to those of the TDF,2 and ar~ about one-third of those
required of the high I' mode MFTF-Upgrade case and about one-sixth of the high
¢ mode. The low Q case requires a confinement time and potential well ¢E for
the ions about an order of magnitude smaller tnan in the high T mode of the
MFTF-Upgrade.

The lavout of the machine is the same as for MFTF-B+T, but there are
additional central cell and pump beams, and 720 A of gas is fed to the center
with peliet injections. The axicell beam lines are designed to accommodate
six beams + two spares, although only £ix beams would be used with the high
I mode of the preferred MFTF-Upgrade. Thus, procurement of the axicell and
its beam 1ines does not depend on the decision to upgrade the end plugs {which
depends on MFTF-B data), and therefore can be committed earlier. The
superconducting Nb,Sn 12-T inserts in the choke coils at z = 10 m of
MFTF-B are removed in this design to permit access for more 40-keV pump
neutral beams, which are needed to pump out the central solenoid region as
well as the existing transition regions of MFTF-B. The need to pump oui the
entire region between the 12-T choke coils of the axicell and the potential
peaks irn the plugs, as was the case in the earlier B#T design, results from
the iimited MHD stability available with the present MFTF-B magnet set, which
requires keeping the pressure low in all the bad curvature regions of the
central cell as wel) as in the transitions in order to support the minimum
<8,> = 0.15 required for I = 1 Mi/m’ in the axicell.

Figure 2-21 shows the resulting axial profiles of magnetic field,
potential, and density along the axis of the low Q case. Table 2-11 lists
plasma parameters in the axicell, central cell/transitions, and in the plugs
for this case, Table 2-12 lists heating systems parameters, and Table 2-13
summarizes confinement parameters. Note in Fig. 2-22 the low density in the
central cell, comparable to the density in the transitions, which gives a g
of passing + trapped warm ions of only 1% (B,), 4% (B”). Were the central
cel) region not pumped, the local B at 1 T would reach B, =By= 24%,
contributing enough additional bad MHD drive that the axicell B (and Fn) would
have to be reduced signiricantly. Although bounce-resonance drift pumping
could certainly be used to accomplish the pumping in this low Q case as in the
preferred upgrade case, we avoided new, develapmental hardware in the MFTF-B
plugs to be conservative and to hold down costs. The total collisional
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Table 2-11.

MFTF-B Upgrade (B+T, TDF mode).

Plasma parameter Value
AT axicell

Bx 4.5 T
Bmx 127
Ei 33 keV
Tec 2.3 keV
n, 3.86 x 104 em™3
ﬁx 0.22 (quartic}
<B.> 0.15 (profile})
b, 13 kv
Y 2 kv
(" 10ca1 mirror 9 x 1017 e sec
<ov> gy 5.0 x 10°'% cn¥/sec
Peusion (axicelt) 5.53 MW
ry 15 cm
Tuall 25 cm
Laxice]] 4.0m
Leff 2.8 m
r, (at r = 25 cm) 1.0 Mu/m?

Central cell + transition
Itrap 86 A
Leo 10 A
Tec 2,3 ke¥
Tipass 5.5 keV
fpass (IT) 2.5 x 1012
9 2.75
B, 0.01 {g,) 0.04 (8,)
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Table 2-13.

{Continued. }

Plasma parameter

Value

Plug

Npass (point b)

My
9
Gy,
a
B
Ba‘ (injection point)

V.37 x 1012 cm™3

6.5 x 1012 cm™3
2.75

4.75

9 x 10'2

1.38 T

1.81 T

200 kV

13 kv

0.55 (guartic)
0.37 (profile)
9 kv

13 k¥

3.3
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Table 2-12. MFTF-B Upgrade heating systems (B+T, TDF mode).

0.7 A each plug

2.8 A {each plug)

Trapped power Incident power Frequency
System current current {veltage)
Axicell beams 18.4 My 21.6 Ejpg = 60 ke
0
279 A 360 A Bing 27
Axicell peliet 720 A 1000 A 100 Hz
injector
Transition pump 3.3 MW 4.0 MW E‘.nj = 40 keV
beams 82 A 100 A {high molecular
(each end) (each end) 80 kY accel)
)
e'inj ~ 30
Plug ECRH 500 kW each plug (b} 600 kW 28 GHz
345 kW each plug (b) 414 kW 36 GHz
100 kW each piug {a) 120 kW 56 GHz
Plug sloshing beam 56 kM each plug 225 kW each plug 80 keV
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Table 2-13, MFTF-B Upgrade (B+T, TOF mode).

Confinement parameters

{nTlgt =9x 102 e sec

12 -3
"hot + pellet 2.5 x 10°° cm™” sec

Tor = 0.023 sec
Tparticle beam + pellet - 0-0085 cec
P, . (axicell)
fusion = 0.30

Qc axicelT energy losses

Pfusion (axicell)

chff energy Josses - alpha heating = 0.3z

Pfusiqn (axicell)

total axicell + plug injected power = 0.21

Giobal Q =
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trapping current in this low Q case, Itrap = 86 A (both ends), is much
larger than the 2 A trapped in MFTF-B, partly because of the Tow temperature
of the passing warm ions (5.5 keV vs 15 keV in MFTF-C), partly because of the
higher density (nthroat = 7.6 x 10‘3 cnr3 vs 3 x 1013 a:m'3 in MFTF-B), and
partly because of the Tonger vegion to be pumped {19 m each end vs 10 for
MFTF-B). Thus, more 40-kV pump neniral beams are regquired, but most
importantly, the trapping efficiency of those beams must be greatly increased
to manage the 86-A pumping requirement. This is accomplished by “compressing"
up the passing ion density in a local 4- to 6-T mirror through which the pump
beams pass, using a pair of the NbTi axicell backing coils of MFTF-B. The
pump beam footprint should pump between 3 T and the mirror peak as it passes
through. Because of the high local density (76 x 1013 cm'3), ¢ircular plasma
cross section, and shallow beam angle (einj u 300), the total beam attenuation
is estimated at B5%, and the pumping requirement is therefore catisfied with
4- to 25-A incident 40-kV pump beams at each end.

Based on Fokker-Planck studies of the axicell ion distribution function
in TDF] (nearly the same local Tec' mirror ratio, and oW potential well
b s in this low Q case), a source of gas or pellets of roughly twice the
injected beam current is required to keep the mirror loss-cone region of the
distribution sufficiently filled to prevent loss cone microinstabilities.
Such a low energy neutral 2 source is needed only when the potential well
$c is small compared to the mean ion energy in the axicell, as in this
case and in TOF. OQOue to the high axicell density, a peillet injector similar
to the ane envisioned for TDF is needed for this low Q case, Besides filling
the axicell distribution loss cone, the extra-warm ion-end losses resulting
fram the pellet injection will help damp any sloshing ion microinstabilities
as did stream in ZXIIB and TMX. The pellet {injection : zises the gas pumping
requirements in the end tanks substantiaily, but the low Q mode should
tolerate higher end tank pressures than is normal for MFTF-B.

2.2.3 Engineering Description

The MFTF-B+T Upgrade device is shown in Fig. 2-22 in the vault. The OT
axicell useu in o*T is shown at the midpoint of the MFTF-B machine. The
MFTF plugs and end cells are used with suitable modifications to allow

steady-state operation.
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The axicell is identical to that of MFTF-c+T, but with an additianal
neutral beam injector ip each beamline to provide the appropriate neutral
particle injection. In the central cell, the two inner axicell coils of MFTF
have been removed and the remaining 5-m-dia solenoids relocated ta provide the
confining field to the outer axicell coil, which has been reconfigured to
generate 6 T at its midpoint. The remainder of the MFTF-B magnets are
maintained in their original configuration. Pump beams are added that
intersect the plasma at the center of the 6-T coil.

Shielding is provided throughout the interior of the coil set to protect
the superconducting coils from excessive neutron heating (neutron damage is not
a consideration in this design). The central cell region requires less
shielding than it would in a+T, because of the much lower reaction rate in B+T,

The vacuum pumping is replaced with cyciabie pumps in the same manner as
wtT. Careful design is required to provide adequate pumping speed for ihe
relatively hign gas load in the limited space available in the end cell,

Shielding is placed outside the end vacuum cells to keep the after-shutdown
radiation dose rate Tow enough to allow contact maintepance in the vault.

The remaining systems are al, similar to their equivalents in otT with
minor differences to match the details of the MFTF-B+T requirements.

2.3 THE MFTF-a UFGRADE
2.3,1 Introduction

One option for the future use of the MFTF facility s to improve the
physics performance with the end plug upgrade that was part of the MFTF-o+T
option. Although this option would use DT fuel to achieve Q 2, the pulse
length would be set by physics consideration to 1000 sec. 1t differs only by
the absence of the central axicell and the use of ICRH bulk heating, rather than
neutral beams, for the central cell. One would produce 6.5 MW of fusion power
in the central cell, but at too Tow a flux for blanket testing.

The tritium inventory is substantially lower here than in the previous
options, and that, along with the absence of the DT axicell, reduces the cost of
this option significantly. A further large reduction in cost would accrue if
one were to operate with deuterium gas.
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2.3.2 Physics Description

This option is nearly identical to the high Q mode of operation in
MFTF-a+T, A 62-kV confining potential is produced by the 200-kV negative ion
beam, here needing only 2.2 A per plug rather than 4.1 A (incident current),
The ECRH power is also lower (the higher requirements on current and ECRH were
associated with the high T mode) than for MFTF-a+T. Al requirements should
be taken from the 1ist for the high Q mode, with the exception of the central
cell beam power.

For the proper mix of particles and energy in the central cell, a
combination of pellet injection and ICRH heating replaces the 30=A beam in the
MFTF-a+T Upgrade. This simplifies the heating technology and reduces the
tritium throughput.

Profiles of field, density and potential for MFTF-u are shown in
Fig. 2-23. These should be very similar to the high  mede of MFTF-o4T but
may differ somewhat because the scenario was calculated earlier with slight
modeliing differences. Table 2-14 gives a more complete summary of plasma
parameters for this upgrade.

2.3.3 Engineering Description

The MFTF-¢ Upgrade is shown in Fig. 2-24. Though similar in appearance
to MFTF-a+T except for the central cell beamline, there are some important
differences. Bulk heating in the central cell is produced by 4 MH of ICRH,
while DT fuel pellets provide particies. The tritium throughput is much lower
than with beams (that are only - 30% gas efficient) and the total inventory is
lower. The 1000-sec pulse also contributes to a lower inventory.

Shielding requirements could be ameliorated depending on the duty cycle for
these shorter pulses. Alsp, with 1000-sec pulses, ordinary cryopaneis could be
used rather than recyclable cryopanels.
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Table 2-14. MFTF-¢ end plug upgrade plasma parameters.

Parameter Value
Central cell
Tiwe 20 keV
ec 12 keV
Mive 101171 em-3 p*
Mo 5 x 101 em™3 w*
EiHc 150 keV
B, 1.6 T
B 0.6
B¢ ave 0.4 (quartic profile)
b 68 kV
e 79 kV
(nT)pastukhov 5.5 x 1014 em=3 sec ) Particle
(nt)radial 1.27 x 1014 em™3 sec nt
("T)tot 1.0 x 107% em™3 sec S
(n7) g 5.8 x 10'5 en™S sec Energy nt
Qc z.1 } Effeccive, including
1.3 MW a heating
%ot 1.8
L (eff) 16.5 m
e 0.28 m
Pfusion 6.5 M
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Table 2-14. (Continued.)

