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SCOPE

In this report we present a summary of the first phase of the Fusion
Power Demonstration (FPD) design study. During this first phase, we
investigated two configurations, performed detailed studies of major
components, and identified and examined critical issues. 1In addition to these
design specific studies, we also assembled a mirror-systems computer code to
help optimize future device designs.

The two configurations that we have studied are based on the MARS wmagnet
econfiguration and are labeled FPD-I and FPD-1I. The FPD-I configuration
employs the same magnet set used in the FY83 FPD study, whereas the FPD-II
magnets are a new, much smaller set chosen to help reduce the capital coest of
the system.

As part of the FPD study, we also identified and explored issues critical
to the construction of an Engineering Test Reactor (ETR). These issues
involve subsystems or components, which because of their cost or state of
technology can have a significant impact on our ability to meet FPD's mission
requirements on the assumed schedule. General Dynamics and Grumman Aerospace
studied two of these systems, the high-field choke coil and the halo
pump/direct converter, in great detail and their findings are presented in
this report.

Because this is an interim report presenting the results of this work to
date, the document has not heen extensively edited to eliminate minor
inconsistencies and omissions. An additional report will be produced in the

early parct of 1985 at the completion of the FFO-III phase of this study.
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1.0 INTRODUCTION

The Fusion Power Demonstration (FPD) is an Engineering Test Reactor (ETR)
class device. The FPD design includes all systems requirad in a Demonstraticn
Power Reactor except for a turbine plant. We based the first twe iterations
of the FPD design on the physics concepts developed in the MARS study that was
completed in September, 1983.!

The plasma engineering configuration of FPD follows the principles
employed in mARs! and comprises a low-field (2.5-T) solenoidal~central-cell
region, the high-field (24-T) central-cell choke colls, and an end-cell magnet
system composed of a double quadrupole arnchor/plug vin-yang pair.

GCentral-cell passing particles that trap in the long end-cell transition
regions are radially '"drifr pumped" to the plasma halo and represent a major
power loss from the system. To reduce costs, the ignition cenditions for
FPD-T1 and FPP-11 were obtained at the minimum central-cell length where fusion
alpha particle heating bhalances the drift pwap and other system losses.

The engineering design philesophy for FPD-1 and FPD-II reflects the
configuration developed in the 1983 Mirror Fusion Test Facility-lUpgrade
(MFTF-Ups,rade) study that minimizes size and emphasizes zase of maintenance.

The FPD-I configuration has a central cell length of 74 m and produces
360 MW of fusian power (see Fig. 4-1 in Sec. 6). With a recirculation power
of approximately 170 MW, this option, with minor revision, could reach
engineering breakeven. The most visible difference, between the MARS and
FPD-I concepts, is the application of sheet coils to the central cell in
FPD-1, which reduces field ripple and improves performance. A test cell is
included in the FPD-I concept$ and in this case the test cell will develop a
wall loading of 2 MW/:n2 of uncollided 14-MeV neutrons.

The FPD-1I configuration has a central cell length of 96 m and produces
480 MW of fusion power (see Fig. 5~1 in Sec. 5). At this power level, this
device could produce about 200 MW of net electrical power when using a P
reasonably effieient turbine plant. A test cell is included in the FPD-I1 -
concept, uwhich produces an uncollided l4-MeV neutron flux of 4 NN/mZ. A
revision of the peometry and a hetter understanding of the phvsics account for

the differences in performance be-ween this device and FPD-I.



The FPD~I and FPD~11 studies are each based on somewhat different
physics: and the costs for each were generated with different algorithms. The
phvsics changes are an cutcome of our continuing work in modeling mirror
systems. The costing revisions are hased on the methods used in costing
Tokamak Fusion Core Experiment (TFCX) during this same period of time. When
ad justments are made for the above differences, the results show that we Lave
made progress irn reducing the size and mass of the mirror system by using an
agrressive approach in designing subsystems, particularly the magnet systems.
Capital costs will follow this trend, hut at some point the capital cost

saving will he overwhelmed hy increased operating costs.
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2.0 THE ENGINEERING TEST RLAGTOR MISSION

INTRODUCTION

The FPD mission statement that follows consists of the tandem mirrcr
relevant portions of the draft generic Engineecing Test Reactor (ETR) mission
statement genersted by Crumman Aerospace Corporation as part of their
responsibjlities as the Technical Sypport Services contractor to the

Department of Enerpy (DOE) Office of Fusion Energy.

MISSION

The ETR mission is () to test critical reactor componeuts in an
ravircament that can be exirapolated to a commercial fusion power reacter, and
{2} ro demonstrate the =afe and reiiable operation of a fusion reactor that is
representative of a commercial fusion power reactor.

The ETR is an element of the overall national program of development tor
Magnetic Fusion Energy as summarized in the Comprehensive Program Management
Plan (CPMP) of the U.5. Department of Energy, June 1983, The design aof the
ETR will be based on the ceonfinement concept selected during the Product
Definition Phase (tokamak and tandem mirror concepts are the current leading
candidates) and on the initial plasma optimization efforts of the Product
Development fhase. The ETR will concentrate on the demonstration of
technologies in support of and leading to a Fusion Demonstration Powerplant
(DEMO). The DMO will address the econnmics of producing electrical posv:r
from fusion enetrgy. Goals and objectives of both the ETR and DEMO are
expanded it the following pzvapraphs.

This misricn statement is written to provide guidance for curremt Reactor
Design Studies in preparation for future ETR definitinrn/desizn activiries.

The ETR goals and objectives are based on the assumption that the ETR will be
the next m_jor machine te be built. 1f additiepal reactors such as Tokamak
Fusion Core Experiment {TFCX), Burning Core Experiment (BCX), or upgrades ta
Mirror Fusion Test Facility (MFTF~B) are incorporated into the CPMP, several
of the ETR objectives may be reassigned tu thesge machines and other. may be

redefined accordingly.



GENERIC ETR OBJECTIVES

The following objectives are applicable to bothi tokamak and tandem mirror

concepts.
)

Demonstrate startup, fractional power, and shutdown operaticms in a
reactor relevant regime.

Demonstrate full fuel-cycle operation including fuel injection,
tritium recovery from a breeder blanket, tritium handling
throughout the system, and the potential for self-sufficiency of
fuel. (The demonstration of self-sufficiency of fuel is an
objective of the DEMO mission.)

Demonstrate neutrnn thermalization and thermal energy transfer to 2
blanket coolant at high enough temperatures to be of engineering
significance, (The demonstration of electricity production may be
included, but is not a primary objective of the ETR anlission.)
Demonstrate the remote handling operations required to attain the
desired maintainability for a commercial power reactor. (The
demonstration of ecommercially acceptable availability is an
objective of the DEMO mission.)

Demonstrate shielding effectiveness to prove that the radiatien
environment of a commercial reacior can be reduced to levels that
ate acceptable for the operation of radiation sensitive components
and to permit the use of projected maintenance scenarios to meet
maintainability goals.

Demonstrate acceptable behavior of critical components when exposed
to radiation intensities and dosages that might be expected during
a commercial reactor's lifeline. (Althcugh the ETR components will
generally not experience such intensities and dosages, low-
effectiveness shielding may be used in areas of the d:vice to allow
exposure of selected components to integrated dosages
vepresentative of a commercial reactor radiation environment,)
Provide sufficient testing capability to permit comparative
demonstr.rions of competing alternative configurations for
subsystems or components, when such evaluation cannot be

effectively performed in a complementary program.
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TANDEM MIRROR ETR OBJECTIVES

# Demonstrate ignited operation with M as defined below applying

to the central cell only:

alpha heating power
total plasma power losses

M = ignition margzin =
¢ Demonstrate negative-ion-~based neutral-beam heating systems.

@ Demonstrate impurity removal and vacuum pumping by plasma

halos (dense boundary layers).

2=3/2 -y
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3.0 PLASMA ENGINEERING

The plasma engineering effort for FPD-I and FPD-II was conducted to meet

the following three main design goals

1. The central cell should be ignited, i.e., the power deposited by the
fusion alpha particles in the central-cell plasma volume should
balence the total power loss (energetic particles and radiation) from
this volume.

2, The central-cell length should be the minimum required to achieve
ignition.

3. ‘The device should be capable «f making net electrical power, i.e.,
the engineering Q (gross electric power divided by recirculating

electric power} should be greater or equal to unity.

Both FPD-I and FPD-II employ end cell magnets based on the Mirror
Advanced Reactor Study (MARS) configuration,1 namely a double quadrupole set
with separate anchor and plug regions. The FPD-1 magnet set is identical to
that used in the FYB3 FPD study,2 and represents an initial attempt to
design a self~consistent tandem-mirror Engineering Test Reactor (ETR). The
FPD-II magnet sef is a result of system optimization studies performed during
FY84 and represents the most compact end-cell magnet set for a minimum cost
ignition machine based on the MARS configuration. Figure 3-la,b compares the
magnetic configurations of FPD-I and FPD~II, whereas Table 3-1 compares the
corresponding baseline plasma parameters.

The major advances in FPD plasma engineering in FYB4 to date are
summarizad in Table 3-2, The principal task of the FPD plasma engineering
effort this year has been the optimization of the system design through
extensive paramerric apmalysis consistent with the above design goals. To
achieve system optimization, we have searched for minimum length ignition
cases by characterizing the close coupling between the major plasma parameters
and the magnetic configuration. In particular, as described in more detail

below, we were able to demonstrate the strong dependence of the central-cell



{a)

FPD II

Figure 3-1. Two views {a and b) comparing the magnetic conFigurations for
FPD-1 and FPD-I1. For FPD-1, a short section of a representative, continuous
solenoid is shown for the central cell magrets. Tor FPD-11, one of the

central cell sheet solenoids with accompanying trim coils is shown.
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Table 3-1. Priucipal plasma parameters for FPD-I1 and FPD-II,

Parameter FPD-I Frp-11

General

Fusion power {MW) 828 479

Q 28.4 36,7

Neutron wall loading (Hw/mz) 1.44 1.90

Cold fueling current (kA) 0.660 0.249

End cell magnet configuration MARS-mode MARS-mode

Fnd cell trapping length® (m) 7.2 v13.6
Central Cell

Lc (m) 90 90

r_ (m) 0.60 0.458

First wall radius {m) 0.81 0.676

B, (T) 2.5 2.5

<Bc> 0.6 0.5

T, (keV) 36.7 40

TE (l.(eY:)5 25.7 27.7

n_ Cem™ ) 1.69 x 10'% 1.65 x 1014
Choke Regian

rplasma 0.15%4 0.118

eoil {m) D122 D.14

B (T) 24 24
Anchor

<Banchor> ] 0.50 0.14

ICRH power  (MW) 10.4 0.28



Table 3-1. (continued.)}

Parameter i FPD-1 FPD-11
- 1
Plug
<Bp1‘ g . 0.367 0.30
ECRH pover,” A (vw) 1.15 0.345
ECRH power,® B (MW) 16.7 11.09
Sloshing ion beam powerb (MW) 0.89 1.37
Drift Pump Parameters
Transition Coil:
Central frequency (MHz! 0.064 0.107
Frequency spread 0.4 0.27
Antenns flux required (Wb) 0.072 0.0054
Plug Coil:
Central frequency (MHz] 1.1 0.83, 1.33°
Frequency spread 0.66 0.10, 0.10¢
Antenna flux required {(Wb) 0.0065 0.0035

“Distance between 24-T peak and plug electrostatiec potential peak.

bTrapped power, both eunds.

¢ - : - .
Separate frequencies for cold ions and sloshing ions.

3-4

LY



] Table 3-2. Major advances in FPD plasma engineering in FY84.

: General
i . . P . s - <
i ® Parameterized physies and magnetics scaling of ignition conditions in

optimized (i.e., minimum length) ETR configurations-
e Characterized the dependence of the minimum central-cell length for
ignition on the end-cell magnet configuration and central-cell alpha
i physics.
¢ Improved modeling of ion trapping rates in the end cell including

multispecies (D,T, alpha) dependence.

i
1
3
i

® Revised TMRBAR power balance code extensively to improve rumning time,
flexibility, and "user-friendliness". Code is now able to solve for
minimum length for ignition, with or without fixed fusion power.
Alpha and Hale Physics
e Characterized central-cell alpha-particle confinement due to

nonadiabaticity.
# Modeled alpha-particle energy loss to the halo for cases where the alpha

larmor diameter is an appreciable fraction of the centrai-cell plasma
: radius.
{ ®» Improved modeling of halo physics including power flow, fueling,

shielding requirements, and end-dump heat loads.

Magnetics

# Replaced discrete (MARS-type) central cell magnets with lower-cast,

lower-ripple, sheet solenoids.
® Optimized central-cell trim solenoids to yield minimum rms field

curvature and maximum beta.

e Investigated central-cell ripple reduction using field-shaping iron
inserts,

# Increased central-cell volume-averaged betas from 497 to 60%.

o Shortened end-cell transition lengths by developing a new transition

coil design.

® Reconfigured the TMGC magnetics design code to allow for different
magnetic mirror ratios in the plug and anchor regions.

o Implemented a new version of the TEBASCO magnetohydredynamic (MHD)
stability code permitting lower anchor and plug betas for a given

central cell heta.

3-5



ignition length on both the end-cell magretic configuration and central-cell
alpha-particle enargy deposition. As a2 major consequence of these studies, we
determined that an optimized mirror ETR based on the MARS magnet configuration
requires a minimum central cell length for ignition of about 90 m. At this
length, the physics Q (plasma power gain, i.e., plasma fusion power divided by
absorbed plasma heating power) is A37; whereas Qeng {engineering power

gain, i.e., gross electric power divided by recirculating electric power) is
n2. In fact, because of this long—minimum ignitior length, the optimized
machine will always exhibit an engineering power gain greater than unity.

Although the magnet set for FPD-I is identical to that employed in last
year's srudy,2 the updated physics parameters in Table 3-1 show some warked
differences. These differences are due to two main changes: (1) Improved
central-cell magnet design has resulted in smaller and lower magnetic-rtipple
solenoids (see Fig. 3-1), which permit higher beta operation of the central
cell plasma (60% vol averagad--compared with 49% in last year's study).

(2) Refined Fokker—Planck calculations of end—cell particle-trapping rates,
including multispecies effects for D, T and alpha particles; these calculations
have unfortunately resulted in longer ignition—length requirements for the
central cell of FPD-IT (90 m compared with 67.5 m in FPD I). Al:'.ough
requiring a longer ignitiom length, FPD-II does exhibit a higher neutron wall
loading than the FY83 baseline (1.4% Mw/mz compared with 0.85 Mwlmz). The

larpge overall size of FPD-I and the resulting high capical cost led us, in
FPD~1I, to seek a more optimized ignition test machine through the performance
of parametriz analyses.

For a given central-cell magnetic-field, the centrai-cell ignition length
in FPD-1I is minimized for a certain central-cell plasma radius e Values
of r, larger than the optimum require larger (and more expensive) end cell
magnets, which lead to larger end-cell ion—trapping currents and, therefore,
longer central cell lengths Lc' Valuss of r, smaller than the optimum
also result in longer values of Lc due to the reduced efficiency of fusion
alpha-particle-energy deposition in the central cell plasma volume.

We investigated Lc vs 1, scaling for FPD-II by generating four distinct
magnetis configurations, A through D, differing in the characteristic volume of
the end-cell magnet system. Figure 3-2 compares the end cell magnet configura-
tions for three of these sets, namely A, B and D. Table 3-3 summarizes the

results of this parametric trade study for all four magnetic configurations.
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MAGNET SET D

Figure 3-2. Ccrparison of the end cel? mapnet dimensions for magnet sets A, B,

and D employed in the comparative trade study. €



ignition length on both the end-cell magnetic configuration and central-cell
alpha~particle energy deposition. As a major consequence of these studies, we
determined that an optimized microv ETR based on the MARS magnet configuration
requires a2 minimum central cell length for ignition of about 80 m. At this
length, the physics Q {plasma power gain, i.e,, plasma fusion power divided by
absorbed plasma heating power) is \37; whereas Qeng (engineering power

gain, i.e., gross electric power divided by recirculating electric power) is
2. In fact, because of this long~minimum ignition leagth, the optimized
machine will always exhibit an engineering power gain greater than unity.

Although the magnet set for FPD-1 is identical to that employed in last
year's study,2 the updated physics parameters in Table 3-1 show some marked
differences. These differences are due to twp main changes: (1) Improved
central-cell magnet design has resulted in smaller and lower magnetin~ripple
solengids {see Fig. 3-1), which permit higher batz operation of the central
cell plasma (60% vol averaged--compared with 4%% in last year's study).

(2) Rzfined Fokker-Planck calculations af end-cell patticle-trapping rates,
including multispecias effects for D, T and alpha particles; these calculations
have unfortunately resulted in longer ignition-length requirements for che
central cell of FPD~II (90 m compared with 67.5 m in FPD I). Alr'-ocugh
requiring a longer ignition length, FPD-I1 does exhibit a higher veutron wall
loading than the FY83 baseline (1.44 MW/m_ compared with 0.85 Mi/m2), The

large overall size of FPD-I and the resulting high capital cost led us, in
FPD-I1, to seek a more optimized ignition test machine through the performance
of parametric analyses.

For a given central-cell magnetic-field, the central-cell ignition length
in FPD-II is winimized for a certain centrai-cell plasma radius r.. Values
of r_ larger than the optimum requive larger {and more expensive) end cell
magnets, which lead to larger end-cell ion~trapping currents and, therefore,
longer central cell lengths LC. Values of r. smaller than the optimum
also result in longer values of L. due to the reduced efficiency of fusion
alpha-particle-energy deposition in the central cell plasma volume.

We investigated LC vs t, scaling far FPD-1I by generating four distinct
magnetic configurations, A through D, differing in the characteristic volume of
the end-cell magnet system. Figure 3-2 compares the end cell magnet configura-
tions for three of these sets, namely A, B and D. Table 3-3 summarizes the

results of this parametric trade study for all four magneric configurarions.
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Table 3-3., Selected features of parametric trade studies for FPD-T17.2

Minimum
Central- central~
cell End-cell Chake Neutron cell
plasma trapping coil Fusion wall ignition
Magnet radius, T, length radius povar loading Q Qeng length, L,
set (m) {m) (m) (W) (Mu/m?) (m}
A 35.7 12.7 0.114 440 0.78 45,6 2.1 125
B 45.8 13.8 Qa.140 492 1.08 29.6 1.9 86
C 50.7 1v.0 0.153 591 1.24 25.4 1.9 84
D 64.5 18.6 0.188 943 1.66 31.0 n~2.7 84

¥parametric trades for optimum central-cell field formed a separate,

parallel stvdy and resunlted in Bc = 2.5 T.

For a constant central cell ficld Bc {a value of 2.5 T was employed here,
which is a result of a separate, parallel optimization study), a large:
end-cell magnet volume implies a larger attainable central-cell n'asma radius

T because we must conserve magnetic flux mapping

/2 f2

2 1 1
b = wr_B, (1 - <8c>) = A(z2) B(z) (1 - <Bz>)

through the system. As shown in Table 3-3, the smallest magnet set (set A) ean
support a maximum central-cell plasma radius of 35.7 cm; the largesc (set D)
¢an support a radius of 64.5 cm. Note that as T, is increased from 35.7 cm
to 64.5 cm (i.e., magnet sets A through D), the minimum central cell length
for ignition LC decreases from 125 m to 86 m. A further increase in
end-cell magnet size above that of set D in Table 3-3 would regult in a value
of LC larger than 84 m.

The apparent winimum 1a the ignition length for magnet sets can be
explained as follows: 1larger end-cell magnet sets result in longer end-cell

trapping lengths (i.e., the distance between the choke-coil mirror peak and
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the end-cell potential peak). This, in turn, results in correspondinc.y
larger end-cell trapping rates. Because central cell ignition requir:s that
alpha heating essentially supports the radial losses incurred by trapping in,
and pumping ou: of the end cell region, central cell lengths determined onix
by end-cell trapping would minimize for very smal. central cell redii.
Unfortunately, our relatively low nc of 2.5 T and high <Bc> of 60% imply large
alpha particle Larmor orbits., Hence, a decreasing cenrral cell radius Tesults
in a greater fraction of the fusion alpha energy escaping the p.asm: and being
deposited in the halo. Figure 3-3 illustrates this effect whare the fraction
of the central-cell alpha power deposited in the halo outcide the plasma is
plotted as a function nf a parameter p, which incorpnrates the dependenca of
r, B , and <BC> as shown. It is interesting tv note that with the optimum
values of B, and r_ at 2,5 T and 0,45 m, respectively, our ETR attains its
“aptimized" ignition length hy discarding 120% of its cencral-cell alpha
lheating power Lo the halo! Hence, our minimum length is a compromise between
end-cell lengths/volumes and central-cell alpha-energy deposiuion.