Parameter Value
Anchar
12 -3
"pass(BA) 5%x10°°cm
"H(BA) 1.4 x 1073 cm=3
E, 700 keV (H*)
By 2.6 T {vac)
Bres 3.3 T {(with plasma)
vac 1.85
BA 0.6
<BA>avta 0.4
T 1.8 sec {particle)
Itrap (passing 0" ion loss} 10.5 A (each end}

I (trapoad H™ ion loss)
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Table 2-14.

{Continued.}

Parameter Value
Plug
. 12 -3
Npass {point b} 210" ¢cm
1 x1013cm'3

n, (point b)
n, (point a}
Nas (point a*)
Ba' (point a*)
Bp {point b)
B, (point a)
o
Tew

~

fp

B>
86,0,

86,
ESPYSAISLY
%

Gy,

1.65 x 1013 cm™3

3.8 x 10'3 ¢n3

3.1 T, 3.0 T 8 depressed

2 T vac, 1.25 T B depressed
2.2 T vac, 1.65 T 8 depressed
700 keV

110 keV

0.6

0.4

78
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3. ROLE OF THE UPGRADE
3.1 O0BJECTIVES FOR MFTF-B UPGRADE

Our objectives for the MFTF-B Upgrade are to advance a number of mirror
technologies, improve our physics experimental data base, and gain important
nuclear engineering experience in the operation of the power and fuel cycles
in fusion blankets. Through the construction and operation of this upgrade we
would gain experience in the following:

¢ Steady-state physics performance with significant aipha heating,

including impurity control and operation jn a vacuum eguilibrium.

Steady-state operation of plasma heating and particle control systems.
¢ Steady-state vacuum system aperation.

Integration of plasma production technologies and operation in a high

level neutron environment.

8 Tritium fuei-cycle operation, including blanket recovery and

air/water cleanup systems.

¢ Fguilibrium power-cycle operation with fusion blankets.

Operation, maintenance, and safety requirements in an activated
fusion device with a substantial tritium inventory.

¢ Verification of thermal-mechanical and tritium-breeding features in a

variety of fusion blankets.

Of this 1ist, those objectives dealing with nuclear systems issues are
among the more important for upgrading the facility. MNonetheless, the
remaining items on the Tist encompass a variety of activities that will
significantly reduce the risks inherent in praoceeding with constructiaon of a
full scale engineering test reactor, whether it be a tokamak or tandem mirror.

3.1.1 Power and Fuel Cycle Technology

One purpose of the upgrade is to provide a fusion environment for blanket
technology tests. After examining the types of tests required, we found that
they fall in three classes: tests for initial point failures, tests for early
failure modes, and design qualification tests. The first of these are tests
to confirm that the blanket operates, on initial turn-on, as designed., The
second class of tests searches for early failure modes that 1imit the life to
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about 10% or less of the design operating Tife. The last test is a lifetime
test to qualify a design for a demonstration power plant.
Table 3-1 summarizes these tests and their purpose.

These three classes of tests should all be carried out at a wall flux of
1 to 2 Mw/m2 to be of reactor interest. At that flux level there are
nominal test times for each ¢Tass. To confirm a given design and to
demonstrate survival at the initial turn-on, thermal-hydraulic and tritjum
breeding and recovery tests should be performed, Characteristic times are set
by temperature equilibration in the blanket and heat exchanger loop for
thermatl/hydraulic effects, and by the tritium equilibration time for breeding
and recovery tests. Fluence is not important in these tests, but one shouid
pian for a series of test runs for times Tonger fhan these characteristic
times.

Early-Tife failures might occur after 1000 to 10,000 hrs of running time,
and could result from a variety of things. For examp]e,'materia1s
incompatibility could lead to problems 1ike the mass transport of activated
corrasion products in Li]7 Pb83 blankets. Ceramic breedipng materials
might sinter, holding up tritium in the blankets, Welds might prematurely
fail from thermal stressing or other causes. Ceramic-to-metal brazes (e.g.,
from SiC blanket tubes) might fail under thermal %oading. The tist of
possibilities is probably quite long, and the failures are those not
anticipated in the design. Any proper design would avoid known problems,

Design qualification requires an integrated test time of v 5 mw-_yr/m2 af
neutron fluence, and is beyond the scope of MFTF-Upgrades, CQualification tests
are left for ETRs, which in the mirror program is the second phase of our FPD
device.

In MFTF-Upgrade we can perform tests to confirm blanket designs and -how
survival against initial failure modes. To discover early failure modes
probably requires a minimum of 100 test runs of 10 hr each, which is at the
limit of what we believe we can be do in this facility. Since this testing
capability is very important, we intend to examine further the limiting
availabitity nf the machine,

In summe~y, the upgrades will be used primarily for thermal/hydraulic and
tritium breed.ng and recovery tests. The characteristic thermal lines are
A1/10 hr for liquid metal blankets, and v 1/2 hr for blankets with ceramic
breeding materials. Tritium concentrations reach an equilibrium in ~1/10 hr
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Table 3-1. Characteristic times for fuel/power cycle tests? on blankets and

auxiliary equipment.

Purpose Uninterrupted test
of test time and subject

Total test
time needed

Issues being
addressed

Thermal/ ~1/10 hr (1iguid

hydraulic metal blankets)

behavior A1/2 hr (ceramic
breeding blankets)

Tritium A1/10 he {lead 1ithium)
breeding/ “10 hr (pure 1ithium)
recovery 100 hr (ceramic breeders)

Early 1 to 100 hr
failure
modes

End of 2100 hr
iife

Tens of
well-instrumented
tests

Tens of
well-instrumented
tests

1,000 to 10,000 hr

10,000 to
100,000 hr

Design confirmation--or:
heat transfer/removal,
structural effects,

MHD pressure drops, off-
normal (LOCF, LOCA)
response.

Design confirmation--or.
production/recovery rates,
tritium accountability,
permeation rates.

Corrosion, sintering,

mass transport, materials
compatibility, weld
performance, safety systems,
any problems that lead to
early system failures.

Lifetime demonsiration--or;
radiation damage to
structures, fatigue,
embrittlement, swelling,
all issues in the design
which 1imit the design-life
o i0 Mw/yr/mz.

3 jux level at least 1 MW/mz.
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for 1ithjum~lead blankets, ~10 hr for pure lithium blankets, and 100 hr

for ceramic breeders, The last of these time constants calis for a longer run
period than now envisioned, and our ability to extend the run is being
examined, In these tests we will determine heat transfer and removal rates,
MHD pressure drops (1iquid metal} structural behayior, off normal responses
(magnet quenches, loss of coolant, loss of coolant flow, etc.), tritium
production rates, recovery rates, and permeation of tritium into dumps, heat

exchangers, etc.

3.1.2 Systems Integration

To construct a large facility like MFTF, a great deal of attention is
given to systems integration. The components in MFTF~B are quite complex, and
when they are present in large numbers and combined with pther complex systems,
the availability of the facility could be guite Tow when all systems are
integrated together, if such matters are not carefully planned. A proper plan
for reasonable availability affects component reliability, maintenance, and
spare parts inventories. The target availability will depend on the reguired
run time and duty cycle, and for the MFTF-Upgrades we are venturing intd new
territory with 10~hr run times.

The introduction of tritium and production of neutrons adds complexity to
the systems integration task, since component and system designs must
accommodate this new environment. Maintenance considerations complicate the
designs and impact the mean-time-to-repair, therefore they directly impact the
availability. The MFTF-Upgrades provide a focus for solving problems that
Timit machine availability, and also give us an early opportunity to gain
experience with the types of systems in DT mirror devices., During the
lifetime of the machine we would expect to increase the availability from the
initial 1% to as high a value as is possible.

3.1.3 Operations, Maintenance, and Safety

There is a major difference in operations between MFTF-B and any upgrade
that uses a tritium inventory of hundreds of grams and which produces 10 to
20 MW of fusion power for hours at a time. We have already noted that this
difference affect= availability, and there are other impacts on operations.
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Operational procedures must be developed for many new subsystems, procedures
that reflect a areater responsibility for safety from the additional hazards
of tritium handling and activation. Additional instrumentation for radiation
monitoring, tritium accountability, safety interlocks, and other such systems
needs to be developed, Off-normal operations need to be considered, including
the operation of emergency air and water cleanup systems, protective
operations during loss of coolant or coclant flow in test blankets, and other
emergency operations.

Maintenance pracedures and equipment must be developed for the upgrades,
and actual maintenance experience at this level can be very valuable. Systems
stuedies of fusion reactors show that maintenance costs, including facilities
for maintenance, are a sizeable fraction of the reactor cost. Furthermore,
the estimates suffer from lack of detail. Real maintenance experience is
needed before requirements and specifications necessary for costing can be set.

As we have learned from systems studies, the ability to efficiently
maintain a machine requires that components and subsystems be designed with
this requirement in mind. By adopting this general design philosophy for the
new components and subsystems, we will gain detailed knowledge of the impact
on the machine and determine the critical problems to be addressed in future
devices.

Safety will be an important issue in the design and operation of the
uparade. We will learn what new systems are necessary and hopefully
demonstrate through safe operations that fusion devices pose no undue
hazards. The tritium and activation levels in the upgrade are sufficient to
make this a meaningful demonstration.

3.2 BENEFITS TO THE MIRROR PROGRAM

The upgrade can be viewed n the context of its place in a mirror
programmatic sequence, and we do that in Sec. 4. Here, we censider the
benefit in a "roll-forward" sense from our base of physics and technology as
it will be developed by MFTF-B and other mirror devices in the program.
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3.2.1 Physics Improvements

New end plugs in MFTF-B, patterned after the recent MARS design, would
lead to substantial improvements in tandem mirror physics. -By increasing the
magnetic field level and the sloshing beam energy, the plugging potential
could be doubled, leading to a particle confinement time given by nt = 1014
(including radial loss). Correspondingly, one could aperate at G ~ 2 rather
than Q ~ 0,2-0.4, as now envisioned in MFTF=B. With the more optimum MHD
design of the new piugs the central cell B is doubled (average B ~ 40%) and
when aperating at 1.6 T in the central cell, §_ BZ increases five-fald.

In this upgrade the conditions in the plasma are more relevant to the
reactor. End plugging is good enough that radial losses dominate (MARS
regime), the central cell heating and power losses dominate over the plug
power, the central cell population is more nearly isotropic, and a-heating
is significant.

Two new and improved physics concepts are incorporated in the end plugs.
Drift pumping replaces beam charge-exchange pumping, with an attendant
improvement in Q. Drift pumping also removes impurities, an essential
ingredient for long pulse or steady-state operation. Another feature is the
addition af a region of good MHD curvature in the transition. This region
becomes the MHD anchor and adds to the MHD damping of the plug region--the
other good curvature vegion with large plasma pressure. MFTF-8, with its
“double-fan" transition region, alsa has this additional good curvature
region, but its axial extent and mirror ratio are too small to be used. In
the upgrade, as in MARS, this region was emphasized in the design to very good
effect.

3.2.2 New Technologies

Just as MFTF-B served to focus and push needed development for mirrors,
the upgrade would serve the same function. MNegative ion beams and high field
choke coils are purposefully introduced in the upgrade to drive the
development of thpse technologies.

In the end plug upgrade the 200-kV, 5-A beam is the only new ion beam of
any significance required in the machine. (Central cell beams like those used
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here are being developed for MFTF-B.) A negative ion beam with these
parameters could be developed or the requisite time scale if this goal is
set. Similarly, the 18-T choke coil requires a vigorous development effort,
but there does not appear to be any obstacle to achieving this goal,

Finally, with radial loss predominating, the biased end collector is a
simple plate to capture electrons. (Ions go out radially to the edge, then
axially to the end of the machine. An equal current of electrons escapes
through the core to the end plate}. This is pcrhaps the most elegant and
simple form of direct converter yet envisioned. This technology would be
tested at reactor-relevant scale in the upgrade.

3.2.3 Relation to FPD

If MFTF-B performs as expected, generating a 30-kV confining potential
and holding plasma particles for nearly 1 sec against radial ant axial loss,
the basis for proceeding tao Phase I of the Fusion Power Demonstration (FPD)
will have been established. In Phase I the end plug performance required for
a tandem reactor will be demonstrated. This will be a DT physics test in a
long enough machine for the center to ignite. In Phase 11 the central cell
will acquire blankets far power and tritium production to demonstrate power
breakeven and tritium self-sufficiency.

In an aggressive program, the main purpose of the MFTF-B Upgrade would be
to permit the boldest possible step in FPD by reducing the risk. It would do
this by praviding earlier operating experience on a facility having all the
elements of FPD but on a more modest scale. On the other hand, if FPD were
delayed, the MFTF-a+T woula greatly advance the tandem mirror data base and
thereby sirengthen the case for FPO when the funding picture improves.

3.3 BENEFITS TO THE FUSION PROGRAM

The scientific feasibility demonstrations expected in Tokamaks and
mirrors reflect a maturity of understanding in plasma physics and signal the
urgency to further pursue fusion technology. This technology has progressed
remarkably in order to produce, heat, and contain plasmas in the breakeven
experiments now in hand, but the nuclear technologies needed for nower
breakeven devices are in their infancy. There are two advantages to the
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fusion community in building MFTF-B Upgrade: First, the machine is an
affordable, early step toward a program to demanstrate engineering feasibility,
and, as such, will serve to focus issues and develop the programs to address
them. Second, the experience gained in building and operating the device and
in testing blanket modules should reduce risk in ETR and perhaps allow an
early start on that device,

3.3.1 Steps Toward Engineering Feasibility

Engineering feasibility has been defined as the rea.iness to build a
fusion demonstration plant (DEMD), and to some that means successfully
building and operating an ETR that reaches power breakeven and supplies its
own tritium fuet. This is an ambitious goal and one that cannot be bridged
directly from TFTR and MFTF-B. In the Tckamak program a fusion core
demonstration is thought to be required, while the mirror orogram would do
Phase I of FPD before Phase II, the ETR equivalent. The value of an early
start on such ar. znterprise is very high.

An early start provides focus and accelerates the development of the
requisite nuclear technologies. A good example is the impact that the
facility would have on the blanket and shield program. Ideas for fusion
blankets abound, and there are proponents for various concepts using different
structural materials, coolants, and breeding media. By setting a date to test
certain designs, a process of selection and development would be set in
motion, leading to the fabrication of a few chosen blanket designs.

Issues relating to siting and safety, to design standards, to operations
and maintenance, to radicactive waste disposal, and to decommissioning would
all have to be addressed at a much earlier stage than for ETR. To do so
should have enormous benefit to the program.

Finally, there is a feeling among the engineering community that it is
very important to proceed as quickly as possible to build a device with a
burning plasma for engineering purposes. Such a demonstration would be a
halimark to some that fusion is of age.
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3.3.2 Contribution to ETR

Many cunsider the ETR undertaking ta be too risky at this stage, and
although opinions may differ on the reasons, a major factor is the enginzering
complexity beyond that of present experiments. One risk is the failure to
gather the engineering data base from ETR needed to undertake a DEMO plant.
This failure could result from Jow ayailability, or because the facility is
prematurely closed for reasons of safety or inability to repair the device (at
reasonable cost) after an accident.

By the construction and operation of MFTF-B Upgrade, engineering data and
experience will be gathered on systems of a comparabie complexity to those in
ETR. Thus, on a system where only a 1% availability is demanded, we can make
a confident projection of the availability goals of ETR, which will likely be
in the 25 to 50% range. The common subsystems with ETR are superconducting
magnets, ICRH and ECRH systems, tritium facilities, instrumentation and
control, maintenance systems and facilities, waste disposal and
decommissioning, and many operational and safety aspects of the faciiity.
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4. RELATION TQ THE MIRROR PROGRAM PLAN

4.1 INTRODUCTION

The physics and technology database needed to design a thermal-barrier
tandem-mirror fusion veactor will be largely provided from operation of four
machines {TMX-U, TARA, GAMMA 10, and MFTF-B) during the 1980"s. Construction
and operating periods of these machines and the proposed schedule for a fusion
power demonstration (FPD) are shown in Fig. 1-3.

The basic physics design of the thermal-barrier tandem-mirror reactor
concept will be substantially verified in the TMX-U, TARA, and GAMMA 10
experiments. Experiments in the MFTF-B facility that will become operational
in 1986 will demonstrate scaling to plasma conditions near those of a full
scale reactor, will provide definitive information for long-time scale
processes, will pravide transport information at reduced collisionality in the
central cell plasma, and will advance development of technolegies that must be
demonstrated in the presence of confined plasma to near reactor energy and
power levels. In the scheduled 4-yr period of MFTF-B operation, the initial
configuration of this machine will be fully exploited to resolve those issues
critical to a tandem mirror reactor.

4.2 THE EXPERIMENTAL PROGRAM PLAN

4.2.1 Physics Issues to be Addressed

The demonstrations listed below include a set of physics issues and a set
of technology issues critical to development of a mirror reactor. The physics
issues are categorized under the broad headings identified in the report of
the US/dapan Bilateral Discussions (Q9, see Appendix A). The first five
topics correspond to the following critical issues for the mirror program
listed in Table 2-5 of the MFAC Panel I Report on Tandem Mirrors and Tokamaks:

e Micrpstability,

Low-frequency stability,
Thermal barriers and potential enhancement,

Axial confinement,
Radial confinement,
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s RF heating,

s Startup.

Each of these categories encompasses a set of questions fundamental to
operation of any tandem mirror in the thermal-barrier mode, as well as a set
that becomes important only as the parameter regime of reactors is approached.
The current experiments (TMX-U, TARA, GAMMA 10) wil) provide information on
the first set of these issues, with MFTF-B providing the confirmation of
scaiing to near-reactor parameters. The second set of the issues can be
uniquely addressed only by MFTF-B tecause of field configuration and
accessible parameter regime,

The more important issues to be resolved in each of the abave categories
are summarized below; further detail can be extracted from the tables of
Appendix A.

The microstability of both electrons and ion modes is of special concern
in open systems because of the non-Maxwellian nature of one or more species’
distribution function. For ions, both loss~cone and anisotropy-driven modes
have been observed in past experiments. In thermal barriers, the appropriate
ion distribution can also be susceptible to streaming-type modes. For hot
electrons in thermal barriers, both loss-cone and anisotropy-driven modes can
occur and have been observed in selected nonbarrier experiments. In theory,
high performance machines can be designed to be ejther stable to all of these
modes, or have fluctuation Jevels less than the corresponding classical
rates, Verifying and augmenting this body of theory will be an important
mission of each new generation of experiments.

Equilibrium and low-frequency stability requirements most directly impact
magnetic field design. Both d2pend on the details of the magnetic line
curvature, and both are affected by radial electric fields. For equilibria,
the principal issue is minimization of flux-tube distortion in the central
cell as a result of currents parallel to B-generated in the end regions For
stability, the issue is to maintain a configuration with separated regions of
favorable and unfavorable magretic curvature, compounded by added
destabilization due to rotation of the central cell driven by radial electric
fields. Stability will be limited to the extent that perturbations can be
localized to unstable regions. This localizatian can occur either by magnetic
line bending, as in MHD ballgon modes, or by the electrostatic ballwoning
caused by trapped particles. Ultimately, MHD and electrostatic balleoning
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place the Timits on the piasma pressure (for both modes) and communicating
density (for the trapped particle modes) that an unstable region can hold
stably. They are strong functions of the magretic and configuration design,
and the theoretical tools for this desiqn must be calibrated.

A special aspect of the question of low fregquency stability concerns the
behavior of the hot electrons in the thermal barrier, where they contribute a
majority of the local pressure. As demonstrated in EBT, their kinetic effects
can dramatically alter their low frequency behavior. The question for tandem
mirrors vary from how to correctly describe the hot electrons to how to
actively capitalize on their increased stability.

Thermal barriers and potential enhancement introduce entirely new physics
issues. Most simply, they entail generating their potential profiles by
controlling the electron distribution at the same time as the ion
distribution. The added means is selective electron heating, initially via
ECRH but possibly otherwise in some applications, raising issues of wave
penetration and deposition, avoidance of runaways, and instability. Ion
distributions will ipitially be controlled by charge-exchange on injected
neutral beams. However, assessments of this technique in reactor conditions
point out the need for alternative means, such as the use of rf fields,
particularly to prevent accumulative impurities and alpha particles in the
thermal barrier. )

Reactors require ion confinement times 50 to 100 times their g90°
scatier time, in turn reguiring a net confining potential of about 2.5 T;.
Various related means for developing the required plugging potential include
thermal barriers, potential enhancemen®, and negative operation. Each
requires different types and amounts of applied power and thus implies
different performance parameters, such as the system's overall nuclear power
gain Q. These issues, in addition to those of stability and technology
requirements, will ultimately dictate the detailed operating mode of a tandem
mirror reactor.

Radial ion and electron heat confinement must at least be comparable to
axial confinement. The radial ion ster size is controlled by the average
geodesic curvature as seen by an iun transiting the end cells. Therefore, it
depends on magnet design and alignment. However, ion drifts also play an
important rale in affecting this average so that ijon transport is a sensitive
function of the radial electric field in the transition region. Electron heat
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diffusivity in a reactor must be < BOO cmzfsec. This value is less than
present-day Tokamaks and would have been masked by axia” electron power flow
in current machines.

The dependence of equilibrium, low frequency stability, and ion radial
transport upon details of the radial electric field strongly indicate that
same form of radial potential cantrol may be called for. Techniques for this
include segmentation of end wal) potentials, such as those employed in the
rotating plasmas in Novosibirsk, as well as radial variation of power and

particle deposition in the plasma.
Radio frequency heating may play an increasing role in tandem mirror

confinement. For ion heating, it can supplement or replace neutral beams.
Its role in electric potential manipulation has been mentioned above, and at
low frequency it may prove a useful me..s for preventing jon accumulation in
thermal barriers, i.e., "pumping.”