Mote that magnet set D yields an ignition length that is only 2 m less
than that of set B, although the former exhibits both larger plasma—heating
pover requirements (Q times the fusion power)} and larger end cell magnets, and
consequently, larger capital ~ost. 1In this ruspect, a design aof FPD-TI baged
on magmet set B with T, = 45,8 cm, represents the most desirable optian.
the final parameters for PPD-II given previously in Table 3-1 show slightlv
different values from those for set B in Table 3-3 because of further slight
refinements in both the magnetic configuration and the physics models. The
final baseline exhibits a respectable wall loading of 1 Mw/mE atr a fusion
power of 479 MW and a minimum ignition length of 90 m. Because ~f this long
ignition length, the physics Q (fusion power divided by absorbed heating
power) is high at 36.7 and yields a system engineering power gain (gross
electric autput power divided by recirculating electric power) of 2.

Tables 3-1 and 3-3 both indicate that an ignition machine with end plugs
based on the MARS configuratiom will be a rather long and rtelatively espensive
device, 1In the current phase of the FPD roject (i.e., FPD-I11), these
factors have led us to consider a much mo:e compact and cheaper ignitian
machine based on an octopole end-cell magnetic comfiguration. Furthar derails

on this are given in MFE/RTCD/84-2740a:0127a in the Appendix.
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TEST CELL CONFIGURATIONS

This section will focus on an option for FPD-II inm which the first half
of its full power operating lifetime would be dedicated to high-Q ignition
operation and the second half would concentrate on integrated component
testing of reactor-like blanket modules at high neutron wall loading. To
accomplish the latter goal, one or more of the central cell magnet/blanket
modules would be replaced by an axisymmetric, high-field test-cell insert
driven by mixed DT neutral beam injzction. In this configuration, called
FPD~II+T, high wall loading in the test cell would be obtained by reducing the
ion confinement of the device through modification of the axial potential
profile and by injecting sufficient current into the test cell to establish a
density that is more than a factor of 2 greater than that in the central cell
of FPD-IT.

We performed scoping studies of FPD-II+T configurations using an expanded
version of the TMRBAR tandem mirror physics code,3 subject to the following
general constraints. First, the requirements on the end cell systems (drift
pumping, EGRH, ICRH, sloshing-ion neutral beams, and related systems) have
heen held to near the FPD-II values or below Lo avoid costly changes to the
end cells. Second, optimized self-consistent operating parameters have been
sought that produce the highest test-cell wall loading for the lowest
injection neutral beam power.

Two test-cell configurations have been examined--one accommodating two
blanket test modules and the other accommodating four. The short test cell
would replace a single 8.7-m-long FPD-II central cell magnet/blanket module.
The long test cell would replace three central cell modules, and would require
additisnal central-cell-like modules of appreopriate lemngth to fill inm
on either side of the test cell.

Examples of the parametrics that have been performed for both configura-
tions are given in Figs. 3-4 and 3-5. From these studies a partially optimized
parameter list for the short test cell has been obtained (see Table 3-4) in
which the test-cell wall loading is r.=3.0 Mw/m2 with neutral beam power
= 26 MW at the MHD beta limits set by stabilicy considerations. For the

Pnb,tc 2
longer test cell, the comparable case at rtc = 3,0 MW/m” requires less neutral
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Exempie Trode-off for FPD-11+T Short Test Ce!l Configuration
(Centra: Cell Beta =.20)
300 P\c' 59

Pyc= 33

2.8

2.4

nb tc

Fijure 3-4. V¥eutron wall loading as a functios of neutra! beam power for the

short test-cell configuration (central cell beta = 0.20).




Example Trade-off for FPD-11+T Long Test Cell Configuration
(Central Cell Beta = .36)

5.0 -
as
Pyc® 50
Pec= 475
T Plcl= 45
e 2 40 }
(Mw/mS)
Curve cut off at
Ero,tc = 100 ke¥
35 F
3.0 d A .
40 50 60 70 80

Pw“c (Mw)

Figure 3-5. MNeutron wall loading as a function of neutral boam power for the

long test-cell configuration (central cell beta = 0.36). <



Table 3~4. Optimized FPD-II+T operation parameters.

Test=cell size

Parameter Short Long
Test-cell wall loading, Trc (Mw/mz) 3.0 3.0
Central cell ion density, n oL (cm-3) 1.1 x 1014 1.2 x 1014

]
Central cell ion temperature, T, (keV) 16,0 24,9
i,e
Test=-cell ion energy, Ehot (keV) 46.7 63.7
Central cell peak beta, Bc 0.20 0.386
Test-cell peak teta, Btc 0.35 0.475
a a
ECRH power at a, Pecrh,a (MwW) 0.17 0.11
a a
ECRH power at b, Pecrh,b (MW) 10.4 11.¢
a a
Anchor ICRH power, Picrh (MWD 3.63 0.76
[}
Neutral beam power at a’, Pnb 2 (MW) 0.15° 0.152
]
1
Neutral beam energy at a', Eb.al {keV) 250 280
3
Test-cell neutral beam power, P {(Mw) 25.7° 44 4P
nb,tc
Test-cell neutral beam energy, E , (keV) 69.3 100.4
]
Test-cell neutral beam current, I (a) 371P 4430
nb,tc
i . .0
Central cell fueling current, Ifuel,c (a) 5.0 0
1
T . .
ransition trapping current, Itrap (A) 199 92
Direct-converter inner collector heat Elux, 2.1 4.4

P, . (i/mD
dc,ic

aAbsorbed.

bDeIivered.
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beam power per unit test-cell effective length because of the higher beta
values achievable at the longer length. Finally, although the value of 3 MW/m2
may be near the maximum achievable wall loading in the short test cell (without
significantly exceeding the capabilities of the FPD-II end cell systems),
operation of the long test cell on the stability boundary, subject to the same
constraints, can produce a wall loading in excess of 5 MW/mz.

This study has not considered further optimization that might be achieved
by modifying the shape of the magnetic field profile in the test-cell region.
Careful design of the field shape could lead to higher beta limits from MHD
stability calculations (if the bad curvature drive could be reduced} and
better confinement {if the effective mirror ratio could be increased). Both

of these effects improve test-cell performance.
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4.0 FPD-I

THE FPD-T CONFIGURATION OVERVIEW

The first option of the Fusion Power Demonstration (FPD) that we studied
is FPD-1 (Fig. 4~1)}. This configuration has a c¢entral cell length of 74 m,
measured from tha center of one choke coil to the other, and produces 360 MW
of fusion power. With a recirculating power of approximately 175 MW and a
power gener:ztion capability of 170 MW, this option can be expected, with minor
revision, to reach its goal of breakeven. With the addition of a test cell,
which can be configured in a manner similar to the Mirror Fusion Test
Facility a+T (HFTF—a+T)] concept, FPD-1 will be able to provide a
neutron wall leading of Z.0 NN/m2 to a surface approximately 3 mZ. An
evaluation of the confipguration shows that a 530% availability goal can be met,
thus allowing an accurulation of 10 full power years over an operating
lifetime of 20 years.

The central cell is configured in a medular fashion using 10-mlong
central cell modules (Fig. 4-1). Each module is made up of a pair of liquid
lead, Jithium-cooled blanket modules that can be inserted from opposile ends;
thus each blanket module will be 5 m long (Fig. 4-2). We chose this length to
limit rhe magnetohydrodynamic (MHD) effects on the blanket, while at the same
*ime meeting restrictions on the geometry and total module weight.

We selected a geomekry where the central cell is divided into six 10-m
modules and two 5-m modules. The 5-w modules are paired with the choke coils
(Fig. 4-3) so that the high axial force acting on the portion of the central
cell solenoid coil closest to the choke coil can be carried by permanent
structure. Study of the axial magnetic loading on the solenoid shows that the
forces resulting from the choke coil are contained mostly within the first 5 m
of the solenoid. We also selected the 10-m leagth so that a complete module
will weigh less than 5000 tons, which we judge a reasonable upper limit for
handling and positioning by an overhead bridge crane.

The remainder of the module is camposed of a surrounding nuclear shield
supported in a circumseribing vacuum vessel by a truss so that the shield can

be extracted from the end of the 10-m-long cylindrical vessel. Between the
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vegsel and the nuclear shield lies a 9.25-m~long superconducting solenojd coil,
which provides the 2.5 T central field. The solenoid coils are aiso supported
for removal with the nuclear shield. Thermal isolation is provided by a
system of struts to the main supporting truss frame. This configuration,
which uses a long, thin solenoid, was developed to satisfy the nced for
minimum magnetic field ripple, a condition necessary to achieve high central
cell beta. The vessel is of & double-walled construction that is filled with
water. The water acting with a laver of B,C and lead serves as a biological
nuclear shield to reduce the radiation level to acceptable levels. A dose
rate of 0.5 mrem/hour, twenty-feur hours after shutdown, was established as a
goal based on the as Jow as reasonahly achievable (ALARAJ guideline.

The choks ceils create peak field on axis of 24 T. Each is constructed
using a norma} conducting insert coil together with a superconducting
background coil. Tie choke coils are mated to their companion solenoid coils
in a modular fashion, The module could be moved to provide access for
replacement of the insert coil, which is not envisionad to be a lifetime
component, The pancakes of the coils are glightly separated to make provision
for the radial injection of fueling pellets From a rail gun (Fig. 4-2).

Each of the end ceils are configured to permit easy assembly of the
machine and to permit relatively easy replacement of all of the interna)
components, including the large C coils that are considered to be lifetime
components. The concept employed is based on the design developed for the
MFTF-q+T study.1 The double-walled end-cell vessel contains a lacge hatch
{Fig. 4-1), which is also of a deuble-walled construction. The double wail is
used to contain the wate; that forms a part of the biological nucliear shield.
It also provides an excellent structural support to the vacuum loading. The
six C-shaped and ong recircularizing solenoid superconducting coils are placed
on cold tables, which are supported by a set of truss struts tied to the Jower
trough structure of the vessel. The coils are tied together by a set of axial
struts that carry the axial magnetic loading to the end of the vessel. This
appProach has the advantage that, should it prove necessary to replace g coil,
the replacement can be accomplished with .inimal impact on the other coils and

components that are operating satisfactorily.
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Nuclear shielding is provided within the end cell coils to reduce the
refrigeration load. This shielding reduces the fluence to the magnets,
allowing them to become lifetime components.

The end cell heating subsystems consist of ion-cyclotron resonant heating
(ICRH), electron-cyclotron resonant heating (ECRH), drift pumping, and
negative~ion-based beam systems (Figs. 4-1 and 4-3).

The ICRH is applied to the transition region using a set of four loop
antennae, which we selected because the coil winding configuration does not
provide sufficient space for a rigid waveguide.

The ECRR is applied at two positions along the axis of the machine in

"a" ECRH system requires cne gyrotron to

each of the two end cells. The point
provide the basic power needed; a second one is placed to serve as an on-line
spave. Access for these two systems, which employ a quasi-optical transport
and launching system, is relatively straightforward. The point "b" ECRH
subsystem is somewhat more difficulr, primarily, because it requires 12 aclive
and 2 spare gvrotrons. The quasi-optical transport and launching system was
selected to make it possible to apply the required power through the
relatively small space available. The launchers are arrayed axially so that
the beams may pass through the major radius of the anchor one coil. The
gvrotrons are mounted on a winp-like vaéuum hox with pate valves so that the
gyrotrons can be replaced without bringing the whole vacuum system up to air.

Drift pumping coils are provided in pairs at two locations. These coils
are arranged in a module together with a nuclear shizld plug so that they may
be withdrawn radially for replacement. T..is concept was conceived during the
MARS effort and further developad for the MFTF-o+T study.]

Lastly, the 475-keV negative-ion-based neutral beamline subsystem is
positioned to produce the required sloshing ion distribution in the anchor
region. The integratian of this system proved the most difficult of all
tasks. The target point is located with respect to the C coils such that
axial fanning of the beams from each of the three required sources is not
possible. It is necessary that the three beams, two active and one on-line €.
spare, be arranged in a cireumferential fan as shown in Fig. 4-3. This
arrangement, which allows marginal nuclear shielding in the throat of the

adjacent C coils, has two major disadvantages. One disadvantage is the



possibility that a detailed evaluation would show that the nuclear shielding
within the throat of the C coils must be increased in thickness, resulting in
an increase in the coil size and therefore in the r°ze of all of the coils. A '
second disadvantage is that access to two of the beam séurces is more
difficult.
The halo scraper and direct converter are considered lifetime components.
These components can be removed, should this prove necessary, by lifting them
'vertically through their dedicated hatch (Fig. 4-1) in the vessel. This
vertical lifring arrangement minimizes the length of the vault while being
compatible with the vertical access philosophy of the rest of the components.
End cell configuration is, with the exception of the quasi-optical ECRH
and circumferentially arrayed sloshing beamline, based on the earlier MFTF-o+T
study.1
The configuration study for FPD-I broke new ground with the first look at

the semi-continuous central cell solenoid design. We developed an aktractive,
modular approach (from both a commarcial~reactor and an experimental-machine
point of view), Further discussion of this concept is contained later in this

report.

FPD CHOKE COIL

There are two choke coils in the FPD machine., Their present locations
(CB3 version) are at z = +4B.00 m, jrst outside of each end of the central
cell. The choke coils are solenoids that produce a central axial field of 24 T
(this includes the hackground field of ahout 1.0 T) produced by adjacent coils.
These coils are physically constrained to consist of a clear inmer bore of
0.3 m and a winding width of ne more than 2.0 m. At this time any additional
constraints due to coil supports, service line access, or adjacent coil
structure are not defined. ;
The choke coil is a hybrid design in that it ntilizes a resistive insert
coil and a supercenducting backing coil. This design is necessary because
today's = .perconductor technology does not permit design of an all-
superconducting coil in which the superconductor has to operate at fields

larger than 16 T.
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The FPD resistive insert design was derived from the Mirror Advanced
Reactor Study (MARS)? choke coil design. This approach utilizes a spirally-
machined disc of high-strength AMZIRC copper to create the coil. X

A resistive insert preoducing 8 T on axis is our baseline. This coil has
26 pancakes, each 2.2 cm wide with 0.1-¢m insulation between them, Two
pancakes form a basic unit of the coil; they are joined by rivets and dowels
at the center. Each pancake has three conductors, and each is machined to
carry a soldered~in-place stainless «teel coolant tube (stainless tubing is
used to allow high coolant velocities). The tubing spirals down one pancake,
crosses over to the other one at the hub, and then spirals out.

The coolant water is routed individually to each conductor of each first
pancake and is then taken away individually [rom each conductor of the second
pancake. This is repeated for all 13 double pancakes. The feasibility of
manifolding the coolant lines will be investigated. Three current lead pairs
are required. All three conductors are electrically common at the hub. The
outer arms of the coil are joined by shear pins so that the tangential load of
one conductor arm is reacted by that of its counterpart in the second pancake.

The outer radius of the resistive coil (not counting cooling lines, etc.)
is 0.5 m and its width is 0.6 m. The current in each conductor is 33600 &,
and the power consumed is 21.6 MW. We envision a resistive coil supported by
struts from the superconducting hacking coil.

Insulating the resistive coil is a problem because of neutron radiatiom.
Organic insulators breakdown under radiation and suitable ceramie insulators
are extremely brittle and expensive. The use of anodized metallic strips for
electrical insulation is currently under investigation and early test results
are encouraging.

Machining of the pancakes is a feasible operation. This fezsibility is
demonstrated by experience with two tes:i pancakes. The electrical discharge
machining (EDM) process was used to cut the spirals and an end mill was used
te cut the coolant tube groove. The AMZIRC copper for the test coil was
rolled and heat treated to an average yield stress of 57,000 psi. There was <
no evidence of distortion after machining.

The peometrvy of the resistive insert, including provision for the coolant

tubes and any necessary radiation shielding, will define the inner radius of



the encircling superconducting ceil. For an B-T resistive insert, the inmer
radius of the superconducting coil is approximately 0.85 m. A peak field of

approximately 16 T+ can be expected at the inner radius of the superconducting

backing coil.
Preliminary calculations indicate that this coil should be cooled with

He IT and that the superconductor should he NbSSn:Ti. The ¢onductor should
be steel reinforced to withstand the high hoop stresses developed, but its ;
current density will be limited by cryvostability comsiderations. The
conductor would be graded as the field drops off with radius so that the
superconductor could be changed to Nb35n and then to NbTi.

For economical reasons, we expect that the superconducting coil will be a
single unit rather than having two coils with separate cases. Figure 4-4
shows the 0.42 m- resistive insert coil and the 16.7 m> superconducting

backing coil.
CENTRAL CELL
CENTRAL CELL MAGNET SYSTEM

The central cell magnet system consists of seven full-size modules. Each
module has correction coils to reduce the ripple in the plasma region to an

acceptable level.

System Function Summary

The central cell magnets confine the plasma over its entire length. The
length of the central cell is determined by plasma requirements, such as

sufficient particle-confinement time to ensure ignition.

Requirement Summary

The length of the central cell is 70 m. The field raquired on the plasma
axis is 2.5 T, and the magnetic field ripple must be legs than 1%. The

central cell magaet system must be built from practical length modules. Axial
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space must be provided between the adjacent modules to accommodate coolant
feed for the nuclear shielding and blanket systems located within the soienoid
module. The magnet structure must be adequate to withstand mechanical loads
such as magnetic loads, dead weight, 1-g seismic load (externally and
vertically), and operating pressure differentials.

The FPD is required to operate tor 15 years. During this period, the
magnets will be energized and de-energized 12,000 times and warmed up 120

times. The magnet structure must be designed to withstand these events.

Magnet Layout

The central cell magnet wire bundie is shown in Fig. 4-5 along with the
key design parameters. Layout of a solenoid module is aleo shown. The
solenoid module is designed ro achieve the desired current density of
6000 A/cm2 at 3 T. The winding design is based on a NbBSn cable-in-conduit
conductor and is cooled with torced-flow helium at 5.7 K. The sclenoid winding
is a single layer of the force-coolad conductor., An additional layer {40-cm
axial length) is introduced at eact end of the solenoid module Lo correct for
ripple. The conducter concuit thickness is 6.6 cm, which is four times
thicker than the Westinghouse LCP conductor conduit. The thicker conduit is
needed to carry the hoop load. It is impractical to fabricate 6.6-cm-wall v
conduit, but it may he possible to build up the desired wall thickness from 3
to 4 concentric layers. Alternatively, it may Le possible Lo utilize the
W-LCP conduector in an "as is" form. 1In this case, the conductor is cowound
with a stainless steel strip for carrying the hoop load. The average heat
load in each conductor is 0.12 mw/cma. This heat load can be removed by
5 /s of hetium flowing through a 10-turn cooling loop, The coil can be
safely discharged with 800 V (peak) without exceeding the hot spot temperature
of 280 K.

An alternative design was develaped using NbTi conductor in the Mirror
Fusion Test Facility-B (MFTF-B) central cell coils. This conductor is cooled
with pool~boiling helium. The winding current density achieved with this
approach ir 3000 A/cm2 and the winding pack has 11 layers. 3Stress analysis

was performed with STANSOL computer code., It is difficult to control stresses

in the conductor unless a stainless steel strip is cowound with the conductor.

i
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— 9.2 m

Central cell magnet dimension

Mean magnet radius (m)
Axial length (m)

Module dimensions

Figure 4-5.

Module length (m)

Radial build (m)

Axial length of end-compensation zones (m)
Ampere-turns/module (MA-turns)
Current densitv, goal (A/fem®)
Field on .xi. (T)

Field at wiuding peak (T)
Nuclear heatice peak (mW/cm”)
Operating current (kA)

Energy storﬁd in each module (MJ)
Weight x 10° (kg)

Central cell magnet parameters.

2.15
70

9.25
0.06
0.3
18.5
6000
2.5
3.5

60
360
40



Conclusions

We concluded from feasibility studies of two aliernative coil desipns

that a successful coil design can be developed with pool-boiling or forced-

EFlow helium cocling approaches.
SHIELDING AND VACUUM CONTATINMENT

The overall proportions of the eylindrical central cell are chayn in
Fig. 4-6., The total length is approximately 74 m, and the outside diameter is
9.4 m. The shielding and vacuum containment consist of two basic components:
the coil shield to protect the cpil) from nuclesr heating 2nd the biplpgics]
shield for human protection, which is integral with the vacuum vessel].