Startup of a thermal barrier requires initiation of a low-collisionality
plasma that satisfies conditiens of micro- and MHD-stability. Their
establishment centers around formation of pl.sma in the central cell that is
alloweu to flow out axially. Dump tanks reduce thermal contact with end walls
to allow high electran temperature, Gas control, which is discussed in
Sec. 4.2.2, is critical during startup when neutral beam coupling is weak and

microwave coupling is paor.

4.2.2 Plasma Technologqy Development

Development of the following technologies requires successful
demonstrations in plasma containment experiments:
e Impurity control,
Fueling,
¢ Gas control,
e Hlternative ion pumbs,
[ ]
.

[\ ]

Direct conversion,
Active feedback control.

Impurity concentrations in energetic plasmas must be kept to low levels
to limit radiation cooling. Furthermore, in thermal barrier regions,
impuritiec also enhance the trapping rate of passing particles, which then
increases the required ion pumping and lowers Q, Effective impurity centrol
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requires very low impurity content in the neutral beams as well as effectively
preventing radial inward diffusion of impurities.

The central zel1 plasmas in TMX-U, TARA, and GAMMA 10 are fueled by gas
penetration in the radially thin fan regions. It is unlikely that this method
will be satisfactory for large, denser, more energetic reactor plasmas.
Injection of solid pellets (which has been demonstrated in Tokamaks) may be
required in future machines. However, as plasma containment in linear systems
differs from that in Tokamaks, it is necessary to demonstrate pellet fueling
in an oparating device.

Neutral gas incident on the plasma leads to energy and particle losses
and hence must be kept to suitably low density. This requirement is met by
reducing all gas sources to minimum, high speed pumping by actively rettered
panels or cryopanels, reduction of streaming gas from neutral beams and
reduction of desorption and recycling from nlasma chamber walls. Pellet
fueling may reduce unwanted gas associated with plasma fueling.

Both the inchor and transition regions of a tandem mirror system require
that the cool trapped ions be removed. Neutral beams injected at small angles
to icagnetic field 1ines are used for this purpose in TMX-U, TARA, GAMMA 10,
and MFTF-B. However, this method is ineffective for remoying impurities.
Alternative pumping methods have been proposed that do remcve both the
impurities and the cool ions. These methods may also improve power efficiency.

Direct conversion of the energy carried by 1oss of plasma from the ends
of a linear system is a standard feature of all mirror reactors. Althaugh
successful small-scale tests have verified the basic concept, there is a need
for full scale integration at high power levels in an actual containment
experiment. Direct conversion may indzed be the preferable energy removal
option in future fa.ilities.

We ant ‘cipate that active feedback control will be needed to maintain the
operating-point parameters in long-pulsed and continruously cperating reactors.

4.2.3 Alternative Geometries

The tandem mirror with thermal barriers can be realized in several
alternative forms by varying the axial magnetic field geometry and/or by
changing the axial electrostatic potential distribution. These aiternatives
could result in improved performance and the following three specific
variations are part of the present experimental plan.
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4.2.3.1 TARA, Alternative Magnetic Geometry. The TARA experiment at MIT is a
targely axisymmetric machine stabilized by relatively low-field minimum=B
cells located outboard at each end. A high-field axisymmetric cell at each
end of the central cell contains both the thermal barrier and confining
potential peak. The advantage of this geometry comes from the reduced anchor
fields and the lower anchor density required to provide MHD stability.
However, with reduced flow of central cell ions to the minimum-B anchor
regions, the details of electrostatic-ballooning (trapped particle) modes
become more important for achieving stable operation. In addition to testing
the viability of this alternative geometry, the TARA experiment will address
many of the physics and technology issues relevant to thermal-barrier reactor
concepts in general. Projected contributions from

FY 83 to 86 are listed in Appendix A,

4.2,3.2 GAMMA 10, Alternate Magnet Geometry. GAMMA 10 is an intermediate,
thermal-barrier tandem mirror experiment located in the university at Tsukuba,
Japan. In contrast to other thermal barrier facilities, the plasma has
unrestricted access to the MHD anchors. This is accomplished by forming the
positive confining potentials in circular-mirror~cells at each end of the
machine. Resonant radial transport should be minimized because the magnetic
fields are completely axisymmetric at ion turning points.

4.2.3.3 The Negative Tandem, Alternative Potential Geometry. In contrast to
the normal mode of tandem operation, the negative tandem uses a negative
central cell potential to confine central cell ions. Without changing the
magnetic geometry, the electrostatic field profile is depressed relative to
the (ground) end wall by magneticalily confined hot electrons in the plug
region, The advantages are produced by the elimination of sloshing-ion beams,
with the attendant questions of ion microstability, and lead to the
possibility of an rf-driven reactor. Variations of the negative tandem place
the central cell potential at various levels, thus controlling the radial
E-field and, hence, the cctational drive for MHD instability. Neoclassical
particle transpart is also minimized.

Initial tests of the negative tandem mode in TMX-U are scheduled for late
FY 83, with an assessment of the results due in the second half of FY 84.
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4.2.4 Experimental Program Plan

The anticipated schedule for acquisition of data from the four thermal
barrier tandem-mirror facilities is shown in Table 4-1. We obtained data for
GAMMA 10 from the report of the Q9 workshop; we obtained TARA data both from
the Q9 workshop report and DOE milestones; we abtained TMX-U and MFTF-B data
from the experimental teams working on these experiments, These data include,
but are more extensive than, published milestones.

We have subdivided the anticipated experimental results into the
following four categories:

1. Initial results (A)--This category means that a particular issue

has been identified and investigated in the machine. The outcome of
the investigation could be that the issue does not appear to be a
problem qr that it will require some means of contral.

2. Substantial verification (O}--This category is used to indicate
that a means of control over a particular issue has been demonstrated
in a given machine. The control method does not necessarily
extrapolate to a reactor, but does demonstrate a detailed
understanding of the issue.

3. Scaling ((3)--This category is used to indicate when a control method
scalable to a reactor has been demonstrated.

4. Reactor application {0)--This category is used te indicate when the
technology of a control method has been demonstrated for plasmas that
approach reactor conditions. These conditions include such things as
thermal lcading, plasma collisicnality. size, magnetic fields, power,
etc.

The mactiing on which data will be obtdined 1s identified by a fetter inside
the category symbol The key is:

A - MFTF

B - TMX-U

C - TARA

D - GAMMA 10.

Progress indicated in Table 4-1 for each issue is briefly discussed pelow.
As shown in Table 4-1, all critical physics issues will have been verified,
résolved, or controlled before the MFTF-Upgrade decision in FY 84. The
staling demonstration for all identified issues will be complete before the
FY 88 decision point an FPD and on the MFTF end plug upgrade.
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Table 4-1, Mirror program data acquisition schedule.

Physics issues FY 82 l FY 83 { FY sn° ! FY 85 ' FY 86 l Fy 87 I Y 88 I FY 89 Legend
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Microstability issues concern both electrons and ions. In FY 82 TMX-U
experiments showed that a sloshing jon distritution in the piug greatly
reduced the rf noise associated with ion microstability. Further studies of
the various modes for both electrons and ions, and then control, will be
carried out on TMX-U, TARA, PHAEDRUS, and GAMMA-10 in late FY 32 and B84.
Scaling to reactor conditions will be demonstrated on MFTF-B in FY 87 to FY 88.

Low-frequency stability issues include MHD problems such as ballooning
and interchange modes, equilibrium, trapped particle modes, and rotationally
driven instabilities. Experiments in late FY B3 and early FY 84 on TMX-U and
TARA will clarify the relative importance of various modes to tandem operation
as densities and temperatures increase. Successful control of MHD
instabilities will be shown in late FY 84; control of trapped particle
jnstabilities in FY 85. Experiments on TMX-U in FY 84 and TARA in FY 85 will
investigate the importance of rotational instabilities. Control by means of
controlling o{r) will be first demonstrated in FY £4 and more fully explored
in FY 86. TMX-U and TARA will also study the effects of parallel currents in
FY 85 to FY 8. Evaluation of trapped-particle modes will be extended to a
low-collisionality regime in MFTF in FY 87, The controllable axicell
potential in MFTF will also affect these modes through medification of the
passing density. Radial potential control at high central-cell potentials
more nearly typical of reactors will be addressed in MFTF in FY 88.

Thermal barriers and potential enhancement address the problem of
establishing the barrier and plug potential profiles, in particular the
maintenance of separated electron populations. The erection of a thermal
barrier will be shown on TMX-U in FY 83, as well as on TARA and GAMMA-10 in
FY 84. Detailed studies in FY B4 will clarify the means required to get the
desired potentials. Control of the electron energy distribution will be
performed on MFTF-B in FY 87, Issues of particular importance in the MFTF-B
parameter regime include testing of new methods of electron runaway control
and control of the spatial shifts in the microwave absorption zones due to
8 effects, relativity, and doppler shifts. Demonstration of a reactor-level
barrier and putential profile in FY 87 and FY 88 will follow.

When the central cell plasma is well-confined axially by the plug
potential, the dominant loss channel becomes radial tramsport. Radial
transport can be reduced by, for example, reducing the fraction of central
cell jons that traverse quadrupole regions and by reducing the radial
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potential gradient. TMX-U will begin by measuring radial transpart under
conditions of good axial confinement in late FY 83. In FY 84 TMX-U and
GAMMA-10 will investigate reducing the radial transport by decreasing the
radial potential gradient. Installation of throttle coils on TMX-U in FY 84
will demonstrate the effect of increasing the central cell confining mirror
ratip, with azimuthal symmetry. The *rim coils in MFTF-B will be used in late
FY 86 to investigate the effect of varying radial step - -=. MFTF will verify
radial transport scaling at low collisfonality and wil demonstrate control by
varying the passing-density with the axicell potential. The effects of radial
potential control on radial transport will be extended to near-reactor levels
in FY 88.

A1l of the present generation of tandem machines will begin studying
axial confinement in FY 83. TMX-U will complete this phase with power Lalance
measuyrements by the end of FY 84. When the throttle coil is installed gon
TMX-U, axial confinement of high energy jons will be affected directly, and
the decrease of passing jons should allow the plug and barrier to be aperated
more efficiently and/or at higher potentials. Characterization of the
operation with throttle coils will be completed with power balanre
measyrements by the end of FY 35.

The avaitability of the axicell becms and pump beams for fueling the
central cell gives MFTF-B the ability to vary fi(E) in the central cell more
directly. The resulting effect on axial confinement and the scaling to
reactor conditions of al) the parameters invalved in axial confinement will be
accomplished in FY 87. Relevant technalogies for reactor application,
including pellet fueling and ICRH in the central cell, will be demonstrated in
FY &89,

The rf heating is required for a number of reasons: tao magnetically trap
electrons to establish the thermal barrier, to heat electrons to enhance the
plug potential, to heat ions in the central cell ouring low density startup,
and to maintain the central cell jon temperatures in steady-state operation
when coid ions are a significant portion of the feedstock. TMX-U obtained a
magnetically confined hot electron population in early FY 83, and will
demonstrate both the use of ICRH during startup and the use of ECRH to
estahlish = thermal barrier in FY 84, TARA and GAMMA-10 will also begin
investigating both ICRH and ECRH in this same period. Use of rf heating of
electrons and jons at reactor conditions will be demonstrated on MFTF-B in
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FY 87, while full qualificacion for reactor application will be accomplished
by the FY 89 experiments involying the fuéling mentioned above.

Thiermal barrier startup fs perhaps the most difficult part of tandem
mirror operation, as power regquirements are at their peak, losses highest, and
stability most precarious. TMX-U is currently developing the procedures
required to obtain startup, which should be complete in FY 83. TARA and
GAMMA-10 will also begin similar investigations in FY 83. Longer microwave
power durations will extend the range of startup studies in FY 85 and FY 86.
Beginning in FY 86, MFTF-B will apply the startup techniquas already
developed, as well as pursue techniques peculiar to its owr. configuration.
Scaling to reactor conditions will be accomplished by the end of FY 87, and
verification of all the technolgies required will be done in FY 89.

Identification of impurity content in TMX-U began in early FY 83 and will
continue during thermal barrier experiments. The first tests of the controi
07 ruygen impurities from the beam will occur with arc-box gettering later in
FY 83, and the results will be summarized and reported in FY 84, Beyond this
expected order-of-magnitude improvement, a further reduction of impurities
from the beam will occur in MFTF experiments in FY 87 using magnetically
Separated beams.

Gas-box fueling tests have already been accomplished in TMX-U, Because
gas~box fueling is expected to be ineffective for large-radius, high-density
plasmas, we plan to investigate alternative ¥ueling techniques. Pellet
injection tests would start in TMX-U in FY 85, with control demonstrated by
FY 87. Pellet fueling with rractor-1ike parameters will be done in MFTF-B in
FY 89.

Gas control techniques become more jmportant as the thermal barrier
permits operation with low density in the anchor. Technigues for contrpiling
gas streaming from neutral beams will be tested in TMX-U in FY 85, with
substantial verification to be accomplished later that year. Halo drive tests
to improve gas attenvation will commence in FY 86 and continue into FY 87.
These tests will include halo rf stoppering to improve gas and power
efficiency.

Proposed alternative jon pumps will be tested in the TMX-U facility in
FY 85 and FY 86. Any successful designs will subsequently be scaled to
reactor plasmas.,
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electrons arising from radial transport will be started in TMX-U in FY 87,

with

parameters in a steady-state reactor, tests of feedback control will begin in

FY 89 in MFTF-B. Control techniques applicable to reactor operation will be

Direct converter tests based on the radial separation of ions and

control demonstrated in FY 88.
Anticipating a need for automatic maintenance of operating-point

demonstrated by late FY 89.

4.3 TECHNOLOGY DEVELOPMENT FOR MIRRORS

4.3.1

Needs

The technology development needs of tandem mirror reactors are shown in

Table 4-2, extracted from the National Mirror Fusion Program P]an.]

Developments needed for MFTF-8 Upgrade are, in most cases, in between the

present state of the art ind those needed for a reactor.

4.3.2 Plan for Development

documents, the National Mirror Fusion Program Plan (P]an)i and the Fusion
Technology Development Plan (FTDP).2 The Plan is specific ta mirror needs

The general plan for technology development is described in two

while the FTD? discusses all planned technology development sponsored by the
Developmert and Technology (D&T) division of the Office of Fusion Energy

» including nuclear technology. Tie following is a brief cutline of the
present plans and w°th an indication of how they would fit the needs of MFTF-B

{OFE}

Upgrade.

A. High-field magnets.

Tandem mirror reactor performance depends strongly on the fields
obtainable in the barrier coils. The MARS reactor design uses

24-T coils. Because these coils are relatively small and

circular, fields up to 24 T are feasible using a combination of
superconducting coils and a copper insert. This will require
development of both copper inserts and superconducting coils to
as high a field as practical. At these field levels, mechanical
stress is a critical issue. Because the copper coil acts as a
neutron shield for the supercanducting cofl, radiation damage to

the insert aad its insulat.u. is 2 major concern.
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Table 34-2. Technology development needs of tandem mirror reactors.

THX=0 TARA WFTF-B ¥FTF-B Upgrade FPD MARS
Neutral Accel.potentfal{kv) 17 20 30, 80 R0 200 4752 4752
beams Current/module (A} 50 &0 30, 50 70 5 10 10
Duration 75 ms 30 ms 30 sec Cont., Cont. Cont. Cont.
Ton base Positive Positive Positive Neg. Neg. Neg. Neg.
Magnets Cenductor Cu Cu Nb3Sn,NbTH  NbT{,NbaSn,Cu Cy, Nb3Sn Cu,Nb3Sn
Brax(T} 2 3 12 18 208 249
Electron- Frequency {GHz) 28 28 28,35,56 35,56 8438 843
cyelotron = = = e = - - - - - - .- R I R R m e e e ames e s sss s aaaaea
resonant Power {kW) 200 200 200,200,200 200,200 1000 1000
heating = - - - - - - o e e o - o e ke e e h hm s m 4 e s M D - DD - e Em e e s s e meas e
Duration 75 ms D ms 30 sec Cont, Cont Cont.
Direct Test No Test Yes Yes Ye
converters
Tritium No No No Yes Yes Yes
handling
Vacuum Gettering Gettering Gettering LHe panels LHe panels LHe panels
techrelogy LN panels  Plasma pump LHe panels  (cont.) (cont,) {cont.)
LYs panels
Materials Neutron None Hone Woderate Reactor Reactor Reactor
and dose environmant environment environment
radiation {low fluence}
4amage = - - - - - s e s e e = e e m = Emwmm= .- — e o e .- O T
Energy HA HA 2.5 Mev 14Me¥ 14 Me¥ 14 Mey
Radiation ) tone Nane Minis 1 Moderate ATl materials All materials
damage subject to subject to
damage damage

sPreliminary values.
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The magnet deve1opm§nt program presently planned stresses
high-field conductor development with a goal of demonstrating
feasibility of up to 16-T coils by FY B6 through 88. With
devetlopment effort on copper inserts, the 18-T needed by MFTF-B
Upgrade should be available. There is also interest in an
international collaboration involving the Kernforschungszentrum
(KFfK) in Karlsruhe, Federal Replublic of Germany, to develop 18-T
coils that would be compatible with a subsequent installation
into MFTF-B Upgrade.

High energy neutral beams.

With the successful demonstration of the 30-sec 80-keV beams for
MFTF-B and the 120-keV TFTR beams, work on positive-ion-based
neutral beams will diminish. The neutral beaw plan concentrates
on negative-ion-based beams with a demonstration of a 200-keV,
5-A system in FY 84 or 85. These beams will be suitable for the
upgrade in the planned program, and will meet our requirements in
a timely way. Continued development should improve the
performance of these beams.

Microwave power sources.

The present gyrotron development program will meet upgrade needs
in the near future with 60-GHz continuously operating gyratran
tubes, The larger-unit-size (1-MW) higher-frequency devices
planned are necessary for FDP and a MARS-type reactor.

Particle control.
Particle control is a broad term including vacuum maintenance,

Tfueling, and dealing with the plasma flowing out the ends of a
tandem mirror. MFTF-B Upgrade will be significantly different
from MFTF-B in two areas: (a) the continuous operation (hours)
will bring the reflux from the walls into equilibrium; (b) the
presence of T2 will limit the amount of gas that can be trapped
and held. Both of these factors will impact the design and
require some kind of continuous pur ing, e.g., cyclicaily
degassed cryopumps. Gettering will probabiy not be feasible.
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The current development and technology program is very weak in
this whole area with the possible exception of peliet 7. eling
technology. A substantial upgrading of the pragram would be
recessary to accommodate the upgrade's needs., Substantial

amounts of information couid also be obtained on TMX-~U and MFTF-8.

Nuclear technology.

Tritium handling technolngy developed by the design and operation
of TSTA will be sufficient for MFTF-B Upgrade operat" a.
Development of the remaining nuclear technology is not a critical
issue for the upgrade, but its avaitlability would Tead to
substantial changes in the program because availability of this
capability was not anticipated when the FEDP and Mirror Plan were
written.
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5. COST AND SCHEDULE

. The three options described in Sec. 2 are costed here, and a discussion
of the schedule is given. The projects are described by a work breakdown
structure for purposes of definition and costing. A1l costs given in this
section are mid-1983 dollars and include all direct, indirect, and contingency
costs for the projects.

5.1 THE LLNL PREFERRED QPTION (a + T)

5.1.1 Work Breakdown Structure (WBS)

The work breakdown structure follows the recommendations of a Battelle
Laboratory study of WBS accounts for fusion. Table 5-1 lists these accounts
at level 4, although costs were estimated at a lower level,

5.1.2 Unescalated Cost

In arriving at the cost for this option, we used equipment and facilities
from MFTF-B, either as-is or modified to the fullest extent. The costs
presented here represent the added cost for modifications and new equipment to
construct the upgrade. Credits for facilities, cryogenics, vessels,
electrical gear, utilities, control systems, and diagnostics are significant.
The total value of this contribution is estimated to be $270M in mid-1983
dollars.

In Table 5-2 the estimated cost is given for tie WBS accounts. Account
22.071 for Reactor Equipment is summarized at level 3, while all other accounts
are at level 2. These costs include all but project management, systems
engineering, and contingency, estimated at 5%, 4%, and 25%, respectively, of
all sub-element totals, which are added separately. Each sub-element includes
component engineering, fabrication, installation, and checkout. Project
management covers QA and safety, financial and technical management,
scheduling, planning, and documentation. Systems engineering includes overall
configuration design and systems integration. Wz have also looked at the
possibility of placing the upgrade on a different location at LLNL adjacent to
the existing facility but still taking advantage or the MFTF hardware. This
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Table 5-1. Work breakdown structure accounts--MFTF-ctT.

Account Description
21.00. Structures and facilities
0.01 Reactor vault upgrade
(.02 Hot cell building
0.03 Tritium building
0.04 Ventilation stack
22.01 Reactor equipment
22.01.01 VYacuum vessel upgrade
0.01 BT axicell
0.02 Solenuvid cell upgrade
.03 FnAd cell upgrade
22.01.02 Shield and first wall
0.01 DT axicell shield
0.02 Central cell shield
0.03 End cell shielu
0.04 DT axicell first wall
0.05 Central cell first wall
22.01.03 Magnets
0.0 New DT axicell background coils
0.02 New DT axicell choke coils
0.03 New end choke coils (east and west)
0.04 New transition coils
0.05 New plug coils
0.06 New dr ~0ils
0.07 Remove existing coils
22.01.04 Heating and fueling
0.0 Centiral cell beams and beamlines
0.02 Particle fueling
0.03 Anchor cell ICRH upgrade
0.04 ECRH relocation
0.05 Negative ion sloshing beam
0.06 New anchor ICRH
0.07 Drift pumps
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Teble 5-1. (Continued.)