The central cell is divided into eight modulez. The six A modyles are
10 mm in length. The two B modules, one at each extreme end of the central
cell, are slightly over 5 mm in length. A typical radial composition of a
module is shown in Fig. 4-2. Starting at the outside and moving invard, the
first cylindrical layer is the integral vacuum vessel and binlogical shield.

Next is the solenoid mapgnet, then the magnet shield, and finally the blanket/

reflector region.

Yacuum Vessel/biological Shield

The integral vacuum vessel/Liological shield consists of fwo “gneentric
stainless stee:, cylindrical shells. The outer diamater is 9.4 m and the
inner shel? diameter is 7.0 m. The double-walled siéructure is ctiffened with o
four bulkhesds and eight longitudinal webs, The region belwacu che shells is
Filled with water. The inner shell actually serves as the vacuum boundary.
To complete the shield, a S5-cm layer of BQC with an additional * cm of
lead, is attached to the outside of the outer vessel wall, ‘the B,C is
packaged in stainless stee! containers, and the shield z: ormance is based on

the composition of the rilled container (40% stainless stes! and 607 B&C at

70% density).

E
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Figure 4-6. The FPD-I vacuum vessel and shield regions.



Figure 4=-7 illustrates the manner in which the biclogical shieid/vacuum
vessel is integrated witlh some of the other module components. Because the
blanket is divided into two parts, a Li”PbS3 (LiPb) inlet and outlet
manifold are located near each end of the module. The LiPb enters the module
at the top and flows out the bottom. Because the point at which the LiPb
enters the blanket is at the extreme end, a potential neutron streaming path
exists at the end of each module. This path is blocked in the assembly of the
modules by removable water—-shield plugs and an inner, steel/water shiesld plug,

covering 1807 of the gap between modules.

Magnet Shield

The solenocidal sheath magnet is protected from nuclear heating by an
inner cylindrical steel/water shield (see Fig. 4-7). This shield is 75-cm
thick and consists of B0% ,tainless steel and 20% water. 1In addition, a
5-m—thick layer of BQC is placed at the other periphery of the steel/water
shield.

The magnet shield serves also as a structural member to which the blanket
sepments are attached and is the support fo. the magnet itself. The support

struts are illustrated in Fig. 4-8.
SUPPORT STRUCTURE

Each central cell module is supported by a set of four legs (Fig. 4-2)
attached to the outer shell of the vacuum vessel/biological shield. The legs,
which are in line witu bulkheads that connect the inner and outer shells,

(Fig. 4-2) transmit all loads ro reinforced concrete piers (Fig. 4-9).

END CELL MAGNETS

The end cell magnet system consists of two transition (T), two plug (P),
and two anchor (A) type C coils. A r :rcularizing coil is also needed as
shown in rhe FPD-1I configuration (i#ig. 5-22 in Sec. 5). Ail C coils in the
end cell region are similar in size and ampere—turn requirements. A summary

of various coil dimensions and their ampere-turns is given in Table 4-1.
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Table 4-1, Main parameters of end-cell coils for FPD.

Coils/parameters T1 A2/A1 P2/P1 T2
Axial lotation (m) 40.0 46,2/44.3 53.6/51.4 58.5
Major/minor radii {m) 1.5/0.8 1.5/0.8 2.25/0.8 2.25/0.8
Sweep angle {(deg) 75 75 61.5/75 61.5
Winding dimensions S1/82 (m) 1.2/0.3  1.2/0.3 1.2/0.3 1.2/0.3
Coil current (MAT) 11,37 11.37 13.78 13.78
Winding current density (A/cmz) 3158 3158 3828 3828
Peak f£3zld on the axis (T) 6.0 6.3 7.5 7.5
Peak field at the coils {T) 8.2 8.2 9.7 9.5

In general, the generic end-cell L cpil apd recircularizing coil
requirements for FPD-1 and FPD~IT are similar, The coils employ the same type
of conductor winding and structural supports. Even the fabricatien/
manufacturing problems are similar.

The FPP~1T and-cell magnet set with slightly higher fields ard current
densities, but smaller winding pack, represents an evolution of the FPD-1

design. C-coil design concepts are discussed below.

System Function Summary

The magnet system is sized and arranged to provide the on—axis magnetic
field required for plasma performance. In addition, the end cells plug the

machine and provide MHD stability.

Requirement Summary

On-Axis Field. The axial field profile in the end-cell regiom is shown in
Fig. 4-10., The maximum center~line field in the end cell is 7.50 T at #56 m.

The minimum center-line field in the end cell is approximately 1.9 T at 52,5 m.
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Magnet Configuration and Design

The configuration for the FPD-I end cell is shown in Fig. 4-11.
Locations, dimensions, currents, current densities, and fields associated with
this configuration are shown in Table 4-1. This conceptual cqfl set meets the
requirements summatrized above. Specifics of conductor, structure, winding
approach, and fabrication as noted above are bhasically the same for FPD-1 and

FPD-II C coils. These items are discussed in Sec. 5.
PLASMA HEATING SYSTEHS

The FPD I design is of the MARS tandem mirror configuration;
consequently, the required end cell heating systems are similar to those for
the MARS reactor,2 and the subsequent MFTF-o+T device.1 The ICRH is
used to maintain high beta in the anchor cell, ensuring overall device
stability. In the plug, a high energy negative-ion-based neutral beam (NINB)
creates the sloshing ion distribution that provides microstability and
contributes to the existence of the central-cell ion-confining potential
peak. Also in the plug are two electron cyclotron resonant heating (ECRH}
systems: one produces the thermal barrier that isolates central cell
electréns from those in the potential peak region and the other system
enhances the magnitude of the potential peak. Table 4-2 summarizes the
heating systems' requirements. The sloshing beam trapping fraction is
calculated in the tandem mirror reactor physics code (TMRBAR), whereas the

remaining trapping fractions are educated guesses.

ECRH Systems

Twe ECRH systems operate in the plug region. The thermal barrier system
ar point b is the highest power heating system and has the largest impact on
the overall plug configuration. At 19 MW, an ECRH system based on current
>200-kW gyrotrons and low efficiency transmission systems would be awkward
and expensive. Hence as in MARS,2 but on a more conservative note, i MW
gyrotrons in the 30~ to 60-GHz frequency range are assumed Lo be available in

the FPD time frame. Because no beam recovery is expected in the conventiomal
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Figure 4-11. The FPD-I end-cell comfiguration.
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Tahle 4-2. The FPD-I heating system requirements.

Potential Thermal
Anchor Sloshing peak harrier
ICRH NINB ECRH ECRH
leating point -- a' a b
Location, z (m) #43.65 & £50.0 +53.9 +52.55
+46.90
Absorbed power (MW) 2.0 0.44 0.83 16.2
Trapping fraction 0.60 0.27 0.85 0.85
Delivered power (MW) 3.5 1.64 1.0 19.0
Vacuum frequency (Hz) 71.0 x 10° -- 72.8 x 10° 56.0 x 10°
Heating frequency (Hz)  56.0 x 10° -- $6.0 x 10° 35.0 x 10°
Delivered current {A) -- 3.5 - --
Beam energy (keV) - 475 -= -
Injection angle - 30¢ - --

(Ll to z-axis)

closed-cavity gyrotron, we assume gyrotron efficiencies between 45 and 50%.
To scope the transmission system and its efficiency, we also assume a TEUZ
output mode. These assumptions are justified based on current developmental
program results and trends. The thermal barrier system, therefore, utilizes
1-MW tubes, whereas the potential peak system needs only 678-kW sources.

Technically, 1-MW power levels are achievable in 2-1/2-in. waveguides,
but only at high pressures of sulfur hexafluoride. Windows then become an
issue, especlally in a fusion neutron enviromment. To eliminate windows and
increase efficiencies, a2 vacuum quasi-optical transmission system has been
utilized. Table 4-3 summarizes the ECRH systems configuration and key
parameters. )

At 35 GHz, the divergence angle of a quasi-optical beam is significant;
to limit the beam size through “he magnet region and at the plasma, an offset

dual mode horn with paraboli- reflector is used (see Fig. 4-12). The apex of

4=-23
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Table 4-3. The ECRH system summary.

e ECRH configuration

One ECRH transport system at each end for the point "a" ECRH system; two
beam launchers per system {(one operating/one redundant)

Two ZCRK transport systems at each end for the point "b" ECRH system; seven
4 heam launchers to system (6 operating/) redundant)

® The ac/dc converzion is accomplished by two 30-MW ac/dec
converter/transformers with one at each end of the device

Efficiency: 98%

e The 1-MW gyrotrons have a regulated {(modulator/regulator tube) cathade
voltage of 80 kV

Efficiency of modulator/regulator: 96%
Gyrotron rf-to-beam conversion efficiency: &45%

! ¢ The gyrotron—launcher interface is an evacuated circular waveguide section
with mode converters to properly prepare the wave mode for the launcher

i Effjciency: 76.8%
e DOffser dual mode conical harn/parabolic reflector beam launcher
Efficiency: 96% (includes beam scrapeaff loss)
e Total system parameters
Efficiency: 32.5%
LHe reguirements (for pgyrotrons): 26 R/hr
LN; requirements (for gyrotroms): 13 &/hr

Cooling water requirements: 12,500 gpm

4-24
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th2 horn does not ]ie at the focal point of the reflector; the beam is thus
focused. The launcher parameters for both ECRH systems are listed in

Table #-4 and a block diagram of the waveguide section, an interface hetween

the gvrotran and launcher, is shown in Fig. 4-13,

The integration of the ECRH systems into the plug is depicted “n

Fig. 4-14 apd the overall power flow is shown in Fig. 4-15.

i
i
E
H
i
{

Table 4-4. The ECRH launcher characteristics.

At "a" Ar "p"

Cifset Horn
conical parabelic Reflector

Conical argle, o (deg) 17
i Cone height, h (cm) 54.7 68.2
: Paraboloid focal length, £ (cm) 35.5 43.73
Mirror diameter, Dm {cm) 70.0 85.0
Initial beam diameter, D0 (em) 49.3 62.4
Distance from beam focal point, X, (em) 9.5
Distance to magnets, X {(m) 7.5

\ Maximum beam diameter in magnet

regioca, D(X} (cm) 24,0 27.0
Leam diameter at plasma (em) 14 17
; Number of ECRH launchers/end 1 2
: Number of beam launchers/ECRH launcher 2 7

Launcher transmission efficiency

(includes 2% scrapeocff loss) (%) 96 96

4=26
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fractional power loss.

The ECRH gyrotron quasi-optical launcher interface,

The values in parenthesis denote
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Anchor ICRH System

The anchor ICRR system must deliver 1.75 MW to each end cell at 54 MHz.
With the exception of waveguide vs loop antepna selection for the launcher,
the FPD I anchor ICRH system is considered conventional for plasma heating
applications. At 54 MHz, the width of a ridged-waveguide that is expected to
couple well to the plasma is slightly greater than 1.6 m; the plasma boundary
changes drastically in the anchor yin-yang magnet pair over this length. To
align the waveguicde mouth parallel to the plasma surface within the geometry
constraints of the region, one of a number of waveguide distortions are
required (e.g., bends or oblique cuts of the face of the guide). Heating at
higher harmonics decreases the waveguide size, but fourth or fifth harmonics
are required pefore the contortions can be eliminated or become tolerable. At
the high ion temperature, this scenarioc may be plausible, but much analysis
will be required before a decision of this sort can be made. We have thus
opted for a loop antenna.

The description and expected performance of the system are summarized in

Fig. 4-16 and the following:

e Configuration:
Four liunchers per anchor (2 operating/2 redundant)
e Launcher: Center~fed loop antenna with Faraday shield
Antenna power: 875 kW
Efficiency: 95%
® Transmission System:
Mainily 6~1/8-in. 50 Q coax, taper down to 3-in.
before entering minor radius gap
3-stub turning system
Efficiency: 84.7%
Coolant loops:
No. 1: Launcher and back to stub tuner
20 gpm while operat’ig
7 gpm while not operating

No., 2: Remainder--8.5 gpm
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ABSORBED Power: 2 MW
TRAPPING FRACTION: 0.6
DELIVERED Power: 3.5 MW
Bp,vact 65T

Bei 3.56 T

HeATING FREQUENCY: 54 MHz

LAUNCHER: LOOP ANTENNAS
2/2 PER END

TRANSMISSION LINE: b 1/8" - 508 Coax
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EFFIciENCY: 53,52
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e Transmitter: multistage
Power supply
Efficiency: 61.9%
Coolant loop: 225 gpm
¢ Performance:
Total line power: 7.04 MW
Total system efficiency: %9.7%

Total water coolant requirements: <1000 gpm.

Note that the power handling capability of the antenna corresponds to current
experimental levels and is below that which could be expected in the FPD time
frame. This resvlt was not a result of conservatism, but arose because the
1.75-MW line requires a more complex and less efficient amplifier chain and

consequently was a move costly system than one with two B75-%W lines.

S$loshing Negative-Ion Nautral-Beam (NINB)} System

Each plug has one beamline that delivers 1.75 A at 475 keV of deuterium.
The technology assessment and development required for this system have been
well documented elsewhere and will not be repeated here.?’j The basic
system consists of a self-extraction source with an 80-kV pre-accelerator,
a transverse field focusing (TFF) transport and high voltage accelerator
system, a gas neutralizer, and an ion-bending magnet and dumps, all contained
in a vacuum vessel surrounded by magnetic shielding. The sources arc similar
to the current Lawrence Berkeley Laboratory (LBL)} sources except for an rf
plasma generator {vs filaments) and forced cesium diffusion from the back of
the convertor plate (rather than a CS jet) to enable steady-state operation.
The evrrent level per meter is below both present source capabiliry and future
expected levels. The TFF concept is currently under development at LBI. with a
proof-of-principle experiment expected later this yesr. Since FPD is more
near term thian a MARS scale device,2 a more conservative; i.e., lower power,
laser system was assumed available than [or MARS, resulting in roughly the
same 60% neutralization efficiency as for a gas neutralizer. Because of the

low delivered current (power) requirement, similar neutralization efficiencies,



and because the laser costs are greater than those associated with the
increased gas load of a gas neutralizer, the gas neutralizer was chosen.
Figure 4-17 shows the beamline in context to the end plug configuration,
whereas Table 4-5 and Figs. 4-18 and 4-19 describe the system to the next
level of detail. Fipure 4~20 is a power flow diagram for a beamline. The
beamline power and current efficiencies are 43% and 41.9%, respectively; the
fact that most of the currént is lost at low energy is partially offset by the

lower power supply efficiencies at the higher voltages.

DRIFT PUMPING

Requirements

There are two points in the ec... cell where drift pumping is required:
the transition and plug cells. Drift pumping is accomplished Ly perturbing
the geodesic curvature of the end cell's magnetic field. This enhances the
radial drift. Table 4-6 shows the detailed requirements of this perturbation
field for the transition and plug cell. The frequency is the center of the
frequency spectrum, whereas Af is the spectraz! widtn either in percent of
center frequency or in kHz. The modulation does not have to be discrete tones
(12 or 110), but tones are probably the easiest to implement because of the
broad spectrum required. Finally, there is the specification of the
perturbation flux in webers. If a coil configuratirn is assumed, in this case
2 MARS-1ike ceil, then the circulating power required to create this flux can
be calculated. Because the coil operates in close proximity to the shield
surfaces, eddy currents are expected. These were calculated on the MFTF-q+T

prnjecc] and are determined here by scaling.

Gonfiguration

Arrangements of power amplifier chains with each chain passing one or
more frequencies, are planned. These channels feed a pair of drift pump coils

(one on each side of the plasma), which are connected in series. The output
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Table 4-5. The NINB system summary description.

o Configuration:
One beamline” per plug;

Three sources per beamline (2 operating/l redundant).

Z

o 2.1-A LBL-type self-extraction source at -475 kV, 2 x 50 cm® ribbon beam:

RF plasma generator in magnetic multipole bucket containment;
Forced cesium diffusion through converter plate;
,Smalﬂ transverse magnetic fields to divert electrens;

Q;'cStandaid 80-kV single-slot preacecelerator;

" . Gas efficiency: 12% + gas flow: 3.1 T &/s.

o The TFF transport and high voltage accelerator:

80-kV TFF transport section (LEBT) at =395 kV with multistage
differential pumping + 7.5 m2 cryopumps ;
Four stage TFF high voltage accelerator (~305 kV, -220 kV, -135 kv,
=50 keV); A
H{igh energy beam transport section - AEBT;
TFF focusing voltages range from +25 kV ta +50 kV;
Divergence: 0.45% x 1°;

5 Torr.

Fressure 1 x 107
o Gas neutralizer:
Optimum gas thickness: 6.5 x 1015 cmﬂz;
Average gas pressure <p> = 7,5 x lO-b Torr ;
Approximate dimensions: H X W x L = 15 em x 55 em x 130 em;
Gas load: 5.72 T #/s.
o lon magnet/dump region:
5

Pressure 1 x 10 ° Torr;

3.6 m2 CTYOPUmMpS «
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Table 4~6. Drift pumping requirements.? p

Transition Parameter Plug
64 Frequency (kMz) 1100
40 Af/f bandwidth (%) 66
25.6 Af bandwidth (kHz) 726
12 Number of frequencies 11¢
0.072 Pertv sation flux {W) 0.0065

Assumprions:
o MARS-like cpil
- Hairpin shape
-~ Bealz2d in size

o MFTF-+T eddy current (scaled}.

of each channel is matched to the coil pair through a narrow-band resonating
circuit, which ineludes the drift pump coil. This ceonfiguration was first

dcveloped on the MFTF-g+T s:udy.] Figures 4-21 and 4-22 portray this

configuration. For the transition, there are only 12 channels required; each
corrying a single tone. The plug cell is satisfied by a simildar arrangement;
however, 110 channels are required. This large number of channels is not
desirable and can be reduced if each channel's bandwidth handles two or more
tones. This point is addre<sed in the following section. The power of each
channel is the Loiel power multiplied by the ratio of tones per channel to

total number of tones.

Performance

This performance analysis follows the one developed for the MFTF-(}*T—1

The total coil current 1 is given by solving

=¢ . IL
B=%"w®m
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Fi~rure 4-21, Drift-pump antenna arrangement.



s3urdund 33T1aQ

1%
W07

{

3IVI6ILNI
JI¥WYD

i

d3lvam
GNIIN0Y )
ALIAILINONDD

M0

H3d4ns 31Na0W
L BUTE] HOLNOW
HOLINDI JINVIWHEDIY I
JINVINHOJY2d dWNd L3197
104LN0D 300410y 1IN00W
1081ND]
SHIWHOISNYHL \IJ dwfld L4 a
INIHILYIY N -
= = 1 210N NIvHD
0340914 T & SIRY L
HIM0d i
-
1139 H HOLYHINID
ond H WNHLD3dS
1+2414W . ‘ ZHY Q09
I ﬁ T | tonNivHD
o —— & HEIETRE T
43M0d gyLNG
AININDAHA
RREN T TLON NIYHD 401vHaNig
HOHINY HAITdWY WIH 19343
L+0 4140 HEIES T..l 2HY 08/0¢
-
-
-
SYINLOISNVEL HR )
ONIHALYW
1103 40 HOHINY u.w 1 "ON NIVHI
HETFIRPI
| vawod
UM A 1vH
HD10Y3Y

033 z8gE-£8 OmMu--INUQ

dramodl
934 Q0w

'CT-% 9AnB14

S0s

SHIMOL
ONITD0D

FEIEIIWEN]
HIWBO4SNYHL

441



where the parameters have their usual meanings. Hence

s
L

-
"

18 kA transition

1.625 kA piug.

Table 4-7 summarizes scaled down MARS drift—pump coil parameters at the FPD-1
frequencies. TFrom this point, the delineation of performance will cover the
transition cell first followed by the plug cell.
The total real power supplied to each coil is
2

= = 2 =
p I RL = 1 (REC + Rc) 2.53 MW,

where REC

and the coil. The power and current supplied by each channel are

and R, are the aquivalent resistances for the eddy current loss

o
n

211 kW,

and

—
i

5.2 KA.

Figure 4-23 shows a sketch of these thannels. Following the analysis from

METF-a+T, the component values are as :iollows:

c1 = 5.98 x 1071,

L1 = 2.77,

¢2 = 3.05 x 107%,

.2 = 21,100,

€3 = 2.07 x 1072,

L3 = 362.8,

c4 = 5.2 x 1072,

L4 = 1741.1, <«

where capacitance is in nicrofarad and inductance is in microhenries. One

tube capable of 0,75 MW [s the EIML™ 2170.

4=42



Table 4~7. Performance.
Transition Parameter Plug
Coil:
4 Inductance (uH) 4
6.4 Resistance (m2) 26.5
246 Q 0981
1.4 Load () 5.9
202 Q loaded 801
454 Eddy loss {(kW} 15.6
2073 Coil loss (kW) 70.0
18 Current (kA) 1.625
Transmitter:
714 Power/channel (kW) 2.6
377 Af/channel {Hz) 2989
i2 #/drifr pump coil pair 110
1156 Prime power per channel (kW) 4.3
13,870 Prime power per drift-pump coil pair (kW) 466
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The plug cell requirements are very difficult to meet because of the
large bandwidth along with the high Q of the drift pumping coil. Assuming
only the load of eddy currents in the shield on the ceoil, results in a Q of
~wout B0Q. 14 actuality, this Q is somewhat smaller because of connection
resistance and plasma loading. If the required bandwidth of 66% is divided
inte 110 channels, each channe! would have 0.6% bandwidth resulting in a Q of
ahout 160. With these 110 channels, there would be continuous coverage across
the 726 kEz band. Any modulation technique (noise, cw sweep, or discrete
tones) could be used. However, the power dissipated rises by 800/160 >r a
factor of 5. The extra power dissipated would be 340 kW. This is an
undesirable solution because 110 channels, operating with less than 10%
efficiency, are required. For operations with only discrete tone modulation,
the Q and efficiency could be higher and only limirted by the plasma loading
and circuit connections. Table 4-7 summarizes a design of this type in which
the Q is ahout 370. Referring to Fig. 4-22, the values for these channels are
as follows: Cl = 1.97 x 107>, L1 = 4, C2 = 8.4 x 107 °, 12 = 2820,
€3 = 2.15 x 1072, L3 = 16.3, C4 = 1.83 x 107% and L& = 129.4 (C in

microfarads, L in microhenries). A tube im the 4CX3000A class wxuld suffice.
Future Work

In FPD-11, the plug-cell drift-pump spectrum is defined in more detail,
There are two distinct bands: ane for the cold ions and another for the
sloshing iops., This relieved the design complexity somewhat, but 45 channels
are stil]l required to interface with each drift-pump coil pair. A similar
investigation of FPD~1 should be carried out. The eddy current loading made]
requires more work as does the techniguec for flux routing around the
drift=pump coil., Finally, some kiand of recovery system in the matching
necwork veeds to be developed, which will allow wideband (low ) operation
with good efficiency (see MFTF-a+T report]).

Since the FPD-I effort was completed, new Fokker-Planck calculations for
#PD~IT have shown a decrease in the electron energy coupling from the plugs to
the centyal cell., In retrospect, for FPD-I to remain ignited, 35 MW of powear
would have :o0 be absorbed by the plasma; in this case, ICRH was chosen. The
partitioning of ahsorbed power among the ions, electrons, and alphas does naot

matter, hence the trapping fracrtion is assumed to he quite high 185 to 90%.
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The central cel! vacuum field is 2.5 T corresponding to 38 MHz for the second
harmonic of deuterium, but the equilibrium beta is quite high with a peak
value of 90%Z. 'To simplify the ICRH design and analysis, we have assumed that
as beta increases, the frequency is held constant and the heating region is
allowed to move up the slope of the choke field. At full plasma parameters,
38 MHz will heat the surrace associated with a %3.5-T vacuum field at the
ends of the central cell.

The system comprises twelve Faraday shielded center-feed loop antennas
divided between the two ends of the central cell; each antenna is supplied by
a high power transmission system with » three-stub matching network and a
multistage amplifier chain. Each antenna covers nearly one-half the plasma
circumference and is less than a quarter of a wavelength in length; a power
density limitation of 1 kwlcm2 defines an antenma width of "20 cm. The
antenna, feedthrough, and Faraday shield are assumed to consume V8% of the
power; the transmission system is similar to that described for the anchor
ICRH system and is approximately 85% efficient. The transmitter is multistage
with a very high power hybrid combiner and two high power hybrid combiners
funneling 1.17 MW from four X-2159/9874 tetrodes into the 9-3/16-in. coaxial
transmission system. The transmiiter efficiercy is A59%, Two converter/
cransformers supply the dc power; each is rated at 45 MW at 25 kV. The line

requirement for the system is 82 MW, and the ICRH system efficiency is 45.4%.
HALO SCHRAPER/DIRECT CONVERTER

The following discussion is a brief summary of the design, supporting
analyses, and calculations performed for the direct converter for FPD-I. The
basis for the direcrt converter design and remote maintenance considerations
for FPD-T is the A-18 magnet set. We assume that the distribution of power in

"
the direct converter ts similar to that in MARS.®
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The electron collectors and the halo scrapers provide a collection system
for the charged particles that exit the central celi. The escaping particles
contain a significant amount of power (20% of the fusion power plus the
injected power), which results in very high thermal power densities on the

surface on which they are collected.

Design Assumptions

We made some assumptions in *his study to arrive at a design for costing
purposes, they are:

. Use circular plasma crass sectional shape at the direct converter
plates.

® Use shape simplification to ease manufacturing--make all cooled
elements flat.

® Limit the size of the direct converter so that it cau be contained in
a 7.0-m diameter vacuum vessel.

e lUse 53.5 MW of charzed particular energy ,2r end distributed in the

same proportion as with MaRs? (see Table 4-8).

Table 4-8. Power distrihution
(MW per end).

MARS FPD-1
Outer halo 10.0 2.0
Inner halo 50.0 9.0
Outrer end
Thermal 11.0 2.0
Electrical 12.5 2.5
inner end
Thermal 69.5 13.0
Electrical 133.5 25.0
Total 286.5 53.5
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Design Options

There are several design options available depending on the goals chosen

for a direct converter on FPD:

o Use a high temperature coolant to permit recovery of the thermal
energy at 300°C. This option requires high techrology fabricarion
technigues for refactory metal (TZIM) collectors.

o Use low temperature collection of the thermal energy with no energy
recovery. This option permits simple fabrication of copper
collectors and low pressure water coolant.

© Use low temperature coilection of the thermal energy with a high
temperature module tn demonstrate feasibility.

¢ Discard electrical energy.

o Use electrical energy at collector potential.

0 Invert collected electrical energy and feed grid.

Design Mescription

We considered designs for both the high-temperaturg recovered-heat and
the low-temperature discarded-heat options; and performed a costing exercise
for both. The mechanical designs for both options are very similar (see
Fig. 4-24) with the major difference being the collector and halo materials.
A preliminary assessment of the vacuum pumping reguirements was made. This
assessment resulted in an estimated open duct pumping speed of 4.0 x 105
liter/s that could be achieved by using 80 TMPs atr 5000 liter/s capacity or

5.6 m2 or cryo parels backed py a roots blower.
Costs

Table 4-9 summarizes the costs of the two options considered for FPD-1

with a comparison to MARR,
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Table 4-9, Costs in 1984 dollars including materials,
fahrication, and installation.

MARS FPD-I FPD-1
TZM TZM Copper
(m) (m) (m)
Piping and supports 1.63 0.94 0.28
Halo 4.13 1.71 0.34
Collector 4.00 0.77 0.15
Totals 9.76 3.42 0.72

FUELING INJECTION SYSTEMS

The FPD machine has two independent gas-puffing injecion systems for
initial loading and startup. Either gas—injection system can perform these
operations with one system maintained while the other is in aperation. The

gas-injection systems can supply either hydrogen or deuterium gas, but not

tritium. Therefore, the gas injection system developed for other machines can

be procured without having to upgrade to meet tritium safety requirements.
The maximum pas injection rate is 300 g/h. Both pulsed and analog modes of
operating are -~vailable.

Two independent fr2l pcllet injectors are provided, with one at each end
of FPD. Either injector can provide all the deap-tueling needs of the
machine. The pellet injectors ram inject 2.75 am pellets with velocities up
to 12,000 m/s, corresponding to a pellet penetration of about 50% of the
radius near the throat of rthe choke coil. Table 4-10 contains the
characteristic aesign data for two-stage pellet lajectors consisting of A
pneumatic-gun first-stage preinjector and an electromagnetic-rail-gun second-
stage accelerator.

The fuel pellet can be controlled within a range from 0 to 10 per second
to cover the large uncertainty in the plasma confinement time and
cfiectiver s of the pellet fueling. The fuel pellet formers can make DT

pellets vith atomic mix ratios betweep 0.5 and 1.5. The pellets can



Table 4~10. TFue) pellet injector data-

Na. of pellet injectors 2

Pneumatic gun data:

Pellet diameter and length (mm) 2.75
Pellet rate (s™!) 0.10
Pellet velocity (m/s) 500
Pellet composition:
Deuterium >95%
Tritium >45%
Atomic mix ratio 0.3 to 1.5
Propellent gas D2
Supply pressure (PSTA) 150
Barrel length (m) g.8
Electromagnetic rail-gun accelerator data:
Pellet entry velocity (m/s) 500
Maximum pellet exit velocity {m/s) 12,000
Maximum thearetical rail-gun 10.5

current (ka)

Rail-gun barrel length {m} 16.6

Rail~gun energy supply (kJ) 15.0
Fueling supply rate data:

DT fuel injectiom rate (g/h) 32

Tritium fueling supply rate (g/h) 39

Deuterium fueling supply rate (g/h) 28

Other fuel system operating data:

Vacuum pumping requirement {(LPM) 2900
Liguid nitrogen =upply rate (gfh) 215
Ligquid helium supply rate (g/h) 125
Eleetric power coasumption (kW) 100
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be injected in the reduced section of the central cell plasma near the inboard
side of the water~cocled choke coils. Isclation valves will be provided at
the rail gun exit to permit operation with one injector out of service.
Replacement of the pellet laurcher and rail gun accelerator will be possible
without entering the vzult.

Although rail guns were developed to inject non-metallic pellets up to
11 km/s, no one has ever built one to accelerate frozen fuel pellets.
Considerable development work is needed to determine the feasibility of using

an electromagnetic rail gun for injecting high velecity fuel pellets.
END CELL
SITELDING AND VACUUM CONTAINMENT

Shielding analvses for FPD-1 have identified a need for two types of
shield for the end cel}. These two, shown in Fig. 4-5, are (1) magnet and
(2) biologica! shields. The magnet shield is located between the plasma and
the coils in the end cell. 7The biological shield is an integral part of the

vacuum vessel.

Magnet Shields

The magnet shields tailored in shape and location to the individual coils
in the end cell are shown in Fig. 4-24: therefore, they vary throughout the
length of the end cell. The choke coil requires thicker shielding than the
recircularizing coil, All of the C ¢o0ils have 35-cmthick shields. This
shield consists of 30-cm steel shielding and 5 em of boron shielding. ‘ihe
steel shield composition is BUZ steel and 20% H,0; the boron shielding

composition is 40% steel and 60% B,C. (B,C has a (:insity factor of 0.7.)

Vacuum Vessel/Biological Shield €.

The function of the hiological shield is integrated with the function of
vacuum containment in a double-walled vessel. The wall spacing of 2.4 m is
set by the biological shutdown dose rate. Ia addition, a S5-em-thick boron

shield and a 5-cm-thick lead shield are attached tu the outside of the
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integral vessel. These three shield layers limit the shutdown daose rate to
0.5 mrem/hour, 24 hours after shutdown. J

The end cell has the following physical dimensions:

¢ Length = approximately 33 m.
. Inside diameter = 7.0 w.

e Outside diameter = 11.8 m.

The end cell vacuum vessel consists of an inner and uute: shell separated
by six bulkheads, as shown in Fig. 4-25. Figure 4~26 show rhe magnet celd
structure integrated into the cylindrical vacuum vessel.  he removable top
hatch is framed by a beam structure, Both the hatch and the vacuum vessel
have longitudinal stiffeners on 45° spacing. Each end cell has two
hatches. The large hatch is for coil removal, and the smaller one is for the
direct converter/halo scraper removal. The hatches are sealed with a

singie-conveolution welded bellows.
SUPPORT STRUCTURE

The end cell 1s supported by three sets of legs, as shown i Fig. 4-215.
These are situated om top of reinforced concrete piers. The sup, rt legs sit
on a roller tyre support, which allows axial movement (2-directi ) fer
thermal] expansion. All lateral or vertical movement is constrazined. Fach set

of legs is in line wita a vacuum-vessal bulkhead.

NEUTRONICS ANALYSIS

Neustronics analyses for the FPD-T design were performed for ! . central
cell, choke area, and the end cell. The central cell analysis ° ades 1
blanket optimization to reduce the capital cost, z shield design - the

protection of the central cell coils, and a biological shield de ign for the
1eactor room access one day aiter shutdown. The choke area analy ¢ was
carried out to define nuclear responses .n the copper insert coil apd Cthe
superconductor portion of the coil. Rigorous analysis was performe. for the
end cell because the capital cost of the end c¢ell amounts to 460%Z of the

total capital cost. An elaborate three-dimensional (°D) radiation transport

4

analysis for the complete reactar system, i(ncluding the ‘eding blanket, the
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Figure 4-25. The FPD~1 end-cell plan vi.w.
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Figure 4-26., Section through the FPD-1 ead-cell vacyum vessel.
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bulk shield, the central cell coils, the choke coils, the C coils, and the
biological shield, was carried out. The general purpose Monte Carlo compitter
code, MCNP, was used for the calculations with a continuous energy
representation for the nuclear cross sections based on ENDF/B~V nuclear data
files. The energy spectrum and spatial distribution of the neutroa source
from the DT plasma in the central cell and the end cell were modeled
explicitly in the calculations. The geometry of the C coils wuo mui~led
explicitly without approximation in the calculation model. Results from the
3D analysis include the net tritium breeding ratio, energy deposition in each
tomponent of the reactor, radiation damage parameters in each -~oil, neutron
teakage from the cer*ral cell ¢to the end cell, and che detaliied shield design

for the end cell.
RADIATION PROTECTION CRITERIA FOR THE COILS

In general. %e effect of radiation on coil components ternds :e lower
their performances. For superconductor materials, neutron irradiation reduces
the critical density (Jc) and the critical temperature (T ). For NbTi

18 nfcm® (E > 0.1 MeV) fluence,

superconductors, Jc is decreased by V10% at 4 x 10
6

whereas T is unchanged.a’5 Irradiation experiments at RTNS-I1" on NbTi super=

conductors show consistent results with previous work. On the other hand, JC

of NbqSn generally increases, reaching a maximum and then decreases as the

neutror fluence increases.’ Irradiation experiments at 61 K (Refs. 4,5)

with a maximum neutron fluence of & x 101B n/cm2 show that the maximum

value and ihe increased rate of Jc increases with the magnetic field. At a

magnetic fiejd of 5 T, the 61 K irradiation resulted in a 16% inc-ease in Jc

after 2 x 10% nfem? without reaching a peak. Trradiation experiments at

higher temperatures (2350 K) show the same hehaviar for I However, the

JE peak was Jower than the corresponding value at lower temperature for the

same magnetic field. For example, the 350 K irradiation gave an B% increase

corresponding to the 16% mentioned tefore at 6 ¥. Other irradiation €
experiments at 400 K and a 10 T fie]dg resulted in s Y0% increase for Jc at -
019

a4 x 108 n/e? and dropped to the original value of J_ at 1 nlemt.

Based on these experimental resu1ts,4’7’8 the comparison betreen the room

temperature and the 6 K irradiation results, and the maximum field of 11 71, a
3 2 . , .

neutron fluepce above 10 nfem” can be acihieved in Nb3Sn wit. »ut a

derreas: in the critical current density.
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The stabilizer material carries the current in the event that the
superconductor temporarily becomes resistive. The coil iz designed to remove
the generated hLeat (IzR) so that the normal regior does not propagate. The
re .istance (R) of the stabilizer is the most important consideration for this
process. Copper and aluminum are the two choices for the stabilizer
material. However, copper is the prepared material because it has the lowest
resistivity in the fusion environment.9’10 The total resistivity of the
copper stabilizer can be described as the sum of three components: the
initial resistivity p,» the magneto-resistivity p,» and the
irradiation induced resistivity Piprt Magneto-resi.tance is a functiom of

and the magneric field which complicates the evaluation of

D, Py »
Q iTr 5,9"]3

p. Few experimental studies have been dome on the change of copper
resistivity as a function of field, neutron fluence, and number of cycles of
alternate neutron irradiation (4 K) and annesling (300 K). The change in the
copper resistivity can be zccommodated by using more copper stabilizers, which
increase the thickness of the ceils, can be partially annealed out by warming
the cails, or can be avoided by improving the shielding performance (lncrease
shielding thi:kness or use better materials). The FPD design limits the
irradiation-induced resistivity ko W5 x 10_8 cm in the copper stabilizer

at the end of life to avoid any impact on the coil design.

The most sensitive component in the coils is the insulator material
because the irreversible irradiation damage 'imits the operating life of the
coils. The properties of interest for the coil designs are the electrical
resistivity, dielectric strength, mechanical strength, and thermal
insulation. Experimental results form neutron irradiation at 5 K suggests
that polyimides can withstand a radiation of 1010 rads and retain high
resistivity and mechnical strength. Glass-cloth reinforcad epoxy type GiD-CR
or G11-CR shows a2 serious degradation at 2 x 109 rads. The FPD design

.10 . . . .
assumes a 10 rads maximum tolerable dose in the insulator waterial at the

end o life.
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The nuclear energy deposited in the coils impacts the refrigeration power
required since aiout 500 W of clectrical power is consume. to remove one watt
from the coil at 4 K. This low removal efficiency calls for minimizing the
nuclear energy deposited in the coils. Thus, limiting thc maximum nuclear

heating to a few midfem? is required to avoid a large cryogenic system.

CENTRAL CELL ANALVSIS

The central cell analysis cov=vs the following three sections: (1) the
tritium breeding blanket, (2) the shielding desipgn to protect the central cell
coils, and (3) the biological shields. 1In the design process for these three
sections, the emphasis was on reducing the capital cost and the total welight
of the central ¢ 11. The blanket is designed to convert the kinetic energy of
the DT neutrons to recoveraolzs heat and produce adequate tritium breeding to
supply th2 tritium fuel requirement during the whole reactor lifetime; the
blanket is designed as well to generate a surplus of tritium to compensate for
operating with nonbreeding blanket sections or to start another reactor within
a reasonable period of time. Economic and shielding considerations require
the blanket design to maximize the recoverahble heat produced, which is defined
as the energy deposited in the first wall, breeding zone, and reflector per
fusion neutron. A neutronics analysis was performed to study the performance
of the self-cooled natural lithium-lead [Li17Pb83 (LiPb}] blanket concept.

The impact of the breeding zone thickness, reflector material selectiun,
refiector composition, and reflector zone thickness are analyzed to determine
the main blanket parameters. In the analyses, five key parameters are
considered to define the blanket for FPD. These parameters are the capital
cost, the total weight, the tritium breeding ratio, the energy deposition in
the blanket per fusion neutron, and the energy loss to the shielding system.
For the LiPb blanket concepr, the tritium inventory is less thar 1.0 kg, which
requires 1.0} pet tritium breeding ratio to achieve about ome year doubling
time. However, the neutronics analysis was performed with a wide range for
each key parameter. As an example of the resulcs, Fig. 4-27 shous the tritium
breeding ratio as a function of the breeding zone thickness (10 to 50 'm}, for

different reflector zone thicknesses (20, 30, and 40 cm). Table 4-11 gives

the central cell parameters that resulted from the analysis for the FPD design.
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Table 4-11. The FPD-I central cell and choke coil parameters.

Central Cell Blanket Parameters

Marterials:
Natural LiPb breeder
Carbon reflector

Ferritic steel structural

Dimensions and composition in the neutronics model:
Tirst wall thickness (50% ferritic, 50% LiPb} (em)
Breeder zonme Lhickness (7.5% ferririe, 92.5% LiPb) (cm)
Reflector zone thickness (10% ferritic, 10% LiPb,
80% ¢} (ecm)
Breeding blanket length (mz)
Neutron wall loading (MS/m?)

Performance parameters:
Tritium hreeding ratio
Lithium=6 enrichment
Rlanket energy multiplication factor
Total energy multipiication factor

Energy fraction deposited in the shield

Central Cell Shield

Materials:

Steel balls, water, B,C (powder), lead
Dimension and composition under the coils:

Steel shield (60% Fal427 steel alloy, 40% HQO)
Boron shield (42% B,C, 20% Fel422 steel alloy, 20% H,0)
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Tzble 4-11. (Continued.)