Account Description
22.01.05 Support structures
0.01 End cell supports
0.02 New fueling injector supports
0.03 New end cell neutral beam supports
0.04 New end cell shield supports
0.05 Centra?l cell support upgrade
0.06 New central cell team support
0.07 New bea.n dump support
22.01.06 Vacuum cystem
0.01 Ena dump
0.02 DT axicell beam dump
0.03 Plug sloshing beam dump
0.04 End cell cryopanels
22.01.07 Power sunplies
0.0t Ltarge S5/C solenoid power supply
0.02 Copper coil power supply
D.03 NBI power supply upgrade
0.04 Low frequency RF power supply upgrade
0.05 ~ ICRH power supply upgrade
0.06 ECRH power supply upgrade
0.07 200 kV neg. jon beam power supply
0.08 End cell coil power supplies
22.01.08 Direct converter
0.07 Insulator
0.02 Cables
0.03 Load resistors
0.04 Regulators
0.05 Controls
0.06 Miscellaneous
22.02 Heat transport systems
0.0% Reactor heat vemoval upgrade
0.¢2 Heat rejection upgrac:
22.04 Radwaste system
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Table 5-1. (Continued.)

Account Description

22.05 Fuel processing system
0.01 Fuel purification and preparation
0.02 Water cleanup system
0.03 Atmospheric detritiation system
0.04 Other tritium processing systems
0.05 Data acquisition system

22.06 Maintenance system

22.07 Instrumentation and controls upgrade
0.01 Superconducting coil I & C
0.02 Copper resistive coils 1 & C
0.03 Data acquisition instrumentation
0.04 Supervisory controls
0.05 Test cell diagnostics I & C

24.20 Electrical system
0.0} Pulsed power substation upgrade
0.02 Facility power upgrade
0.03 Tritium facility power

25.00 Balance of plant
0.01 Bulk materials and supplies
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Table 5-2. MFTF-otT costs--mid-1983 K3.
Account System alpha + T
21.00 Structures and facilities 23750
22.01.01% Yacuum vessel 7380
22.01.02 Shield and first wall 14425
22.01.03 Magnets 58228
22.01.04 Heating and fueling 43037
22.01.05 Support structures 2120
22.01.06 Vacuum system 18100
22.01.07 Power supplies 9766
22,01.08 Direct converter 3000
22.02 Heat transport 6250
22.04 Radiation safety 515
22.05 Fuel process 40375
22.06 Maintenance 35125
22.07 Instrumentation and control 6518
24,00 ac electrical power 13025
25.00 Balance of plant 13000
Total direct cost 294,614
System engineering (4%) 11800
Management (5%) 14730
Sub-Tatal 321,144
Contingency {25%) 80286
Total cost 401,430

-141-



approach would provide a more optimum facility for housing the upgrade and
might have some scheduling advantage because of greater decoupling from the
MFTF-B experimental program. By our estimate this Scheme would add about
3200M to the overall cost while not appreciably shortening the schedule and is
therefore not considered an advantage to the program.

5.1.3 Scheduie and Cost Profile

Figure 5-1 contains schedule of activities to show how the upgrade could
be canstructed. We imposed two constraints on scheduling: a cost profile
based on 1imited funding during the years of MFTF-B operations, and a physics
checkpoint in the first quarter of FY 88 to canfirm the projected performance
of the end plugs. Until that time no activities specifically pertaining to
the end plugs are planned except for design and systems integration. The
early years of the praoject are devoted to design, central cell construction,
and facility modifications that will be required even if the end piugs are
unchanged.

Although this forces the funding level ta peak Tate in the project, such
a funding profile is workable. Table 5-3 gives the construction funding
profile used for scheduling. Completion in mid FY 92 is projected.

Table 5-3. Construction budget schedule for the preferred option {a + T).

Total

Fiscal year 86 a7 88 89 90 91 g2
Construction budget {§M) 15 20 50 60 100 100 56 401

5.1.4. Impact of Delayed Start

A delay in starting the MFTF-o+T Upgrade until MFTF-8 has operated and
yielded data that could trigger a decision on the upgrade would resuit in a
3-yr siip in the completion date. We assume construction would not begin, at
the earliest, until FY 89 if FY 88 data were needed. Operation of MFTF-B
could continue until the end of FY 90 and the upgrade would not be completed

until mid FY 95.
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Fiscal year 86 87 a8 89 2 97 22
Construction budget $M 15 20 50 60 100 100 55
Tritium process YDDDDDDL S l T
PPPPRPAPRPR
T IITI ITI1T1II1 IIT l
+ T
Vault mods DODOD! |
FFFF 1 FFFFFFF ]
Maintenance pooopoog | LDDD |
ALLLETLEA LS
Hot cells 1 T
ot ce Jalaluale
I FFEFFFFFFFEF \
Heat transport DDy DbODDY nFa b
rrerE Ly PPP P
FFFFFFF] FFFFFFE l
LJIILITL LTLJ:i
Axicell coils [a]nin|eulu)) I 1
(i el o ol o ol o ol i i € e
FEFFFFFF - ,,
| 111y |
Axicell beamlines PRODDDDEDDD =4= |
PRPFPP
FFFFFFFFFFF
T rrrfrzry
Axicell shield DDbny DDF A Fl
1 IIII'
External end cefl shield  PooD i YDODDDD! - I
i |
Central cell shield l DDDDOD I )
FFFFFFFF !
l IPI
AC power DDDOPD t
FPPPPPPP
1 ITTII Y
Physics (:c:smpletiunx
verification

Comments on the schedule:
1. Dverall system conceptual design and central cell requirements are
completed in FY 85,
2. Some noninterfering modifications and additions to the MFTF-B
facility are scheduled to occur during the operational period of FY
86 through FY 89.
3. MFIF-B is assumed to shut down at the end of FY 89 and the facility
made fully available for modification.

Fig. 5-1. MFTF-a+T construction schedule.
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fjfTLyear 86 87 88 89 __99_____A9]____ 92
Construction budget $M 15 20 50 60 100 100 5
Vacuym pumping hooo I oooc T
l LU e )
| FFFFFFFF |
_____ L II7] IIE]-
RF I DDDDODD ]
ey FrrErperT l
o J IIIIIII#_
- 1 - - =7
Direct converter I DD
FFFFFF
o ] 111
200-keV beamlines DDDOPDDDDEDLE 3
l PPPRFPPP [
FFFFFFFEFF
_____________ l IIIq
Plug magnets | oooobooo [ |
rerr rr i
| FFFFFFEFFFAFFFH
— . TIITIII]] |
Plug shield I aoog -T -
I FFFFFFF I
_ 1 IIL]] -L
Drift pumps I DDDDDDD h I 7
| FFF
o LIrT
Vacuum vessel hDoD | oooohooo “| ]
FFPFP PPPPPP i
FFFF EFFFFF
j IIII] K
-------------- Z B O
D = Dusign ) Physics Completion
P = Purchase long lead items verification

F = Faprication
I = Install and check out

4, High field choke coil and 200-keV negative ion beam development are
assumed to be provided by the D&T program.
5. Drift pump design data are to be provided by the TMX-U and MFTF-B
experimental program.
6. Detail design of the end plug upgrade or central cell only upgrade
will be triggered by data available in the first quarter of FY 88.

Fig. 5-1. {Continued.)
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5.2, THE MFTF-B+T UPGRADE

5.2.1 Wark Breakdown Structure

The work breakdown structure for the central cell (Table 5-4) upgrade is
a duplicate of the preferred option with the ommission of unneeded systems.

5.2.2 Unescalated Cost

The costing for the central cell upgrade option (B+T) as shown in
Table 5-5 is extracted from the unit costs for MFTF-a+T. The total cost is
less because the new plugs of a + T are not incorporated in this design.
The principal cost differences result from the savings accrued by not
incorporating aow plug coils and 200-keV negative ion beams. Some cost
increases result from the additional 80-keV beams and added gas load required

for this option.

5.2.3 Schedule and Cost Profile

The overall schedule will be the same as for MFTF-a+T. The principal
difference is iu the emphisis and scope of work that would accur after the
physics are confirmed in the first quarter of FY 88. The work on the end
Plugs would consist of modifications such as adding shielding to the existing
end plugs. The other systems are essentially identical to their counterparts
in MFTF-a+T with slight changes to accommpdate the different parameters.

The early cost profile of course is the same as that of MFTF-q+T.
Beginning in FY 89 the funding vegquired is reduced to match the lower tota)
cost of this option. The overall cost profile is shown in Table 5-6.

5.3. THE MFTF-a UPGRADE

5.3.1 Work Breakdown Structure

The work breakdown structure for this option is shown in Table 5-7. It
extracts the necessary subsystems from the WBS structure of the MFTF-otT
Lpgrade.
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Table 5-4. Work breakdown structure accounts~-MFTF-B+T.

Account Description
21.00. Structures and facilities
0.01 Reactor vault upgrade
0.02 Hot cell building
0.03 Tritium building
0.04 Ventilation stack
22.01 Recctor equipment
22.01.01 Vacuum vessel upgrade
g.01 0T axicell
0.02 Solenoid cell upgrade
0.03 End cell upgrade
22.01.02 Shield and first wall
0.0 DT axicell shield
0.02 Central cell shield
0.03 End cell shield
0.04 DT axicel) first wall
0.05 Central cell first wall
22.01.03 Magnets
0.01 New DT axiceli background coils
0.02 New DT axicell choke coils
0.03 Remove existing cails
22.01.04 Heating and fueling
0.01 Central cell beams and beamlines
0.02 Anchor cell ICRH upgrade
0.03 Added pump beams

-146-



e ey

Table 5-4. (Contin =d.)

Account Description
22.01.05 Support structures
0.01 End cell supports
0.¢02 New fueling injector supports
0.03 New end cell neutral beam supports
0.04 New end cell shield supports
0.05 Central cell support upgrade
0.06 New central cell beam support
0.07 New beam dump support
22.01.06 Vacuum system
0.01 End dump
0.02 DT axicell beam dump
0.03 Plug sloshing beam dump
C.04 End cell cryopanels
22.01.07 Pawer supplies
0.01 Large $/C solenoid power supply
0.92 Copper coil power supply
0.03 NBI power supply upgrade
0.04 Low frequency RF power supply upgrade
6.05 " ICRH power supply upgrade
0.06 ECRH power supply upgrade
0.07 200-kV neg. ion beam power supply
0.08 End cell coil power supplies
22.01.08 Direct converter
0.01 Insulator
Q.02 Cables
0.03 Load resistors
0.04 Regulators
0.05 Controls
0.06 Miscellaneous
22.02 Heat transpart systems
0.01 Reactor heat removal upgrade
0.02 Heat rejection upgrade
22.04 Radwaste system
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Table 5-4. (Continued.)

Account

Description

22.05
0.01
0.02
0.03
0.04
0.05

22.06

22.07
0.01
0.02
0.03
0.04
0.G5

24.00

0.01
0.02
0.03
25.00
0.01

Fuel processing system
Fuel purification and preparation
Water cleanup system
Atmospheric detritiation system
Other tritium processing systems
Pata acquisition system
Maintenance system
Instrumentation and controls upgrae
Superconducting coil I & C
Copper resistive coils [ & C
Datz acquisition instrumentation
Supervisory controls
Test cell diagnostics [ & C
Electrical system
Pulsed power substation upgrade
Facility power upgrade
Tritium facility power
Balance of plant
Bulk materials and suppiies
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Table 5-5. MFTF-B+T costs--mid 1983 K3.