Nuclear 1esponses in the central cell coils:
Maximym nuclear heating in the coil case (m/cm>)
Maximum nuclear heating in the winding wmaterial (mw/cm3)
Maximum dose in the thermal insulator (rads/HW'y/mz)
Maximum dose in the electrical insulator (rads, Mw-y/mz)
Maximum dpa in the copper stabilizer (dpa/MW'y/mz)

Fast neutron fiuence in the winding material

(neutronsfcmZ/MW'y/mz)

FPD-1 Choke Coil

Copper insert:

Neutron wall loadiag (Mw/mz)

Maximum nuclear heating in the coil case (W/em
Maxim:m nuclear heating in the copper coi? (W/cmB)

Maximum nuclear heating in the ceramic insulator

(rads/MW‘y/mz)

Maximum atomic displacement in the coprer (dpa/Mw-y/mz)

Superconductor:
Neutron wail loading (Mw/mz)

“aximum shielding thlckness {(cm)

Maximum nuclear heating in the coil case (mw/cmB)

Maximum nuclear heating in the winding materials (mW/cma)
Maximum dose in the insulator (rads/MH'ylmz)

Moximum dose in the electrical insulator (rads, Hw'y/mz)

Fast neutron fluence in the winding material

(E > D.1 MeV), (n/cmlew-y/mz)

Maximum atomic displacement in the coppur stabilizer

(dpa/Mus y/mz )

e

0.1
0.03
7.78
2.70
2.11

8.85

n.80
0.0
0.32
0.22
7.00
2.92

X IO7

X

X

X

10
10

10

7
~6

10

x 108
x 108

X
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The shielding thickness for the central cell is defined to achiev:
0.1 m‘w/cm3 maximum nuclear heating in the coil case. At this nuclear
heating rate, th. capital cost for the central cell ir at minimum baced on the
MFTF-at+T design analysis.l The design criterion based on the nuclear
heating and the tive years operating time (100% availability) produce low
nurlear responses in the superconductor coils as shown in Table 4-11. The
dezign criteria far superconductor coil protection against radiation is about

two orders of magnituode higher than the values in Table 4-11.
(HOKE COIL ANALYSIS

The choke coil aralysis was performed to define the nuclear responses in
both sections of (he choke coil: the normal copper insert and ihe
superccorductor section. The maximum neutron wall loading for euach section is
shown in Tabie 4-12. Based on the nuciear responses given in Table 4-11, the
copper insert can operate for 1.7 years (100% availability) to reach 10]3 rads
in the cerg=ic insulator which corresponde to 3 volZ swelling in the MgAl1,0, .

The superconductor section has an adequate margin to operate for five years

(100% availability) without 1eaching any radiation design limit.
END CELL

An accurate 3D analysis was performed for the whole reactor to provide
the following information: (1) the neutron wall loading in the end cell,
{2) the energy deposition in each component, {3) the net tritium breeding
ratic, (4) the neutron leakage from the central cell to the end cell, and
{5) the hot spot points in the € coils. The 3D geometrical model tor the
calculations is shown in Fig. 4-28. The key results from this analysis &re
summarized in this section. The neutron wall loading in the end cell has a
0.15 mW/m2 peak valoe at z = 46.1 m. The neutron wall loading distribution
shows that the C coils' shield thickness can be tapered to less than the 35 <m
starting from z = 54 m. Table 4-12 gives the enerpy deposition in each
caomponent per fusion neutron and the statistical error within one standard
deviation. The energy deposition in the C coils and the end cell biological

shield is 90.4 aud 35.6 kW, respectively, The shield thickness for the C coils
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Table 4-12. Nuclear

heating and power distribution.

(MeV/DTn}
Neutron Gamma Total
Blanket
First wall 0.3288 + 0.51% 0.5991 * 1.09% 0.9279
Breeding zone 4.8433 + 0,632 5.8394 + 0.60% 10.6827
Reflector 2.9348 + 0.69% 2.4177 + 0.94 5.3525
Total 8.1069 8.8562 16.9631
Central cell coil shield
Steel shield 1.4112-2 + 3.86% 1.0859 + 11.52% 1.1000
BAC shield 6.2042-6 + 10.58% 8.6578-6 + 11.52% 1.4862-~5
Total 1.4118-2 1.0859 1.1000
Central cell coil
Coil case 2.2878-7 + 17.12% 7.0058-6 + 14.942 7.2346-6
Coil winding 7.1454=7 :_14.67Z 1.0479-5 + 23.067 1.1194-5
Total 9.4332-7 1.7485-5 1.8428~5
Central cell biological shields
BAC shield 8.6626-38 + 13.7% 5.4116-8 + 15.0% 1.4074=7
Pb shield 62.417-9 + 23.9% 4.5354-8 + 18.1% 4,.5978-8
Tetal 8.7250-8 9,.9470-8 1.8672~7
Choke coil shield
Steel shield 7.3229-2 + 2.26% 4.5173-1 * 2.29% 5,2496-1
B,C shield _1.2498-7 + 29.3% 1.3163-7 + 34.6% 2.5661-7
Pb shield 2.4027-9 + BO.1% 6.3297-8 + 29.6% 6.5700-8
Total 7.3229-2 4,5173-8 5.,2496-1
Copper choke ceil
Coil case 1.1434-3 + 6.28% 4.5239-3 + 6.13% 5.6673-3
Coil winding 2.0223~3 :_5.052 2.0665-3 + 9,064 4.0888-3
Total 3.1657-3 6.5904 9.7561-3
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Table 4-12. {Continued.)

(MeV/DTn)
Neutrom Gamma Total
Superconductor choke coil
Coil case 2.20€0-6 * 30.1% 8.7638-5 + 27.8% 8.9864-5
Coil winding 1.5796-6 + 26.1% 2.7122~5 + 20.0% 2.8702-5
Total 3.7856-6 1.1478-4 1.1857-4
C coils shield
Steel shield 3.9440-2 * 2.26% 1.6293~1 + 2,58% 2.0237-1
B,C shield 1.7490-3 + 4.36%  1.6874-3 + 11.22  3.436-3
Total 4.1189-2 1.6462~1 2.4580-1
C coils
Coil cases 2.3006-5 + 7.87% 4.9066~4 + 3.92% 5.1366-4
Coil winding 1.7444-4 + 5.78Z  1.6501-3 + 4.91%  1.824%-3
Total 1.9745-4 2.1408-3 2.3382-3
End cell biological shield
Water shield 9.1126-4 + 7.33%  1.1430-5 + 33.5%2  9.2269-¢
BAC shield 2.4537-10 * 38.6% 1.1064-6 hal 78.4% 1.0166-6
Pl shield 3.1575-12 * 58.5% 4.0372-7 + 55.6%4  4.0372-7
Total 9.1126~4 1.2850-5 9,2411-4
Power Parameters
Tatal DT neutron power {(MW) 542,55
T neutron power in the end cell (MW) 5.54
Neutron wall loading at first wall (MW/m?) 1.95
Neutron leakage from central cell (n/DTn) 6.50 x 1077



Table 4-12. (Continued.)

Powar Distribution

MeV/DTn MW
Blanket 16.96 654.86
Central cell coil shield 1.10 42.47
Central cell coil 1.84-5 7.10-4
Central cell biological shield 1.87-7 7.22-6
Choke coil shield 5-25-1 20.27
Copper choke coil 9.76-1 3.76-1
Superconductor choke coil 1.18-4 4.56-13
C coils shield 2,06-1 7.95
C coils 2.34-3 9.04-12
End cell bioclogical shield 9.24~4 3.56-~7
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in the 3D analysis is 35 cm. Figure 4-29 gives the energy deposition in the C
coils as a Function of the shield thickness for tungsten and steel type shield
based on a one-dimensional cylindrical model.

This one-dimensional model assumes that the radiation leakage is
completely deposited in the C coils. For the 35 cm of steel shields, the one-
dimensional model estimates 133 kW deposited in the C coils compared with the
90.4-kW estimate from the 3D analysis. These results give a coverage ratio of
90.4/133 = 0,68, Using this coverage ratic, Table 4-13 gives the energy
deposited in the C coils as a function of the shield thickness for both types
of shield. For the FPD-I design, it is possible to use 45 em of shield
instead of 35 ¢m except where a few spots reduce the energy depositioﬁ i; the
C coils to about 26.4 kW. The point with minimum space for shielding has a
7.7 mH/crn3 maxinmum nuclear heating rate in the eoil case (a Z=cm coil cage

thiskness was used in the 3D analysis), which is an allowable level for the C

coil design.

MATERIALS

The projected operating !ifetime of FPD is 2.5 effective full power years,
with a first well neutron loading near 1 Mw/mz. This exposure of 2.5 Mwly/m2
or less raises questions shout the potential life-limiting effects of
radiation on component material. Although no complete analysis of component
liferime has been conducted, a few of the issues of potential concern are
outlined here.

Because FPD must breed tritium, and a MARS-like b]anket::2 has been
assumed, the operating conditions for the first wall and blanket structural
material are reactor relevant. The use of the LiPb breeding blanket wyj!
require temperatures in the range of 300 to AOODC, even though the thermal
energy will only be rejected to a heat dump system. The neutron flux at the
first wall will result in approximately 25 dpa at end of life and the

generation of 250 to 400 at.ppm le in steels.
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Table 4-13. Energy deposited in the € coils as a
function of shield thickness for steel and tungsten
type shields.

Shield thickness | Power deposited in thz C coils (kW)
(em) Steel shield Tungsten shield
15 90.4 33.9
40 49.0 14.3
45 ’ 26.4 6.0
50 14.3 2.6
55 7.6 1.0

The structural material specified for the MARS blanket is the
ferritic/martensitic steel HT-9. The compatibiiity, strength, ductility and
fabricability of this alloy should be adequate for the FPD application, For
the lifetime of 2.5 Hw-y/mz, the alloy is not expected to swell, and tensile
Properties and irradiation creep rate will not limit the reactor performance.
A shift in the ductile~to~brittle transition temperature (DBTT) will result
from the irradiation of a ferritic/martensitic steel. Data on HT~9 show that
the DBTT could be shifted above 100°%C by FPB conditions., The available
experimental results suggest that the 9 Cr~1 Mo steel under study for fusion
Teactor application would be a better choice than HT-9 due to the lower
post-irradiation DBTT. Continuing efforts of the materials program can he
expected to qualify one of the steels, or a modified steel in the.Cr-Mp
family, for service at FPD conditions. Progress of these efforts should be
monitered, so that the best candidate steel is selected for FPD.

An austenitic stainless steel such as type 316 or an advanced develop-
mental grude is also viable for the MARS-1like first wall and blanket of FPD.
The data base for irradiation effects on austenitic steel is much larger than
on ferritic/martensitic steels, and the DBTT embrittlement does not occur in
these steels, The austenitic steels would also offer some simplification in

fahrication, but somewhat poorer thermal properties, relative to HT-9. The
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compatibility limits of the austemitic stainless steels with liquid LiPb are
inferior te the ferritic/martensitic steels, but would be adequate for a
reduced temperatuvre, MARS-like blanket.

The U.5. Fusion Reactor Materials Program has work in progress to develop
low activation steels. The goal is to produce both austenitic and ferritic/
martensitic grades with new compositions that wi 1 allow simplified disposal
of spent reactor components under the Class C catagory of 10CFR61. There are
two families of steels under study: austenitic steels with Mn replacing Ni
and with low levels of Mo, N, Nb and Cu, and ferritic/martensitic steels with
W and/or V replacing Mo and with low levels of Ni, N, ¥b, and Cu. Because
this program was not initiated until late 1983, it is not expected to deliver
qualified steels in time for the FPD project. The use of these developmental
steels without an adequate data base would not seem to be a justifiable risk.

Apother class of critical components in FPD is the magnet materials.

For the central cell superconducting magrets, the organic insulation is the
critical component, and the shield must be designed to provide adequate
protection of this insulation. The radiation limits on the insulation is
poorly éstablished, and ig probably belou 109 rar for epoxy-glass insulation
and below 10]0 rad for polyimide-glass irsulation. Ongoing research will
refine these limits in the next few years, and allow greater confidence in
designing a shield to give adequate protection. The insert normal magnet in
the choke coil is exposed to the unshielded neutron flux and will be a
life-limiting reactor component that must he designed for simple replacement.
Analysis of the lifetime of this magnet is provided in the MARS study-2

Areas of uncertainty in these estimates lie in the effects aof radiation on the
ceramic insuvlator smé on the copper 21109 conduetor. Active research on betn
materials will zllow refined lifetime fluence estimates and may provide
superior candidate materials in time for the FPD project.

Ceramic reacter components in addition to tha choke coil insulation are
susceptible to radiation damage. These materials may be used in the auxiliary
heating systems, beamlines, direct converters, and other subsystems. The

potential effects on these components have yet to be examined in detail.
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Several other classes of materials will need to be investigated:
candidate selection must be verified and service performance predicted, These
materials may include the following: shield materials to provide superior
performance to the steel-water shields (perhaps TiH), better thermal barriers
in load support columns (perhaps using composite-metal combinatioms), tritium
barrier materials, and a whole host of other component systems, each with its

own specific set of material property requirements.

ELECTRICAL SYSTEMS

The electrical systems include the electric plant equipment of the ac
power system, the power conversion for the confinement magnets, and the power
conversion for the microwave and MBI systems. These electric systems also

include the instrumentation and control systems.
AC POWER SYSTEM

The ac power system includes all the switeh gear, transformers, and
distribution feedsrs of FPD. 1In addition to the distribution of power to the
electrical loads identified in Table 4-14, the ac power system includes the
bussing and fault protection for the turbine generator and direct converters,
and the iaverters for the direct conversion system. Referring to Table 4-14,
the total recycle power ne=ded by FPD-1 is 280 .iW, The total electrical power
output is 40 MW from direct converters and 135 MW from the turbine generator.
Engineering Qe’ defined as power generated divided by power consumed by the
plant, is 1.0.

Figure 4-30 is a one-line diagram of the FPD-1 power distribution system.
Mnemonics used in the diagram are identified in Table 4-15. Medium voltage
power is provided st both 13.8 kV and 2.4 kV level. The direct converter and
turbine generator provide power to the 13.8 kV bus through 1200 A and 3000 A
circuit breakers, respectively. There is no net power delivered to the 230 kV
utility line; neither is there any separate facility power substation. The

two main transformers supply all the FPD-I power from one utility line.
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Table 4-14. Estimate of FPD-1 electrical power generation and loads.

Electrical power (MW)

Power generation or lead description Input Cutput
Central cell neutral beam injectors 0

Central cell ICRH power 95

Plug cell neutral beam injectors 5

Anchor cell ICRH 7

Anchor and plug cell drift pumps 28

Plug cell ECRH 60

Resistive coil power 40

Cryogenic system power 25

Cooling system and vacuum system power 12

Superconducting coil power systems 1

Tuel processing and tritium cleanup 7

Direct converters 40
‘Turbine-generator 135
Total {with axicell) 280 175
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7 ble 4=15. Mnemonic definitions.

: Mnemonic ' Description

” DPRF Drift pump rf power
Apu Atmcspheric detritiation unit power
WCcp Water cooling pump power
LMP Liquid mecal pump power
uprs Uninterruptible power supply
CFPp Condensate feed pump power

\ CC¥ Condenser cooling pump power

5CC Suparconducting coil power
NPS Number of power supplies

; PSVOLT Power supply voltage
PSKA Pewer supply current (kA)

| BUSLM Bus length {m)

? NBKRS Number of dc¢ circuit breakers
NDR Number c¢f dump resisters
EDRMJ Maximum energy dissipated in a dump resistor (MJ)
PDRMW Mavimum power to a2 dump resistor (MW)
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Facility power and the diesel generator backup power are provided at the

2.4 kV level. There is a trend towards using only two medium voltages today,
namely, 4.16 kV and 13.8 kV., Tt may be desirable to change from 2.4 &V to
4.16 kV, as proposed for FPD-II.

ELECTRICAL POWER CONVERSION SYSTEMS

The electrical power conversion system includes all the power supplies

for the magnets and power injection systems for the plasma, coil protection j
|
I

equipment, and the cables and bussing. Table 4~16 contains key magnet power
conversion system data for FPD~I. The magnet design was not well enough
established during the early study to determine the coil currents. Ceoil
currents were based on typical currents used in the MARS magnets.2 These

MARS currents are much lower than the magnet design currents established later
for FPD~II. As a result, the bussing and coil protection cost for FPD-I are
substentially less than for FPD~II. Energy requirements were calculated for

the central cell and axicell coils. Tor end cell magnets, the energy

requirements were extrapolated from similar data for MARS. .
TRITIUM SYSTEMS

Tﬁe features of a fusion reactor like FPD-I that are important for the
design of the tritium systems are: (1) the amount of fusion power and the :
fractional burn; (2) the use of neutral beams or pellet fuelers for fueling;
(3) the presence of a blanket module with or without a power train; and
{4) the size of fuel storage requirements.

The size of the fuel processing and storage system depends on the fusion
power, the fractional burn, and the length of the burn. These input
parameters and the tritium and deuterium mass flow rates that result are shown
in Table 4-17 for two different fueiing optiens—-positive neutral beams and
pellets. The overall efficiency of positive neutral beams ranges from 0.2 to
0.3; therefore, the total tritium input ranges from 22 to 33 g/hour or 7 to
10 kg during a burn cycle of 300 hours. The fueling rate for pellet fuelers

may range from 3 to 10 pellets/s with V100% waste at each of these rates.
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Table 4-16. The FPD-11 wagnet power conversion data-

Magnet group NP52 PSVOLT PSKA  BUSLM NBKRS NDR EDRMJ  PDRMW
Central cell-7 1 30 6 150 5 16 175 2.2
Choke imsert-2 1 1 *220 100 0 0 a 0
Choke bligrd-2 2 30 9 100 4 8 500 3.0
Transition 1-2 2 12 6.5 100 4 8 100 1.6
Anchor cell-4 2 12 6.5 120 4 8 100 1.6
Plug cell-4 2 12 6.5 140 & 8 120 2.0
Transition 2-2 2 12 7.0 160 4 8 75 1.8
Recircularize~2 2 12 7.0 180 [ 8 75 1.8

“For mnemonic deiinitions see Table 4-15.

The total tritium input ranges from 13 to 38 g/hour; the minimum rate
corresponds to a supply rate of 4 kg/cycle. At the lower throughput, the
pellet fueler has an advantage over neutral beams for the following reason.
First, since two hours of tritium fuel is stored to ensure constant fueling
during operation, higher fueling rates result in higher inventories. Second,
processing units will contain higher tritium inventories at the higher rates.
Using the throughput rates in Table 4-17, tritium inventories in the test c¢ell
and other processing areas are determined. These are shown in Table 4-18. A
system with an inventory of 200 g could be used £o handle both options.

The units supplied in the processing area include uranium storage beds, a
fuel cleanup unit, a cryogenic distillation unit, 2 waste gas recovery system,
a solid waste disposal system plus all controls, moeniters, analytical
equipment and necessary secondary confinement, and processing systems needed
Lo support the system. The units are sized based on Tritiuvm Systems Test
Assembly (TSTA) reference units; they are located in a Eritium processing

building.



Table 4-17, Tritium and deuterium mass flow rates for FPD-I,

[
Iaput parameters Value ;
|
|
Burn time (h) 300 (12.5 d) {
Plant availability 0.25 f
Power (MW) 360 i
Current to central cell (kA) or to test cell 0.235
Current to end cell (kA) 0.007
Cycles/year 7.3
Tritium fraction 0.5
Fractional burm .17
Processing variables Value ;
i
Tritium burnup (g/h) 2.3 :
Deuterium burnup (g/h} 1.5
Tritium to plasma {g/h) 6.6
Deuterium to plasma (g/h) 4.4
Fueling options Beams?@ Pelletsh
Tritium waste (g/h) 15.4 + 26.5 6.6 > 31.5
Total tritium input (g/h) 22 + 23 13.2 + 38.1 .
(kg/d) 0.5 + 0.8 0.3 » 0.9 :
(kgfeyele) 6.6 + 9.9 4,0 > 11.4
{ke/y) 48 + 72 29.2 » 83,2
Deuterium waste (g/h) 10.3 + 17.8 4.4 + 21
Deuterium end cell {g/h) 2.6 + 3,8 2.6 + 3.8
Total deuterium input (g/h) 17.4 + 25.9 11.4 + 29.2
{kg/d) 0.4 + 0.6 0.3 + 0.7
(kgfcycle) 5.2+ 7.8 3.4 > 8.8
(kg/y) 38 + 57 25 + 64

2 Beam efficiencies (+) 20-30Z, (-) 7-10%. :
Waste will range from 100% to 300%. The maximum assumes a rate of i
10 pellets/s rather than 3 pellets/s (base case).

4=77

&
3
k3

ar



Table 4-18. Tritium inventories {(g) in FPD~I.

1t Option Beams Pellet

} Location
Structure® <30 <30
Beam pumpb 2.5+ 4.2 -

| Surge tank 2.5 + 4,2 --

g Pellet fueler - 10

ﬁ Blanket 1 3
Blanket recovery 3 1
Total test cell 39 + 42 44
Storage® 44 + 66 26 + 76
Pellet preparaticn - 13 + 38
Fuel cleanup 45 > 48 43 + 50

Cryogenic distillation 55 + 58 53 + 59

: Total processing 144 + 172 135 + 223
Total 183 + 214 179 + 267

4 Dissolved tritium in all components.
b Gycled 1/6 every 10 winutes.
¢ Two hours of fueling.

The blanket system is sssumed to supply all tvitium buvned {5 kg/year)
and all tritium lost to decay, reteased or lost to waste in processing. The
amount lost to decay (<20 g/vear) depends on the plant inventory. The
amount lost to waste depends on the efficiencies of the multiple processing
systems. The assumptions made ar. that losses will be <0.1% of the amount
processed or <85 g/year, The required breeding ratio is then 1.03.

The processing system to remove tritium from the LiPb blanketr includes a
tritium removal system, a tririum purification system to remove gamma
impurities, a tritium control system {or the power train coupled to the
blanket, an impurity removal system for the LiPb plus auxiliary equipment,

dump tanks, etc. This equipment is located in the hot cell.

4-18
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Four different atmospheric tritium recovery (ATR) systems are provided
for the four tritium areas--test cell, hot cell, tritium building, and heat
exch -nger building. The units are sized for the air volumes processed and the
processing time selected (5 days). The areas have minimum internal volumes of
a5 x 100 w0, A2 x 10% w3, Al1.6 x 10% m, and 3.2 x 107 w. A throughput
rate of 0.5 volZ/min is needed to achieve cleanup in 5 days. This corresponds
to 250 m3/min, 100 m3/min, 80 m3/min, and 160 m3/min, respectively.

A :ri:iate& water recovery unit is provided. It serves to remove tritium
from any water system that hecomes contaminated, and it is also used to
concentrate the tritiated water collected by the different ATR systems. Vater
systems that may become contaminated are those that serve beam dumps, halo
plates, direct converter units, etc. The unit has the potential for reducing

tritium waste from water systems by a factor of 104.

MAINTENANCE REQUIREMENTS AND OPERATING AVAILABILITY

MAINTENANCE PRQUIREMENTS

The maintenance requirements for FPD-1 are based on the earlier work done
for the Technology Demonstration Facility (t0F)1* and the MFTF-gsT
faci[ity.ls These requirementc were used to guide the development of the
FPD-I configuration in the arzeas of shield design, component location, and
access. The primary thrust of these requirements is that contact cperatioms
are permitted ou the device, 24 hours after shutdown, provided the plasma
chamber is unopened and all shielding is in place. The biological shield is
designed to limit activatiom to 0.5 mrem/hour one day after shutdown. This is
in accordance with DOE Order 5480.1, Chaunter XI, "Reyuirements for Radiation
Pratection," which stipulates that a design objective of one-fifth the maximum
permissible dose to radiation workers will meet the ALARA requirement of
1 rem/year. Under these conditions, workers may spend up to 2000 hours/year
{40 hours/week) near the device. This enables personnel to rou’ inely perform
hands~on inspection, disassembly of connections, maintenance equipment setup,
and supervision of maintenance activities in the reactor cell prior to any
device disassembly.

Maintenance operations that require opening the plasma chamber must be

performed remotely because of the high gamma radiation within the shield
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boundary. These operations use proven remote-equipment technology in the
areas of manipulator handling and viewing.

Component installations are modularized and arranged so that independent
disassembly and removal may be accomplished wherever practical using overhead
1ifting. In addition, reasonable access on the device and within the reactor
cell is provided to accommodate lifting fixtures and remote equipment. An
example of this access is the overhead access into the end cell to vertically
remove C coils ar the choke coil set as independent wodules. The end cell
access cover is astimated to weight 85 tonnes (without water) the C coils weigh
<85 tonnes, and the choke coil set weighs 130 tonnes (without shielding).
Fach c¢f these components weighs less than the main crane capacity of 250

tonnes. Table 4-19 is a listing of major component weights.

Table 4~19. Major component weights

for FPD.

Component Weight

(tonnes)

Central cell module A 155
Central cell module B 110
End cell access cover 2358
Central cell solenoids 4}
Halo scraper/direet converter 10
Transition ecoil (T1) 78
Transition coil (T2} 56
Recircularizing coil 15
Choke coil set (without shield) 129
Anchor coil (A1, A2) 56
Plug coil (P1, P2) 66

2FPD I; the cover for FPO II weighs
85 tonnes.
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In-vessel inspection will precede operations that require opening the
Plasma chamber. The numerous locations along the length of FPD (approximately
every 10 meters) with air-lock interfaces will allow full viewing of the
components intermal to the plasma chamber, without the requirement of
vanting. A more detailed discussion can be found in Ref. 15.

Saveral other maintenance requirements are noteworthy, even though they
do not impact the configuration design: (1) persennel and maintenance
equipment are not permitted in the reactor cell during device operation.

(2) Prior to, and during maintenance operations, power supplies are Shutdown
and coils are de-energized. (3) Superconducting coils may be kept at
Cryogenic temperatures for mzintenance operations that do not require venting

the plasma chamber.

OPERATING AVAILABILITY

The operating life for FPD is tem years with an availability objective of
25%, defined as a percentage of total calendar time. If the operations plan
used for MFTF-O:'*T1 is assumed for FPD, the anmual allocation of time {s as
shown in Table 4-20.

Table 4-20. Time allocation for FPD.

Alloecation % of Total Hours
Average operating time of the device 25 219g
Scheduled downtime; 2 weeks/month, 23 1520

5 days/weelk, 2 shifts/day

Potentially available but not operating 52 45503 %
{PABND); 211 remaining calendar time i

@Thig time is available for device operation or maintenance.

We assume that the operating time for the device accurs within a 5-to~6-day
week with alsa two working shifts similar to that of scheduled downtime. We
also assume that the scheduled downtime averages two weeks per month hut may e

occur at irregular intervals, depending upon the mean time between fajlure
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(MTBF) and mean time to replacement (MTTR) of compoments. All remaining Lime
(PABNO) consists of the third daily shift and weekends and is approximately
one-half of the calendar vear. The PABND time can be considered the reserve
for unscheduled maintenance operations, thermal cycling of the superconducting
coils and plasma chamber reconditioning, and additional device operation

beyond the availability objective.

Caomponent Replacements

Several major components have been identified as requiring scheduled
replacements. These components are listed in Table 4-21 aleng with estimates
of their MTBF15 and the total pumber of replacements required, assuming
2190 hours/year of device operations. All others are considered to be

lifetime components, but with varying degrees of risk. Only those replacements

Table 4-21. Replacement scheme for components.

MTBF2 Wo. of
Component {hour) replacements
Choke coils 2200 8-10
Ion sources 900 20-24
Ton dumps 1800 10-12
Cryopanels 4400 5
Windows 1600 12-14

4Mpan time between failures.

in the neutral beam system, and possibly the replacement of diagnostics, do
not require venting the plasma chamber, Therczfore, all other operations are
assumed to require thermal cycling of the superconducting coils.

The coils are designed to accommodate 120 warmup/cosldown cycles over the
ter year life of the device, and Batzer et al. estimates that each cycle
requires six weeks of downtime.15 Clearly, it is not possible to

accommodate 120 cycles during the device lifetime. An estimate of the number
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of cycles can he made by assuming that the scheduled downtime plug the PABNO
vim: is available for cyrling if some maintenance activities can he
accomplished in parallel. In addition, we assume that plasma chamber
detritiation and reconditioning also occur simultaneously; therefore, 6470

hWours are potentially available for an upper limit of six thermal ecycles per

year.

PLANT FACILTITIES

The pldnt for FPD~1 includes.features common to any experimental fusion
facility as well as features unigue to mirror fusion. The varioug elements of
the plant ate designed and arranged to achieve a smoothly functioning and
economic arrangement. Much of the conceptual design effort is foeused on high
cost facilities, whereas a less detailed definition is given for the remaining
facilities, This effort has resulted in an estimate of the approximate sizes
and an identification of the general characteristics of the major facilities.
Although all elements of the facilities are accounted for in the cost estimate,

only the principal elements are summarized in the following paragraphs.

SITE PLAN

A representative location for FPD-type devices is identified yithin the
Lawrence Livermore National Laboratory (LLNL) complex at Livermore,
California, shown in Fig. 4-31. This figure shows the relative lpcation of
FPD with respect to otier LLNL facilities. Good access, ease of construction,
and ucilization of LINL facilities to the mevimum practicel excenr wece

considered in identifying the FPD loeation.

PLANT ARRANGEMENT

The relative location of all major buildings and facilities are shoun in
Fig. 4-32. This layout represents a compact arrangement to minimize buildings
and systems costs, which are affected by the choice of layout. Common
building walls and floor wat, short piping and ducting, and commen wse of
support systems are examples of cost“reducing measures used in the plant

arrangement. An additional fesature used is the separation of nuclear grade
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and non-nuclear grade systems and structures so that the non-nuclear grade
system and structures may be constructed at a much lower cost. If these kwo
grades atre not separated, the entire plant needs to be nuclear grade, as are
the present fission plants; thus, the nuclear grade facilities of FPD are
clustered together to provide the desired separation.

Same of the supporting structures are not shown in Fips. 4-30 and 4-31
because corresponding existing LLNL facilities are adequate for rhese purposes
{e.g., contrel building).

All plant buildings, structures, and systems are designed to meet
Department of Energy (DOE)} and other appropriate safety and environmental

requirements.

Reactor Vault

Because the reactor vault is the most important and expensive of all the
buildiags, a design concept trade off invelving this building was conducted
with attention paid to: (1) underground vs above ground comstruction, and
(2) norizontal vs vertical methods of reactor module replacement, affecting
the width and height of the building. Based on economic and tecinical
considerations, we selected an underground reactor building using the vertical
method of module replacement (Fig. 4-31),

A unigue feature of the reactor building shown in Fig. 4-33 is the
overhead transporter concept. In this concept, the main crane (500 tonne) is
lecated in the transporter, which is external to the reactor building. The
external transporter leaves the reactor building much shorter than if the
crane were located inside the building., To remove a reactor module during a
maintenance operation, the transporter is placed directly over the module. A
smaller crane (7% tonne} inside the transporter removes the T-shapcd roof
beams to allow the lifting of the reactor module with the help of the lirger
crane. After the module is lifted, the roof beams are replaced and the module
is transported to the hot cell. In this cell, a similar procedure is used to ¢
lower the module.

A safety concern in this concept is the leakage of tritium from the
reactor vault into the transporter and then to the space outside the

transporter. To mitigate this concern, the space directly above the reactor
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vault {i.e., the tranporter passagewsy) is made gas~tight to reduce the
legkage of tritium into the envirooment. Moreove:, a sutatmospheric pre sure

will be maintained in this space.

gcher Major Buiidings

Other major buildings and structures that are provided for FPD-I plant
include: hot ecell, tritium vaevlt, heat exchanger and radwaste vault, power
supply and cryogenics building; fabrication, assembly anc mockup building;
plant services building; water processing building; control building; turbine

building; cooling tower; and miscellaneous structures.

Mechanical Systems

The heat transpor. system for FPD-1 transports heat {row the reacfor
{nlanket, reflector, direct converter, hale scraper) to the steam generator.
Total therwal power is 422 MW. A steam turbine power conversion system
generates 164 MW gross electric power. The heat rejection system rejects
258 MW through a mechanical draft wet cooling tower (Fig. 4-34). &n additional
80 MW is rejected Erom the auxiliary cooling systems.

In addition to the major svwstem described zbove, a large number of vbier
mechanical systems are needed to suppaort the aperation of FPD-I, Some <!

these systems are:

. Auxiliary cooling system,

. Emergency cooling systew,

. Radwaste handling system,

. Liquid metal (LiPb) processing system,
. Water supply systems,

. Air supply systems,

. Gas systems,

. Heating, ventilatien, and air ccnditioning systems,
. Radiation wonitoring system,

. Fire protection system,

» Plant sccurity system.
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5.0 FPD-IT
THE FPD~11 CONFIGURATION OVERVIEW

The second option for the Tusion Power Demonstration, FPD-II, has a
central cell length of 96-m measured from the centeriine of one choke coil to
the other. This increased length together with an improved end plug design
increases the fusion power to 480 MW. Without a deutevium—tritium (OT)
axicell for nuclear testing, this ignited plasma concept would be capable of
supplying %200 MW net electric power. Like the FPD-I design, the use of
tritium-breeding liquid lead-lithium blanket modules make this reactor self-
sufficient in tritium. Thus, this device should be a true fusion power
demonstration reactor.

The overall configuration to FPD-1l is presented in Fig. 5-1. The
baseline design features of this design include a nuclear testing station or
DT-axicell, central cell modules similar to those in FPD~] that use the
semicontinuous sclenoid concept, and end cells configured similar to those in
FPD-1.

The DT-axicell arrangement, although based cn the Mirrvor Fusion Test
Facility o+T (MFTF-a+TY] configuration, was developed for the more
demanding FPD-11 goal. This goal requivres more test area at significantly
higher wall loading. The mechanical arrangement of FPO-11 features a 2-m-long
nuclear-test module (vs 1-m-Tong For FPD-I) to which 4-5 -‘1N/m2 of neutron
power can he applied. The beam power that is needed to reach this wall
loading requires the mechanical arrangement shown in Fig., 5-2.

The axicell consists of two superconducting hackground coils (CS1), two
copper chake coils (CCC1), one copper field-enhancing coil (C50), nuclear
shielding, test module, vacuum vessel, and support structure. The CSO coils
are an integral part of the test module. The choke coils (CCCl) are supported
by the nuclear shield (Fig. 5-3). To remove a CCC] coil, the test module and
magnet hatch must he removed; then the CCCl coil and surrounding shield are
transported in the axial direction to clear the nuclear shield in the bore of
the €51 coils. Finally, the C5) coil is removed vertically through rhe magnet
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]

AT e e e



e S

(b)

WUCLEAR SHIELDING

OT-AMICELL

24T CHOKE ColL

PT'a" ECAN
CENTER CELL SLOSHING ION BEAM PT b ECRH
HESTAK. 2E304
END CELL 'C° COWLS BLANKET TEST MODULE ACCESS HATCH

Figure 5-3,
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The axicell vacuum vessel is a cylindrical structure with external
stiffeners and two top-located access hatches (Fig. 5~4). Because the test
module may be subject to frequent removal, it is furnished with a separate
hatch. This large magnet hatch is alsc used to remove the other coils and
shielding.

The axicell nuclear shield consists of a steel ball and water design that
satisfies the shutdown dose-rate requirement of 0.5 mrem/hour, 24 hours after
shutdown for a 5 MW/m2 wall loading.,

For the FPD-I1 design, the central cell is configured (Fig. 5-4) uring
eight full-length modules and two half-length modules that are mated to the
choke coils in a manner similar to the FPD-I desipgn., Recent study shows that
the portion of the central cell adjacent to the DT-~axicell must be configured
so that a length of the solenoid can he permanently axially connected to the
DT-axicell background coils. This connection is necessary because, like the
choke coil area, large axial forces slso exist between these coils as in the
choke coil region. This minor modification can be easily incorporared in the
design.

The central cell module for FPD-11 is similar to that for FPD-I with the
exception that the portion of nuclear shielding located within the bore of the
solenoid coil is sufficient to lower the shutdown dose rate to an acceptable
level. Therefore, a double-~walled vessel with 2 wacer shield is not employed;
instead, a single-walled externally ring-stiffened shell is provided in a
manner reminiscent of the Mirror Fusion Test Facility-B (MFTF-B) (Fig. 5-3).

The end cell confipuration is alse similar to that of FPD-I with several
significant improvements. First, the end cell biological shield is reduced in
size significantly because of the reduced neutron source allowing the use of
an end-cell double-walled vessel of only 0.6 m thick. Second, the reduced
ICRH-subsystem power requirements allow the use of a rigid waveguide that
simplifies the intepration of this subsystem; therefore, it is vnnecessary to
incorporate a four—-loop antenra. Third, the peint b ECRH subsystem, while
still requiring a quasi-optical approach to the transport and launcher, uses
10 active and 2 on-line spare gyrotrons {vs 12 and 2, respectively in FPD-I},
This approach makes it easier to provide the clearances required for the

surrounding nuclear shielding and permits the use of a less costly nuclear
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shield design around that pertion of the access not directly in the throat of
the C coils. Fourth, reduced sloshing-ion-beam power requirements tcgether
with improved taxget point to coil geometry for FPD-11 {the angle ro :ne z
axis being relaxed to permit 907 injection) allawed us to design a much
improved mechanical arrangement (Fig. 5-6), The four sources are in a fan
arrangement, two in-line along the axis of the machine, such that two beams
cross each other at the target point arrayed in the circumferential direction.
This reduction to two beams arraved circumferentially vs three for FPD-I,
allows more space for nuclear shielding within the throat of the C coils.
Together with the significant reduction in neutron source strength in the end
cell, this design provides improved coil protection and lowered nuclear heat
load to the refrigeratiou system.

In addition, we moved the point of pellet fueling injection so that it
does not pass through the insert choke coil, but is located instead toward the
central cell side of the choke coil.

In this section, we provide more detail for the FPD-II direct-converter
and halo-scraper arrangement making significant progress in the definition of
this subsystem. We have confirmed that these are lifetime compoments. The
integration of the direct converter and halo dump into the design is
accomplished in a manner similar to the FPD-I design, employing a vertrical
liftring approach through a dedicated hatch. This allows for ease of
installation, is compatible with the overall device maintenanrce/installatian
philesophy, shortens the reactor building, and improves our ability to replace
subsystems or upgrade to a new concept, if necessary or desirable.

The FPD-1I configuration 1s an improved design primarily because of a
significantly better end-cell plug design that reduces the end-cell nuclear-
source strength and heating-system power requirements. The central cell
module design is also improved, requiring only a single-walled vacuum vessel.
While the physics design of the DT-axicell was being optimized, the mechanical
configuration approach was confirmed by ov~ studies on the impact of a much

higher (4~5 vs 2 MW/m?) wall loading on the nuclear test-statian concept.
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AXICELL
POSITIVE~ION-BASED NEUTRAL-BEAM SYSTEM

The primary purpeose of the axicell neutral-beam system is to maintain the
high temperature and density and hence the high wall loading needed for the
blanket test module. This system also fuels the device, therefore the
injected species must be of a 50/50 mix of deuterium (D} and tritium {T).
Nearly 25 MW of beam power is required at an average energy of 80 keV
corresponding to 310.8 A, The injection path is 15° from the normal to the
z-axis to achieve good mirror trapping, but still offset in rhe orthoponal
clane to allow injection from both sides of the axicell with clearance from
beam Jumps.

The D and T beamlines differ because: (1) the neutralization efficiency
has an inverse mass dependence for a given energy; (2) the heavier tritium
specie has a slightly better species mix; and (3) the extracted current and
accelerator grid conductance both decrease as the inverse square root of the
mass for given source dimensions. However, in most respects, the two -amline
configurations are similar and are based on the Technology Demon. tration
Facility (toF)? and MFTF-a+T! central-cell beamline design coneepts.

The average energy for these devices can be specified in two ways: (1) D and
T species both having an average energy of B0 keV corresponding to a 100-keV

D beam and a 90~keV T beam; or {2) average all injected particles to define an
80-keV D beamline and a 120-keV T beamline. The latter method wae chosen here
because the total beamline efficiency was higher and less sources were
required.

Tables 5-1 through 5-5 summarize the requirements, the basic beamline
configuration, and the key system parameters; blowups of the axicell and the
beamlines are shown in Figs. 5-7 and 5-8. Individual source currents for the
D and T beamlines are 71.0 A and 59.3 A, respectively. The D system
configuration is identical to MFTF-g+1 with four sources in the beamline
(3 operating/1 redundant) as depicted in Figs. 5-9 and 5-10. Lower extracted
T currents for the same source result in an extra tritium source in the

D-system beamline {4 operating/l redundant}. Consequently, the T-ion bending

<



Table 5~1. Axicell beamline requirements.