Account System B+T
21.00 Structures and facilities 23750
22.01.01 Vacuum vessel 7380
22.01,02 Shield and first wall 11000
22,01,03 Magnets 18329
22.01.04 Heating and fueling 46000
22.01.05 Support structures 1500
22.01.06 Vacuum system 18000
22.01.07 Pawer supplies 6766
22.01.08 Direct converter 1000
22.02 Heat transport 7000
22.04 Radiation safety 515
22.05 Fuel process 40375
22.06 Maintenance 35125
22.07 Instrumentation and control 6518
24.00 ac electrical power 11025
25.00 Balance of Plant 11000
Total direct cast 245283

System engineering (4%) 9811

Management (5%) 12264

Sub-Total 267358

Contingency {25%) 66840

Total cost 334198
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Table 5-6. Construction budget schedule for the MFTF-B+T.

Totat

86 87 88 89 90 91 92
a0 90 59 334

Fiscal year
Construction budget ($M) 15 20 30 a0

i
t
|
3
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Table 5-7. MWork breakdown structure accounts--MFTF-a.

Account Description
; 21.00. Structures and facilities
‘o 0.01 Reactor vault upgrade
: 0.02 Hot cell building
. 0.03 Tritium building
0.04 Ventilation stack
22,01 Reactor equipment
22.01.01 Vacuum vessel upgrade
0.01 End cell upgrade
22.01.02 Shield and first wall
0.01 Central cell shield
0.02 End ceil shield
0.03 Central cell first wall
22.01.03 Magnets
0.01 New end choke coils {east & west)
0.02 New transition coils
0.03 New plug coils
0.04 New dc coils
0.05 Remove existing coils
22.01.04 Heating and fueling
0.01 Pellet fueling
G.02 Anchor cell ICRH upgrade
0.03 ECRH ralocation
0.04 Negative ian sloshing beam
0.05 New anchor ICRH
0.06 Drift pumps
0.03 Added pump beams
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Table 5-7. (Continued.)

Account Description
22.01.05 Support structures
0.01 End cell supporcs
0.02 New fueling injector supports
0.03 New end cell neutral beam supports
0.04 New end cell shield supports
0.05 Central cell support upgrade
22.01.06 Vacuum syscem
0.01 End dump
0.02 Plug sloshing beam dump
.03 End cell cryopanels
22.01.07 Power supplies
0.01 Copper coil power supply
0.02 Low frequency RF power supply upgrade
0.03 ICRH power supply upgrade
0.04 ECRH power supply upgrade
0.05 200-kV neg. ion beam power supply
0.0€ End cel’ coil power supplies
22.01.08 Jirect converter
0.01 Insulator
Q.02 Cables
0.03 Load resistors
0.04 Regutators
0.05 Controls
0.06 Misceltaneous
22.02 Heat transport systems
0.01 Reactor heat removal upgrade
0.02 Heat rejection upgraae
22.04 Radwaste system
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Table 5-7. {(Continued.)
Accaunt Description
22.05 Fuel processing system
0.01 Fuel purification and preparation
0.0?2 Water cleanup system
0.03 Atmospheric detritiation system
0.04 Other tritium processing systems
0.95 Data acquisition system
22.06 Maintenance system
22.07 Instrumentation and controls upgrade
0.0 € zrconducting coil ] & C
0.02 Copper resistive coils [ & ¢
0,03 Data acquisition instrumentation
0.04 Supervisory controls
0.05 Test cell diagnostics [ & ¢
24.00 Electrical system
0.01 Pulsed power substation upgrade
0.02 facility power upgrade
0.03 Tritium facility power
25.00 Balance of plant
0.01 Bulk materials and supplies
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5.3.2 Unescalated Cost

This option was costed from estimate of subsystems in MFTF-o+T. In
Table 5-8 these costs are listed according to the WBS categories given above,
but summarized at level 2 in mid-FY 83 dollars. The total cost is §267M.

5.3.3 Schedule and Cost Profile

Unlike the other two options, MFTF-a would have a project start date of
FY 89 because there is no rationale for an early start as with the nuclear
insert. We would construct this option in about 5 yr and require a $20M/yr
increment fo the mirror base budget starting in FY 89.

5.4 OQOVERALL PROGRAM BUDGET REQUIREMENTS

5.4.1 Program Elements

Puring the 1980's the mirror base program will be funding TMX-U, TARA,
and MFTF-B as its major facilities as well as supporting devices like
Phaedrus, STM, and other smaller machines. TARA is expected to operate into
the 1990's, while TMX-U might phase out in the late 1980's. In the upgrade
planning we assume MFTF-B gperates thraugh FY 89 befare shutting down to

incaorparate modifications.

5.4.2 MFAC Budgei Guidance

The overall mirror program funding regquirements were 1isted in the MFAC
panel report on tandem mirrors and Tokamaks, so this section ties the upgrade
funding requirements to these envisioned earlier. Tabies 3-30 and 3-11 from
the panel report give the relevant information, and they are repeated here as
Tables 5-9 and 5-10. These tahbles show projected funding for the Mirror Base
program, the Support Base in APP and D&T, and the increment needed for the
sp-called “Program-Driven" Case.

Section 1 of this report gave the cost profile for MFTF-a#T and
compared it to the Mirror Base profile of $108M/yr beginning in FY B5. Note
that the yearly increment (FY 85 through B7) of 315 to 20 M needed to build
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Table 5-8.

MFTF-a costs.

Account System
21.00 Structures and facilities 20000
22.01.01 Vacuum vessel 5000
22.01.02 Shield and first wail 10000
22.01.03 Magnets 40700
22.01.04 Heating and fueling 25000
22.01.05 Support structures 1500
22.07.06 Vacuum system 5000
22.01,07 Power supplies 5000
22.01.08 Direct converter 3000
22.02 Heat transport 5000
22.04 Radiation safety 515
22,05 Fuel process 29000
22.06 Maintenance 24000
22.07 Instrumentation and control 6518
24.00 ac electrical power 8000
25.00 Balance of plant 8000
Total direct cost 196233
System engineering (4%} 7849
Management (5%) 9811
Sub total 213893
Contingency (25%) 53473
Total cost 267367
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Table 5-9. Tandem mirror budget {in §M's, constant $>84).
(MFAC Table 3-10, Ref. 1, Sect. 1).

Fiscal year

82 83 B84 85 86 87 88 89
Mirror base
MFTF 48,7  46.0% 51. 61.0 61.0 61.0 61.0 61.0 i
Other LLNL 20.7 23.5 30.6 30.0 30.0 30.0 30.0 30.0
Non-LLNL 8.1 12.0 15.0 17.0 17.0 17.0 17.0 17.0

77.5 81,5 106.6 108.0 108.0 108.0 108.0 108.0

Support base
APP 5.9 4.9 5.5 6.2 7.0 8.0 9.0  10.0 ‘

D&T 7.0 10.8 14.5 18.0  19.5 22.0 19.0 19.0 ‘
11.9  15.7 20.0 24.2 26.5 30.0 28.0 29.0 i

increment for program-driven case

To maintain MFTF schedule” 9.0 9.0 5.0
MFTF-Upgrade 1.0 1.0  20.0 20.0  20.0 ]
Confinement 6.0 10.0 10.0 10.0 10.0 10.0 @
FPO/ETR 2.0 7.0 12.0 150.0 250.0 3
Mirror D&T 4.0 7.0 1.0 14.5 15.0  15.0
Other D&T (includes TDF) 21.0 110.0 165.0 170.0 175.0 140.0

50.0 149.0 213.0 226.5 370.0 435.0

Sneeds $15 M in FY 83 to maintain schedule at given FY 84 level; see Table 3-14.
bAssumes 46.0 only in FY 83; see Table 3-14.
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Table 5-10. Tandem mirror confinement program (in §M's, constant $>84).
(MFAC Table 3-11, Ref. 1, Sect. 1).

Fiscal year

82 83 84 85 86 87 88 8%
LLNL programs?
TMX-U/S 18.7 21.9 29.0 29.0 29.0 29.0 29.0 29.0
Advanced systems 0.5 0.6 0.7 0.3 1.0 1.0 1.0 1.0
HVTS 1.5 1.0 0.9 0.7
20.7 23.5 30.6 30.0 30.0 30.0 30.0 30.0
Other programs
TARA, MIT 5.1 8.5 1.0 11.0 11.0 11.0 11.0 11.0
Phaedrus,
U. of Wisconsin 1.2 1.4 1.4
STM, TRHW 1.2 1.5 1.5
4.0 4.0 4.0 4.0 4.0
MMX, UCg 0.35 0.5 0.5
LAMEX, UCLA 0.1 0.1 0.1
Other 0.45 0.4 0.5 2.0 2.0 2.0 2.0 2.0
8.1 12.0 15.0 17.0 17.0 17.0 17.0 17.0

2 xcluding MFTF.
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the upgrade is consistent with the MFAC projections (in FY 85, a 46 M
increment to maintain the MFTF+B schedule is listed in Table 1«4 of Sec. 1 as
a base program cost and in the MFAC table as an increment}. Beginning in

FY 88 the increment increases to $40M/yr to complete the upgrade by mid-FY 92.
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6. INDUSTRIAL RCLE IN MFTF-UPGRADE

Since the Mirror Fusion Test Facility (MFTF) construction project was
started in October 1977 at LLNL, we have had a policy of doing as much work as
practical using industrial capabilities. A large fraction of the construction
Praject money was placed with industry, primarily in the form of performance
contracts, including design, construction, and testing of major companents.
Nearly $200M in contracts each over $IM was spent in industry, with 20
contracts in the §1 to 5 M range, 7 in the §5 to 20 M range, and 3 over §20M.

LLNL is currently taking an additional step with industry for a cost-
sharing participation in plasma heating and diagnostics systems for MFTF. The
efforts also allow an oppartunity for the company to gain direct experience in
operational aspects of fusion by performing the integration and test operations
of the components provided, Teading to an expanded industrial capatility.

In the future, the MFTF-Upgrade will proceed in a similar manner with
evolution towards greater industrial responsibility. Larger system
fabrications and system integration functions will be encouraged. This method
could evolve to an industrial participation in the next large mirror machine,
Fusion Power Demonstration/Mirror Engineering Test Reactor {FPD/METR), similar
to that previously envisioned for the Center for Fusion Engineering. While
this would be a mirror-specific endeavor, it would accomplish many of the
objectives sought by the Engineering Act of 1980.

We can imagine that the MFTF-Upgrade at LLNL could lay the basis for a
FPD/METR at a new site evolving from a lead laboratory and a strong industrial
team, This iransition ¥rom a program based on scientific research and
deveiopment to one that includes major engineering objectives has been endorsed
by the scientific community, the Congress, and the Department of Energy.
Indeed, the fusion program is now turning from research--characterized by a
step-by-step evolution--to engineering development, which is characterized by
definite goals and complex and highly integrated programs. Such a program
requires a strong central management organization capable of technically
understanding and directing the program.