Requirements Value
Delivered power (MW} 24.86
Averaged ion energy (keV) 80
Delivered current (A) 310.8
Injection angle (from L to z-axis) {deg) 15

Table 5-%., Axicell beamline configurations for TDF and MFTF-qt+T. J

D-beamline T-beamline =
Beam energy (keV) 80 120
Delivered power (MW) 9.39 15.39 . l
Full energy (MW) 7.13 13.04 '
Half energy {(MW) 1.74 2.07
Third energy (MW) 0.54 0.28 :
Line power {MW) 23 38.25"
Injector efficiency (%) 40.5 41.1
Diameter i
Vacuum vessel (m) 3.25 4.0 :
Beamline {m} 3.95 4.8 '
Lengeh (m) 1.5 11.5 ]
Number of sources 3/1 411 ]
(operating/redundant)
Beam footprint at plasma axis (cmz) 8.3 x 8.3 8.3 x B.3
Total cryogen requirements
LH, +2/hour) 75 75
LH2 (2/hour) 304 304




-

Table 5-3. Axicell beamlipne source for Oak Ridge National
Laboratory (ORNL) long-pulse three-grid accelerator with
circular apertures.

D-beamline T-beamline
Source curvent (A) 71.0 59.3
Species mix 0.82/0.1:/0.04 0.88/0,01/0.02
Gross section (cm?) 16 % 40 16 x 40
Divergence (deg) 0.5 x 0.5 0.5 x 0.5

Table 5-4. A&xicell beamline mutralizer for a low
conductance, tapered, water—cooled rectangular duct.

Target thickness {95% equilibrium
neutralization) (cm®) 7.68 x 101°

Length (m) 1.5
Cross section
a} x by (emd) 16 x 44

az x by (cn?) 16 x 35

Table 5-5. Axicell teamline drift duct (a tapered,
water—cooled, rectangular duct).

D~beamline T-beamline
Length (m) 2.24 2.24
Cross section
a x b (em?) 60 x 35 .90 x 35
a, x b, {em®) 35 x 19 43 x 19
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magnet requires an extra slot; plus the drift duce, the.vacuum vessel, and the
shields are larger than those for the deuterium beamline.

Figures 5-11 and 5-12 summarize the power flow for the D and T beamlines,
respectively. The beam accelerators in each beamline are powered by a single
converter/transformer through protection and regulation civcuitry; sources in
a beamline also have a common power supply. Each ion hending magnet has its
own small power unit (i.e., <50 kW). Very high powers must he dissipated in
the ion dumps; we mav need to directiy convert a portion of this power to
extend what may be an unacceptably short lifetime of the ion dump. Finally,
the efficiency for the entire axicell neutrai~beam system is 40.7%; the system

pulls 61.25 MW of line power.
DT AXICEL! MAGNETS

The axicell magnet system consists of five circular coils~-three normal
copper coils and two superconducting coils. These five coils provide the

axial field for this region and satisfy the other system requirements.

System Function Summary

The DT axicell iy a test section that has a uniform neutron wall leoading
over the length nf the test module. This axicell confines the plasma under

ignition conditions with relatively high <B>1xicel]'

Requirement Summary

The length »>f the DT axicel]l is 5 m, defined by 15-T peaks in the mirror
field to satisfy the physics requirements ot the I'PD machine. Key physics
requirements are 5-T magnetic field on axis at z = 0 in the test space;

A15~T choke field at the ends of the awicell {z = %#2.5) for ion confinemenc.

The sizes and locations of magnets must be compatible with various
cenfigurational constraints. Thess constraints include adeq: < access for
the heating system (neutral veams); access to the test space; a~d enough clear

bore to accommodate the nlasma and plasma halo.
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Magnet Layout

The configuration of the axicell magnets is shown in Fig. 5-13 and the
key design parameters are listed in Table 5-6. The superconducting coils
(CS1) in conjunction with the normal copper coil (CSO) provide 5-T background
magnetic field at the midplane (z = 0). Under ihe copper choke coils (CCC1),
the peak field is 15T at z = +2.5 m.

The peak fields at the windings of choke coils and CS50 coil are 15 and
5 T, respectively. These coils empl:v internally-cocled copper plates. The
main design constraint on these coils is removal of the resistive and nuelear
heat loads. These coils are designed to withstand the radial and axial loads
of normal FPD opecation. The €SO coil is removed, along with the test module
for access to the test space.

The CS1 backgreund field coils are superconducting. The peak field at
the winding is 12 T. The winding layout and key design parameters far these
coils are given in Table 5~7. Thesa CS] coiis are similar to the ceoils
required in the DT cell of the MFIF-@+T. A Nb35n force-cooled conductor
{shown in Fig. 5-14, similar tc the conductor used in the Westinghouse Large
Coil Project (LCP) coil, is urilized in these coils. The winding is pancake
wound (three to four conductars are wound in parallel). The splices, outlet
LHe manifolding, and leads are located at the outer perimeter of the coil.
The LHe inlet is provided at the inner surface of the winding with no splices
made at this Jocation. With this winding concept and cocling scheme, the
winding current density of ~2000 af/en® is feasible. These coils are
discha ged with a center—tap for keeping the dump voltage at %1500 V and for

limiting peak winding temperature rise to 200 X.
Lonclusion

The design of normal copper coils and superconducting coils nceded for a
DT axicell is feasible. Some development work is required for the Nb3Sn €
force=cooled conductor. This task has also been identified as needed in the

Tokamak Fusion Core Experiment (TFCX) project.
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. Key design parameters for the axicell magnets.

Mean Mean Winding
axial radial Axial Radial current Peak
position position build build density HA- field
Coil (m) (m) Az(m) AR(m) (Alcm?) turns (1)
Ccel *2,50 0.50 0.90 0.38 2450 8.38 15
Ccs0 0.00 1.20 1.00 0.09 2400 2.16 5
Cs1 *3.15 2.50 1.15 1.15 2040 26.45 12

Table 5-7. The C5] coil design parameters.

Parameter Value

Electromagnetic

Operating current (kA) 12

Winding current density (A/cmz) 2000
Geometric

Total number of turns 2204

Number of pancakes L6

Number of turnse/pancake 48

Coil length (em) 108.2

Coil depth (cm) 112,9
Gryogenic

LBe inlet temperature {(K) 4.0

LHe inlet pressure {atm) 5

I.LHe outlet temperature (K) 5.0

L¥e qutlet pressure (atm) 3

Peak nuclear heating rate (mW/cm3) <l
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SHIELDING AND VACUUM CONTATNMENT

the DT axicell is located symmetricgily at about z = @, as shown in
Fig. 5-15. The c: irical axicell 1s 8.7-m long and has an inside diameter
of 7.0 m. The central cell A modules are the same length and can be
interchanged with the axicell. The major axicell components described in this

section are the vacuum vessel and the shielding.

Vacuun; Vessel

The vacuum vessel is 2 single-walled, externally stiffened structure wich
twe top-located hatches (Fig, 3-16), The small hatch is an integral part of
the test module. The test mndule consists of the hatch cover, test madule,
field-enhancing coil (C50), shielding, and support structure., The test module
is supported frc.a che large magnet hateh (Fig. 5-17). The magnet-hatch size
allows for removal of all cihsr components. The typical hatch vacuum seal is
shown in Fig. 5-17.

The test module can be removed vertically, together with the CSO c¢oil,
without disturbing the other components. To remove the remainder of the coil
shielding, the test module must be removed first. This sequence provides
space for axial :ranslation of the shielding/choke-coil (CCC)) module so that
the test module can be removed vertically. The CCCl coil is supported by the
surrounding nuclear shield. To remove a background cail {(CS1), all of the
adjacent shielding in the coil bore must first be removed; then, the innerceil

cold structure can be disconpected, which allows vertical removal of the coil.

Ruclear Shield

The nuclear shield thickness in the axicell is an equivalent of 97 cm,
taking credit for the c¢ils and test module where applicable. The shield
thickness is based on the shutdown dose-rate requirement and a neutron wall
loading of 5 MW/m?. The shield composition is 87-cm steel/water (60% steel,
407 H20), 5-cm B,C, followed by 5~cm lead. The steel/water shield consists

of a steel container filled with a fixed~size steel ball that resulcs in the
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60/40% steel/H,0 ratio. The 5-cm B,C shield consists of a 20% steel
container, 20% cooling H,0, and 60% B,C, with a packing density of 70%

(0.7). A 5-cm Pb shield is attached to the B,C.
SITPPORT STRITCTURE

Two support legs, each located under the CS1 coil, are provided to

transmit all loads to reinforced concrete piers.

CENTRAL CELL

CENTRAL CELL MACGNETS

The central cell magnet system consists of eight Full-size and two
half-size salencidal modules. Each module has correction coils integral with
solenoid winding for reducing magnetic-field ripple caused by axial separation
between adjacent modules. A DT axicell (discussed earlier in this section) is
\ocated at mid-point of the central cell.

The central-cell] magnet modules are similar in size to those for FPD-I,
Design feasibility is discussed in Sec. 4. The active length of the central
cell is 92 m. Effective lengths of the full and half-~size mcdules are B.7 m

and 5.85 m, respectively. Axial gap between adjacent modules is 1 m.
SHIELDING AND VACUUM CONTATNMENT

The modularization of the central cell is shown in Fig. 5-15. The
central cell consists of eight A modules and two B modules. The A modules are
self-contained assemblies, whereas the B moduies are without an individual
vacuum vessel. The B-module vacuum vessel is integrated into the end cell to
provide sufficient end cell length te incorporate access hatches and end
transitions. Each central cell module consists of (outward from plasma) a
Li17pb83 (LiPb) blanket/reflector, shiel!d, solenoid coil, spac=—frame
support structure, and vacuum vessel. The A modules are 8.7-m long and the B

modules are 6.85-m long. FEach A module can be independently, vertically



removed for maintenance. Prior to a B module removal, the adjacent A module
must be removed and the B module transferred in the z direction. Figure 5-18
stows a typical A-module configuration.

The central-cell module design enables a buildup assembly sequence,
Fig. 5~19. The assembly :uquence starts with the space frame mounted in an
assembly jig. The solenoid coil is installed, followed by the shield and the
blanket. Alternatively, the blankets can be installed after the subassembly
is installed inside the vacuum vessel. This design allows for checks and
tests at each assembly step. The blankets are supported Erom the shieild.
Enovgh épace is allowed between the components for thermal growth. Figure

5-20 shows a more detailed module-to-module seal concept.
Vacuum Vessel

A typiecal central-cell vacuum vessel is ecylindrical (7.0-m i.side
diameter), with external T-shaped ring stiffeners {Fig. 5-18}. The ring
stiffeners are connected by longitudinal stiffeners. The vac ium vessel reacts

te all loads induced by the internal components.

Shielding

The shield thickness is sized to meet the shutdown dose rate of
0.5 mrem/hour, 24 hours after shutdown. The shield thickness required below
the solenoid coils is 58 ecm. This shield consists of 53 cm of steel/water and
5 cm of BQC. The steel/water shield is a mixture of 60% steel and 40% HZO'
The steel shield consists of the container that is filied with one size of
steel balls (approximately 60%). The remaining volume, 0%, is filled wirh

HZO' The 5-cm B4C shield is mounted on the outside of the steel/HQO shield.
The B,C shield consists of 20% steel (container), 20% cooling water, and

60% B,C, with a density of 70% (0.7). The shield plugs (Fig. 5-18) are the
equivalent of 85-cm thick (80-cm steel/water, 5-cm BAC), the same compesitien

as the remainder of the shield.
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SUPPORT STRUCTURE

Each of the A modules has two sets of support legs. The suppert legs

transmit all of the module loads to r.::!.forced-concrete piers.
END CELL

MAGNETS

The end-cell magnet system consists of two transition, two plug, two
anchor-type C coils, and one recircularizing coil. A1l the C-type coils have
essentially the same configuration, dimensions, current density, operating
current, and peak fields. The Tl coil has a unigue separatiom of the winding
pack into thirds in its minor radius region toward the choke coil. The
recircularizing coil is the last ee¢il in the end cell and the configuration is

similar to MFTF-g+T.

System Frunction Summary

The magnet system is sized and arranged to provide the on-axig magnetic
field required for plasma performance. 1In addition, the end cells provide

machine plugging and magnetohydrodynamic (MHD) stability.

Requirement Summary

On-Axis Field. The axial-field profile in the end ce1l region is shown in
Fig. 5-21. The peak field an the C-coil conductor is 10 T, and the maximum
centerline field is 7.5 T at z = 451 and 56 m. The minimum end-plug field is
2.5T at 2 = 57 m. In addition to these on-axis field requirements, the
plasma leaving the and-plug regions must be cirecular to a1ccemmodate a circular

direct converter.

Access and Clzarance Requirements. Access between and location of end cell

magnets must be compatible with the plasma heating systems. These systems
are! 4&75-kW negative-ion neutral-beam injector at z = +36.62 m, 71-MHz ion-

cyclotron resonant heating (ICRH) associated with resonances at z = +59.3 m.
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Design Life and Number of Cycles. The design life and number of cycles for

the end-cell magnet system are the same as for the overall system. Design
life is 10 years of operation at a 10% duty factor. The superconducting
magnets in the end cell are designed to withstand 120 cooldown/warmup cycles

and 12)000 charging/discharging cycles at operating Ctemperature.

Maintainability. The end cell magnets are to be designed for the life of the
machine; howmver, realistic magnet replacement schemes must be identified
during conceptual design.

-

End Cell Magnets

Magnet Configuration and Design. The configuration for the FPD-II end-cell

system is shown in Fig. 5-22. Locations, dimensions, currents, current
densiries, and fields associated with this configuration are shown in
Table 5~B. This coil-set concent meers the requirements stated earlier in
this section.

The conductor selected for the C coil is a modified LCP Nb,Sn forced-
flow conducter. The modifications assumed in this application address the
need for higher current density (74,500 A/cmz) and removal of up to
5 m‘rchm3 of nuclear heating. The modifications assumed to achieve these

objectives are as follows:

Current Density
e Using an incoloy conduit material,
e Reacring at 700 C after winding,

e After reacting, Epoxy impregnation.

Nuclear Heating Removal

e . Using larger helium cross—-sectional area,

e Having a 3-K inlet temperature for supercritical LHe.

The winding concept assumes double pancakes with three conductors in parallel.
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Table 5-8. End plug coil parameters for FPD~II (mocdel coil ser--C83).

Rmajor/ ) Coil ?eak
Coils fﬂ) "ty (2? ?:o (A/i\:‘?) " iy
T2 64, BS 1.2/0.6 0.81  0.27 4553 10.0 9.73
P2 60.98  1.7/0.6 0.81 0.27 4530 9.96 9.95
P1 59.96  1,7/0.6 0.81 0.27 4530 9.96 10.00
A2 56.10 1.2/0.6 0.81 0.27 4553 10.00 10.20
Al 54.74 1.2/0.6 0.81 0.27 4553 10.00 10.40
T1 50.88  1.7/0.6 0.81 o 4530 9,96 10.00

Figure 5~23 shows the cross section of a typical C coil in the =nd cell
system. We selected the inner plate thickness of 5 c¢m to provide space for
30 em (per side) of nuclear radiation shielding and an LN, cold wall in the
bore of the magnets. The other plate thicknesses along *itt the 5.08-cm inner
plate provide support for the magnetic loads from the conductor pack. These
magnetic loads produce primary membrane and both primary and secondary bending
stress in the coil case. Significant reinforcing is required to resist both
lobe~separating forces. Spacing within the reinforcing structural members is
determined by local bending stress conditions. The use of the external
stiffening avoids the use of excessively thick plate sections to carry the
large loads associated with these coils. The .oil material is assumed to be
304~LN stainless steel with a 4-K yield strength of 100 ksi.

The 1-T recircularizing coil can be designed with the forced-flow or pool-
boiling conductor. The final coil design will be the conduit that results in
the lowest combined cryogenic, electrical, magnet system cost. A pool-boiling

coil is assumed for this FPD predesign and costing effort.

5-37




Bt s e = : oL - : L e i ki) mu...um.“l .

Il
e ..r“«p—n—r..,.,.w LR || g

15.3cm UPPER PLATE : ] 7.5cm STIFFENER (TYP)
{ 7
o
Y
REINFORCING OMITTED 7 7 -
ta .
LOCALLY AT A X //// / ?/ / // /—12 7cm SIDE PLATE (2)
i . . "
TANGENT POINTS 77 i \
Il ¥ o2m
. s
LN, COLD WALL N % 7z
+ l fi)"// / S S R s
Tem o= AN NN
t 5.080m INNER| PLATE <20 > S VRN 3N
30cm NUCLEAR \\ \\\\\ 0 8jim \\ T106mR,
o
o SHIELDING \\ RADIATION SHIELD \Qa\\\\\\\ N
& L s N SN \\

10cm PLASMA GAP i
1 £

T-11.7m B

P

C CcoL

Figure 5-23. Typiral C-coil ~ross section.

>



Conclusions

Tne end coll system concept is achievable using the force-cooled conductor
conéept proposed by the Massachusetrs Institute of Technology. This
force-cooled conductor is also specified for TFCX; research and development
tasks have been identified for qualifying this conducter for operating at 10 T.

Structural/design considerations in the end-cell C coils represent a
significant, but believable, extrapolation from MFTF-A and MFTF-B experience.
Finally, the low-field recircularizing ceil is well withir the limits of

current superconducting c5il technology.
END-CELL PLASMA HEATING SYSTEMS

Four end-cell plasma heating systems perform various functions in FPD-IL:
an anchor ICRH system creates high beta; a high-energy negative-ion-based
neutral beam (NINB) system and two electron—cyclotron resonant heating (ECRH)
systems form the thermal barrier and central-call ion-confining potential in
the plug. End~cell heating requiraments for FPP-II are listed in Table 5~9;
where the table comntains two sets of data, th- fir.t set corresponds to the
nonaxicell case, and the second set to the axicell case.

The key differences between the FPD-1 heating requirements (see Sec. &)

and the FPN-II requirements are:

1. Lower ECRH and ICRH powers;
2. Lower betas in both the anchor and the plug;
3. Changes in all trapping fractions except for the potential-peak

ECRH system.

The rf powers decrease in FPD-1I because the new magnet set is more compact
and thus the heating volume decreases. In addition, a decrease in axial ..
confinement is required to limit the trapped-ion current in the transition
during axicell beam operation, which further relaxes the rf power
requirements. The lowcr betas decrease the complexity of the rf systems

because the frequency shift during startup cecreases. The higher heating

;
|
|
i
i



Table 5~9. The end-cell heating requirements for FPD-iI. (When there are twa sets
i of power and current requirements, the first value corresponds to the nonaxicell
case and the second value, in parenthesis, te the axicell case.)

% Potential- Thermal~

i Anchor Sloshing peak barrier

| ICRH YINB ECRH ECRH

!

E Heat locations - - a' a b

{ 2. 454,25 & +56.6  +58.78 461.63 +60.5

Absorbed power {MW) 0.26 (0.21) 1.37 (0.47)  0.35 (0,19) 11.09 (10.57)

§ Trapping fractiom 0.6 x 0.5 0.29 0.85 0.7

Delivered power (MW) 0.87 (0.7) 4.71 (1.62)  0.41 (0.23) 15.85 {15.0)

' Vacuum frequency (Hz)  76.0 x 10° - 84.0 x 10°  70.0 x 10°
Heating frequency (Hz) 71.0 x 108 -- 68.0 x 10°  52.0 x 10°

; Delivered current (A) - 9.91 (4.99 -- --

E Beam energy (keV) - 475 (325) -~ -~

; Injection angle{deg) -~ a0 -- --

frequencies in FPD-Il also improve ECRH optics (lower-beam divergences) and
offer versatility in the anchor-ICRH~launcher design {e.g., waveguides). The
trapping fraction of the NINB increases because of the inclusion of multistep
ionizaticn processes and alphas. On the other hand, trapping fractions for
the ICRH system and the thermal barrier ECRH system are lowered in FPD-11
because of uncertainty in wave physics. The ICRH change has little adverse
effect because the power level is low; the ECRH trapping fraction is decyeased
t~ 0.70. This decrease adds “4 MW and thus one more gyrotron to each
transporl system, which would not be required if a trapping fraction of 0.85
were used.