The final organization could take many forms. It could remain affiliated
With the host laboratory or it could become an independent single-purpgse
national laboratory, either with its own independent board of directors or
under a parent company, university, or consortium. A governing principle
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should be that the organizational transition take place with a minimal
disruption of the functioning of existing technical teams and technical work.

Strong involvement of industry woulid be a major goal, which offers
opportunities for continuing involvement that will help prepare industry for

the commercial development of fusion.
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APPENDIX A .
Report of the US-Japan Bilateral Discussions {Q9)
on the Coordination of Experimental Plans
(GAMMA-10, TMX, TARA, Phaedrus),
November 7 to 10, 1982

The experimental data base that is required for the design of a thermal
barrier tandem mirror (TBTM) reactor can be broken into several distinct
areas. Each of these requires demonstration under present laboratory
conditions and requires a supporting, validated theoretical base that permits
scaling to reactor conditions. By the late 1980's, this scaling should have
been verified by the performance of MFTF-B or other high performance machines
that become operational.

Beyond these issues associated with the basic thermal barrier tandem
mirror, there are several avenues for improved performance of the same
confiwration or for alternate modes of tandem mirror operations. Again, each
of these ideas needs to be tested in present-day machines and theoretically
analyzed and evaluated.

The issues for the TBTM reactor are given below in summary form, and more
aetail is given in Tables 1 through 7. .

Microstability
The TBTM requires maintenance of the anisotropic and loss-cone ion and

electron distributions with fluctuation levels having induced scatter rates
not significantly increased over their classical values.

Low Frequency Stability

The TBTM requires maintenance of a magnetic geometry that is stable to
curvature- and rotation-driven modes at B-values compatible with reactor
parameters,
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Thermal Barriers and Potential Enhancement

A tandem mirrov reactor with economically attractive recirculating power
requires production of the plugging potentials at reduced plug densities by
means of seiective particle control in the end cells. The thermal barrier
with charge-exchange pumping is the best developed technique, although
alternative techniques are currently being pursued with the aim of reducing
complexity and power requirements,

Axial Confinement

The TBTM requires an axial confinement nt-value of 50 to 100 times the
nT-value for ion-ion scatter in the central cell with good electron thermal
jsolation from material end walls maintained. This must be demonstrated at
parameters such as density and temperature that are relevant to reactor

cperation.

Radial Confinement

The TBTM requires a particle radial corfinement time against all
transport precesses wnich is comparable fo or greater than the above axial
confinement time. Such a level of particle transport is sufficient for
removal of a-particle ash. Similarly, electron thermal transport to cold
edge plasma cannot exceed the power associated with end loss.

RF Heating

RF heating of ions and electrons is of increasing importance in several
areas of tandem mirror development. The control of velocity distributions by
selective deposition of RF power to both electrons and ions is required for
potential control, startup, and pressure in the MKD anchor.

Startup

Startup of a thermal barrier require initiation of a Tow collisionality
plasma that satisfies conditions of micrp- and MHD-stability.
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Tables 1 through 7 contain a breakdown of these general statements to
more detailed, specific issues. Also given is the likely method of plasma
control, the present day machines and dates in which the issue can be
investigated and, underlined, the first such machine which is expected to have
significant results. The category l1abels I, II, IIl, and IV identify these
issues according to the following definitions:

I - Basic or essential for present-day experiments
IT - Neceszary to design a MARS-type TBTM reactor

11T - Would lead to a fundamentally improved reactor concept

i1V - Would 1ead to an improvement of the MARS-type reactor.

For completeness, we have included Japanese and U.S. machines outside
those in the official exchange title, such as RFC-XX, STM, and MMX.
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Tanle 1. Microstability issues. 1

Mode “Means of contro| Machine Date Category ]
Ton pCLC Stoshing jons + THX-U 1983 I, II
& tipped potential; GAMMA 10 1983-84
AL hot electrons TARA 1984
rf plugging .
RFC~XX 1983
AlC Sloshing ions THy =1 1982 done I, I1 .
GAMMA 10 1983-84 "
TARA 1984
PHAEDRUS 1984 ‘,
Two-stream  Number of trapped TMX-U 1983 11
in barrier ions GAMMA 10 1983-84
hot electron fraction TARA 1984
Electron Whistler Limit anisotropy TMX-U 1983 Il
GAMMA 10 1983-84
TARA 1984
STH 1983
Upper-hybrid Control ratio of TMX-U 1983 It
loss-cone  densities GAMMA 10 1983-84 :
TARA 1984 ;
ST™ 1983
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Table 2. Low frequency stabitity issues.

Issue Means of control Machine Date Category

Trapped particle modes Passing fraction ratio TARA 1984 II
collisionality THMX-U 1984
PHAEDRUS 1983

MMX Now

GAMMA 10 7984

Rotational instabilities Electric field control TARA 1985 I1
THX-U 1984
PHAEDRUS 1983
GAMMA 10 1984

Parallel current Magnet design of TARA 1985 11
geodesic curvature TMX-U 1984
GAMMA 10 1984

Ballooning B limits Magnetic fieid TARA 1985 11
in central cell design THX-V 1984
PHAEDRUS 1983
YAX How
GAMMA 10 1984

Stabilization ucl Now 111
in axisymmetric mirrors PHAEDRUS 1983
and cusps STM-1 1983
RFC-XX 1983

Hot electron Ion pressure IMX-U 1983 II
anchor in quadrupole ' PHAEDRUS 1983
TARA 1983
GAMMA-10 1984
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Table 3. Thermal barrier and potential enhancement issues.

Issue Means of controtl Machine Date _ Category
Vacuum (a) Improved walls TMX-U (c) 1983 I, 11
(b} Improved beamlines TARA (b) 1984-85
{c} Improved hala GAMMA 10 (a,c) 1984-85
PHAEDRUS (b,c) 1983-84
Impurity (a) Radial pumping ™X-U (a,b) 1984-85 11
accumulation {b) Improved neutral beams TARA (b} 1985
(¢) Improved walls GAMMA 10 (c) 1984-85
Radial fueling {a} Gas feed/halo TMX-U (a) 1983 I, 11
and control {b} Low energy beams TARA {a,c) 1584-85
(c) Pellets GAMMA 10 (a,d) 1883
(d) Cross field plasma injection PHAEDRUS (a,b) 1983
Hot electron {a) Vary gas/plasma feed TMX-U {a,b) 1983 I
fraction, goal {b) Vary heating profile TARA (b) 1984
neh/Ne > 0.8 STH 1963
GAMMA 10 (a,b) 1984
PHAEDRUS (b)
Prevent hot (a) Control of heating profiie TMX-U 1983 11
electron run-away GAMMA 10 1984
Limits on (a) Axial heating profiie ™%-U (a,b,c) 1983 11
dmax due To {bg Gas control) and variation  TARA 1984
cold-electron c) Scaling of dpmay GAMMA 10 (a,b,c) 1984
depasition; with ECH

overlap of hot/warm
electron populations

Non-linear (a)

Dbservation of fluctuations

processes asso-
ciated with ECRH

Prevent enhanced
barrier fi1Ying:
breakdown of
quasineutrality
{sheathes)

Negative
tandem operation

Concept
improvement

{e.g., by forward microwave

scattering)

(b) Plasma scaling with ECRH

power

(2) Scaling of nypappeq With

pumping
(b)) Observe oscillations

{c; Observe possible relaxation

osciliation in ¢, n

s

{a
choke electron flow

{2) Parallel heating of
electrons
{b) e beam heating

Strong ECRH in plug to

TMX-U (a,b) 1983
TARA (a,b) 1985
GAMMA 10 (a,b 1983-84

R 1983-84
TMX=U (a,b,c) 1983
GAMMA 10 (a,b 1983-84
TMX-U 1984
TARA 1986
PHAEDRUS 1984
CONSTANCE 1984
TARA {(a) 1984
PHAEDRUS (a) 1984
GAMMA 10 (h) 1984

TONSTANCE (b) 1983

v,11

111

111
I, IV
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Table 4. Radial transport.

Issue Means of Control Machine Date Category

Radial step size Control of geodesic curvature by TMX-U 1984 11
c0il design; mivrvar ratic in TARA 1984
axicell GAMMA 10 1984
METF-8 1987

Control of radial Segmented rings on ends, rf PHAEDRUS 1984 11
electric field enhanced electron loss TMX-U 1983
GAMMA 10 1983
TARA 1985
MFTF-B 1986

Alternative Geodesic curvature plus rf MFTF-B8 1988 1v
barrier pumping phase decorrelatian THX-U 1984-85
and ash removal GAMMA 10 1985
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Table 5. Axial transport.

Means of
Issue control Machine Date Category
NTaxia1/ {nT)§5 ~ 50-100 Tandem AN 1983 11
configuration

Isolate electron energy AN 1983 11
from waiis

Achieve these conditions MFTF-8 1988 11

at reactor-relevant parameters
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Table 6. Radio frequency heating jssues.

Tssue Species Machine Date Category
Conirol of energy deposition Electrons TMX-t 1982 11
(Zsrsv),vy) and Thet vs STH 1982
warm — GAMMA 10 1984
TARA 1984
Tons TMX-U 1983 11
PHAEDRUS 1982
STM 1983
TARA 1984
GAMMA 10 1984
fueling by rf trapping Efectrons ™K-U 1983 ir
Tons PHAEGRUS 1982 Iv
STM 1984
TARA 1984
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Table 7, Startup scenarios.

through 6.

Startup scenarios encompass the broad range of issues outlined in Tables 1
In this table we outline the similariiiss and differences in

startup methods being employed on thermal barrier tandem mirvor devices.
Startup scenarios to establish potential barriers center around formatian
of plasma in the central cell which is allowed to flow out axially. Oump
tanks reduce thermal contact with end walls to allow higher Te‘ Central

cell ICRH is planned to increase the temperature of target ions in the thermal

barrier to decrease ion collisional filling of thermal barriers.
microstability is maintained during the startup.

MHD and

A. Magretic configuration
a. Combined plug/anchor TMX-U, MFTF-B
b. [Inside thermal barrier TARA
¢. Outside thermal barrier GAMMA 10
8. Anchor startup
a. High electron B
cw ECRH, pulsed ICRH TARA
pulsed ECRH, pulsed NB T™MX-U
cw ECRH, pulsed NB MFTF-B
b. High ion B by N.B.I,
f-beam and R.F. assisted GAMMA 10
L. Barrier targei formation
a. Cross-field central cell injection GAMMA 10
and ICRF trapping and heating in anchor
b. Anchor hot electrons, ICRF, central TARA
cell gas feed, and cw ECRH
¢. Gas and ICRH 1in central cell feed TMX-U, MFTF-B
anchor hot electrons
D. Electron heating of mirror-confined
electrons in barrier
a, Pulsed ECRH THMA-U, GAMMA 10
b. c¢w ECRH MFTF-B
c. E-beam GAMMA 10
E. Pumping configuration
a. Into sloshing distribution TARA, GAMMA 10
b. Into loss cone TMX~-U
c. Into central cell MFTF-B
MD/rp/kt/mm
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