The main impact that axicell operation has on end-cell heating systems is
in the sloshing~beam NINB system, The power to the NINB decreases from 4.71

to 1.62 WW; the delivered current decrea.e is not as large because the
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injection energy for the axicell case drops from 475 to 325 keV. The ECRH and

ICRH systems are defined for axicell operation, but are capable of delivering

slightly greater powers when there is no axicell insert. The neutrtal beam i
system is sized for the nonaxiceil case (4.71 MW, 475 keV system); the

operational characteristics for the axicell case are discussed later in this

section.

ECRH Systems

The thermal-barrier ECRH system delivers 7.5 MW at 52 GHz into each plug
at point b, z = +60.5 m. As in the FPD-1 device, 1-MW gyrotrons are assumed
to be available and a quasi-optical transmission system is used for the
thermal-barrier system at point b. Because of the low power reguirement for
the portential-peak system at point a (115 kW per plug), a waveguide trans—
mission system is more compact and more practical teo use than a guasi-optical
transport system.

The system for point b is of the same configuration that was outlined in
Sec. 4 in Fig. 4~3 and depicted in Figs. 4-]1 and 4-12, The FPD-I1 ECRH
configuration is shown in Fig. 5-24 and the quasi-optical transport system
parameters for the 52-Glz system are listed in Table 5-10. Two transport
modules are located in the plug regions, each with five operating beams and
one wvedundant launcher. Becausz the magnet set is rotated at 45%, the beams
pass between the yin-yang magnet pair through the major radius gaps with the
transport modules centered about the x-z plane on each side of the plug.

Also denoted in Fig. 5-24 is the potential-peak ECRH system; this low

power system comprises 20G-kW gyrotrons and a waveguide transmission system.

A block diagram of the transmission line is shown in Fig. 5-25. To avoid
potential problems associated with window failures (e.g., 5F, or window-
coolant leaks inte the plasma chamber), a vacuum wavegiide was chosen for ;
FPD-11, but power handling capabilities and arcing issues in a radiation l
er.rironment still need to be quantified.

The ECRH-system power flow and key system parameters are summarized in
Fig. 5 2G. The power for this pair of systems at each end cell is provided by

a single converter/transformer unit rated at 25 MW and 83 kV, which feeds
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Tabie 5-10. Thermal barrier quasi-optical

system parameters.

Type

Comnical angle (deg)
Cone height, h (cm)
Paraboloid focal length, f (cm)
Mirror diameter, Dm {em)
Initial beam diameter, Dy (cm)
Distance to point b, X, (m)
Beam diameter at poimt
b, n(xo) (em?
Distance to magnets, X {m)
Maximum beam diameter in magnet
region, D(X) (cm)
Number of transport systems/end
Number of beam launchers/
trarsport system
Launcher transmission

efficiency (%)

Offset-conicsl horn/
paraboloid reflector
17

56.45

30.19

54,0

41.65

8.5

15.0
7.25

19.0

2

6 (5 operating/
1 redundant)

96
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Figure 5-25, Potential-peak ECRU-wavepuide transwission system.
fractional ncower loss in component.
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The parenthesis indicate
Total transmission efficiency--70.8%.



e POWER +LOW

WAVEQUNDE
! J26kw | wopmen | 910xw | gyroTnon 1570w THANSMSSION
ANV | (98X EFF) [ 80w | (50% EFF) SYSTEM 13k LA
30A EXYS {73% UF)
r
a0
2350w | woomea | 225w | aveomon | ww WAVEGLAGE T81kw SPOR
— 188X EFF) (o3% EFF) ity Tovreg [ rommatn-a1
23.9uw | CONVERTRR: | 3384w . i (80% EFF)
BIk? T v 0 - +
1% EFF) 208A H . M M :
H H H : .
i : i : :
H . . H ¥
H ' : H :
H ' H . H
1240 + : > > -
2 L 8y | woo/meo | BkV | avRotRoN W WAVEQUIDE 7w mA:;om
ww CROWBAR [——12n | 8w EFF) [7a7A | rask EFF) MIERFACE SyStEw [T TSRV aIB-siD
S52mA LTOB% EFT) (%8R EFF)
0 DTHER ALA

Sh-¢

& KEY SYSTEM PARAMETERS

« Totat System Etlficiency: 31.3%

=~ Ling Power: 48.6MW

- LHo Roquiremeants (far Gyrotranl: 22 lhe
- LN, Requiramants (for Gyrotran): 11 I/tr
- Goolant Water Requirements: 7.225gpm

Figure 5-26. The FPD-1IT ECRH power flow.




eleven parallel protection and regulation networis. Each network supplies a
gyrotron and consists of a crowbar protection cirsuit, a modulator/regulator
series tube, and a disconnect ground switch. The 1-MW gyrotrons are assumed
to operate at a lower efficiency than the 200-kW tubes because of possible
mede competition in the larger collector cavities that are expected fov the
higher power. The total ECRH-line requirement is 48.6 MW and the system

efficiency is 31.3%.

Anchor ICRH System

The anchor ICRH system must deliver 435 kW to each anchor when operating
without the blanket test module and 350 kW during axicell operation. Lower
beta in the FPD-1I anchor results in a higher heating frequency, 71 MHz, than
the 54 MHz that was required in previous studies (e.g., Mirror Advanced

1 and FPD-1); because of this higher

Reactor Stuay (MARS),3 MFIF-a+T,
frequency, waveguides become a viable alternative to an antenna launchex.
Although the coupling physics of 3 waveguide launcher in the ICRH
frequency range is not quantified yet, its engineering benefits in fusion-
reactor upplications, when compared with loop antennas, have been espoused for

a number of years and include:

1. Removes much of the launcher from the harsh plasmo-edge environment
and thus prolongs the launcher's lifetime;
2. 1s easier to maintain;

3. Has more power-handling capability.

An antenpna laupcher was used in the FPD-1 configuration betazuse at 54 MHz the

waveguides were too large without the fourth or fifth harmonic heating. Here,

the »30% increase in frequency allows use of single-ridged waveguides of

widths <1,0 m at rhe second deuterium harmon.: and 60 em for the third

harmonic. Figure 5-27 contains a schematic of a single-ridged guide and €

dimensions for several harmonics for a 15-0 waveguide impedance.



Harmonic fheat a b s ,d L
[r34z2] [em) | [cm] | [em) | [em] | [em]
7L.1 95.2 21.4 71.4 1.61] 4.29
106.7 63.4 14.3 47.6 1.07] 2.86
142.2 47.€ 10.7 35.7 0.8 3.10

Figure 5~27. Ridged-waveguide harmonic heating alternatives.
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The remainder of the ancher ICRH system is considered of standard design
and is shown in Fig. 5-2B. A summary of the entire system follows:
. Configuration: two launchers per anchor
{1 operating/l redundant)
N Launcher: single-ridged waveguide
Waveguide power: 350 kW
Efficiency: 87%
. Transmission system: mainly 6-1/8 in.
Coaxial + step transformer and two stub tunming systems
Efficiency: 82.4%
Coolant loops
No. 1: Launcher back to stub tuner No. 2
7 ppm while operating
4 gpm while dormant
No. 2: Remainder—-4 gpm while operating
. Transmitter: mumltistage
Two power supplies: FPA--675 kW, 20 kV
Driver~-10 kW, 7 kV
Efficiency: 59.3%
Coolant loop: 150 gpm
. Performance:
Total line power: 1.48 MW
System efficiency: 47.5%

Total water coolant requirements: 330 gpm.

Power levels in this summary are for the axicell operating scenario. Rather
than the three-stub tuning system used in the FPD-I antenna system, the third
stub is replaced by a 50-9 + 15-Q coaxial-step-impedance traunsformer. The
power source is 2 multistage amplifier chain and at 71 MHz the Fimac
X-2170/8973 tetrode is the appropriate final power ampliifier. Ewveun though
this system has a relatively low power requirement, the waveguide and tetrode
are both capable of handling 1 MW so that for little additionmal co: , the

purchase of 1.5-MW power supply offers a margin of surplus capability in the
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Figure 5-28. The FPD-1I ICRH system description. (a) Single-ridged waveguide

launcher; (b) mainly 6-1/8B-in. transmission system; (c) multistage tramsmitter.
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event that wave-coupling and ion-trapping efficiencies are lower thanm
assumed. The tsial line power for the system during axicell operation is
1.48 MW corresponding to a 47.5% system efficiency. Without the axicell, the

line power increases to 1.85 MW.

Negative-Ion Neutral-Beam System

The neutral beams that create the sloshing-ion distribution in the plugs

are the heating systems most effected by whether or not there is an operating

axicell. Without the axicell, 2.35 MW (4.95 A at 475 keV) is injected into

each plug; whereas the power, current, and beam energy decrease to 800 kW,
2.5 A, and 325 keV, respectively, when the axicell is in operation. The
system summarized below corresponds to the more demanding requirements, but we

will also discuss the system implications associated with axicell operation.

e Configuration!
One beamline per plug;
Four sources per beamline {3 operating/l1 redundant);
Sources arranged in a 2 x 2 array.
e 4.0-A Lawrence Berkeley Laboratory type self-extraction source at
-475 kV, 2 x 68 cm2 ribbon beam;
RF plasma generator in magnetic multipole bucket containment;
Forced cesium dillusion throueh converter plate;
Small transverse magnetic fields to divert electrons;
Standard 80-kV cingle~slot pre-accelerator;
Gas efficiency: 12% + total gas flow (3 sources): 8.8 T &/s.
e Transverse field focusing (TFF) transport and high-voltage
accelerator:
BO-kV TFF-transport section [low energy beam transport (LEBT)] at
-395 kV with multistage differential pumping + 5.0 m2 cryopumps;
Four-stage TFF high-voltage accelerator (~305 kV, -220 kv, -135 kV,
-50 keV);
High energy beam transport (HEBT) section;
TFF focusing voltages range from t25 ta +50 kV;
Divergence: 0.45° x 1%

Pressure 1 x 107 Torr.



s Gas jet neutralizer with a Poulsen-type plug nozzle:
Optimum gas thickness: 6.5 x 1013 em %3
Average pressure in pump chamber: J x ]0"4 Torr;
Approximate dimensions: 2 x 1.75 x 1.75 m;
Cryopanels: 15 n?.

e Ion maguet/dump region:
Pressure 1.0 x 10_5 Torr; .

2.0 m2 Cryopumps.

The beamline configuration has much in common with the FPD-I NINB system
described in Sec. 4, in particuler, the source and TFF configurations shown in
Sec. 4 in Figs. 4-17 and 4-18. The source current capability is more in line
with the Negative-lon Development Program's goal of 6 A/m (Ref. 4) leading to
a slignrly larger source (2 x 68 cmz), but a Factor of t-'o increase in
source current {4 A). The gas load per source also doubles to 2.9 7 L/s;
the cryopane! area requirements in the LEBT section are 7.5 m2 with 50Z LEBT
grid transmissivity and 20% recycling factor.

The key departure from past designs is the use of a gas—jet neutralizer
in FPD-11. This concept incorporates a Poulsen—-type nozzle that was
previously used ro minimize flow of alkali vapor metal along negative-ion
beamlines.S Although much more analysis s required on deuterium-jet
neutralizers, they do not require advanced technology, should entail only a
modest development effort, and have a number cf advantages when compared with

conventional gas-cell neutralizers. These advantages include:

1. A shorter magnetic shield is used, which results in a decrease in the
beamline weights, and costs are less {(beamlines are easier to
miintazin).

2. The gas curtain separates the ion beam from the neutral-beam region.
The jets help pump the beamline.

4. The jets prevent the gas in the pumping chamber from freely flowing

back inte the beamline.
5. ‘The jets permit a reduction of ion losses by a lower beamline

background gas pressure.

6, The jets do not appear to represent a significant cost increase.
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Figure 5-29 represents the jert neutralizar concept. The cryopump chamber is
quite larpge, but can be outside the main beamline vacuum and magnetic
shielding envelope. The c¢ryopanel area in the pump chamber is 15 mZ.

Figure 5-30 is the current and power flow of a beamiine and
Fig. 5-31 is the beamline in the 2nd cell configuration. The current
efficiency is 41.25%, whereas the power efficiency is 45.36%; the difference
occurs because most the current is lost at low energies. The line power
requirement for Lhe entire system is thern 10.4 MW,

To operate the beamlines during axicell operation, the following changes
in the beamline are required: (1) the number of operating sources decreases
from three to two; (2) the individual source current decreases almost 30% to
3.13 A; and (3) the last Lwo stages of the TFF high~voltage accelerator are
converted to nonaccelerating TFF transport sections, and the acceleration
potential ip the HEBT is raised 10 kV. The system line power required during

this phase is 3.5 MW.

DRIFT PUMPING

Requirements

Table 5~11 summarizas the FPD-I1 drift pumping system requirements. Each
of the parameters is described in Sec. 4. WNote that the plug cell has two
populations: ane for the so-called "cold" ions and another for the “sloshing"
ions. The combination of reduced bandwidth {10% as compared with 66%) and
fewer frequencies (445 compared with 110) makes the implementation muchk more
attractive than that of the FPD-I.

Another parameter, which eases the design problem, is the large (>10:1)
reduction in flux for the tramsition; this results 1a a reduction in coil

zurrent and therefore power amplifier size.

Configuration €.

The same besic concept is planned here as in the FPL-T and MFTF-o+T.

There are 13 channels for the transition and 46 (22 cold and 24 s.oshing)
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Figure 5-29.

Deuterium gas jet neutralizer concept.
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o Table 5~11, The FPD-II drift-pump requivements.?2

Transition Plug cell
cell Parameter Cold Sloshing
106.63 Center frequency (kiHz) 827.6 1328.9
- 37.3 Af/f bandwidth (%) 10 10
39.78 Af bandwidth (kHz) 82.76 132.89
13 Ho. of frequencies ° 41 48
0.00538 Perturbation flux (Wb) 0.00349 0.00349

aAssumptions: & MARS-like coitl
- hairpin shape
- - ecaled
® Eddy current loading

- scaled from MFTF-o+T

AN

channels for the plug c¢ell. We plan to have 2 tones per channel to cover the
total af 89 (41 + 48) frequencies for the piug. For further details, refer to

Sec. 4 or the MFTF-a+T study report-]

Performance

Table 5-12 shows the results of the performance anmalysis. The coil

currents were estimated to be:

-
[l

= 1.3 kA transitien

and

0.9 kA plug.
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Table 5-12. Performance.

Transition Plug cell

cell Farameter Cold Sloshing
Coil:

4 Inductance (uH) 4 4
8.3 Resistance (mQ) 23.0 42.3
303 Inherent Q 901 789
1.8 Load resistarce (mQ) 5.2 9.5
24s Loaded Q 72" 645
15.0 Power (kW; 17,6 32,2
3.4 Power, IC (kW) 3.9 7.2

Transmitter:

13 No. of channels 21 24
10.2 rower output (kW) 7.5 9.3
0.54 Channel bandwidth % 0.48 0.42
1 Tones/channel 2 2
13.7 Transmission and matching

efficiency 13.4 1742
16.7 Prime power (kW} 12.3 a8

Again, *he analysis procedure is the same as used in the MFTF-q+T SCUdy-l

Because the flux requirement is modest, the power rquirement is small compared

with FPD-I. The details of the dasign are summarized in Table S5-1*  The
values are given in microfarads and microhenries for the capacit and
inductors, respectively. For this design, the plug system suppli. '+ spectrum

capable of covering the 10% bandwidth. Hence any form of modulat.on (noise,
ew sweep, or tone) can be used. The efficiencies, in terms of wat of prime
power to amperes of circulating current, are &5, 65, and 86 for the transitiom,
plug (cold), and plug (sloshing) systems, respectively. This is goo.

efficiency compared with the MFTF-a+T, where the ratio was 170.
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Table 5-13. Component values.

Plug
Component? Transition Cold Sloshing
leuF) 0.0009%96 n.0023 0.000907
Cz(uF) 0.00016 0.00002 0.000010
CJ(uF) 0.01150 0.00039 0.0N0239
CA(uF) ). 00033 0.00160 0.001012
Ly (ut) 16 3 8
Lz(uH) 14,060 2,030 1,400
L3(uH) 228.9 97.1 60.1
LA(uH} 090.8 23,1 14.3
Tube 4CX5000R 4CX5000R 4CX5000R

IRefer to Fig. 4-22 in Sec. 4.

Future Work

Breaking up the spectrum into bands improved the implementation of the
plug system, but the system still nhas 46 channels driving a single pair of
coils. Further reductions in tandwidth are desirvable. 1t would be worthwhile
to investigate limitations on the Q >f the drift pump coil hecause the coil

1imits the intrinsic bandwidth. Refer to Sec. & for other future efforts.
HALO SCRAPER/DIRECT CONYERTCR

We designed a halo pump and direct converter For FPD-II {for which design
parameters are more fuliy described than tuose for FPD-I. The true cross-— €,
sectional shape of the plasma determines the shape of the various elements in
the FPD-11 direct converter. We also considered the effect of the changed

magnets set (A-18 to C-53) on the design of the FPD-II direct converter.
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Design Assumptions

To minimize costs, the FPD-I1 direct converter produces only low-grade
throw-away thermal energy. The return water-coolant temperatur~ is set at
80°C (inlet temperature is 30°:). We assume that the plasma cross-
sectional shape does not change with clhianges in the machine operating power
level. This assumption simplifies the design process until we can determine
from cur studies the effects on the direct converter of plasma shape and power

distribution resulting from variarions in machine operating power. N

Design Description

The FPD-11 direct-conv:. ter design is based on the U-53 magnet set. A
recent iteration of the magnet design resulted in the C~B3 magnet set--we have
not assessed the impact of this change at this time.

The plasma cross—sectional shape obtained from the C-53 magnet set is an
irregular four-pointed star. We tried to eliminate the "lobing"” of the star
at the four points and to make the shape more regular. Some wodification of
the shape was possible by changing the cross section, the mean radius, and the
current density of the recircularizing solenoid. Because it is not possible
to completely recircularize the plasma by changing only the recirculavizinag
solenoid, the amount of recircularization necessary depends on a cost tradeoff
between the increasing magnet size and the fabrication complication of
irregularly shaped converter elements. For the purpose of this design, we
changed the recircularizing solencid to obtain a regular shape for the leading
edge of rhe halos scraper and the interface between the halo scraper and the
halo dump. Figure 5-32 shows the plasma shape with a modified recircularizing
coil.

To minimize cthe direct-converter cost, the elements of the converter are
spread axially. The halo-seraper assembly is positioned close to the
recircularizing solenoid, but allows cnough space for adequate diffusion of
the neutral particles and does not exceed the peak power denzity of a
<irconium-copper halo scraper. Good spacing between the halo assembly and the

coilector assembly is necessary to allaw independent assembly and disassembly.



OUTER COLLECTOR

INNER COLLECTOR

2 = 4500
1 =82.00

Figure 5-32. The C~-53 magnet set plasma shape in the area of the FPD-11

direct converter.

To simplify machining, the actively cooled elements in the halo scraper are
defined as conical surfaces. These surfaces allow -onstant width cooling
grooves to be milled in a straight, radial direction. Where possible, the
circumferential edges have been simplified (e.g., the inner edge of the outer
collector shadows the inner collector allowing the edge of tiie ianer cellector
to be simplified).

The separate assemblies of the halo and the collector are mounted from
the vacuum vessel, The assemblies can be removed separately (Fig. 5-33}., The
plug for rhe halo scraper is sized to permit vremoval of the recircularizing
solenoid.

The power distribution to the various elemenits of the direct converter is

:hown in Table 5-14. Table 5-15 lists the details ¢f the cooled surfaces for
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Figure 5-33. The FPD-11 direct converter.,

Table 5-14. Power distribution (MW both ends).

Thermal Electric
(MDD (Mu)
Halo dump 19.G 0.0
Halo scraper 7.2 0.0
Outer collector 5.3 4.2
Inner collector 21.4 37.0
Total 51.9 41.2

Total power = 93.1 MW

3



i
i
i

Table 5-1%. Direct converter thermal design.

Innar Outer Halo Halo
colleciryr cecllector scraper dump
Heat flux (design) (Mw,’m?') 1.78 0.62 1.49 2.07
Coolant flow rate (gom) 810 163 990 99¢
Coolant pressure (psi) 620 620 620 620
Coolant pumping power (kW) 67 20,5 76 76
Coolant velecity (wmfs) 3.2 3.3 19 &
Surface temperature, coppcr{®C) 127 124 148 195
Surface remperature, TZX (°C) 236 162 239 321
Coolant channels
Widch x depth {cm) 0,7 x 0.2 1.3 x 0.3 0.7 x 0.4 1.16 % 0.4
Number of sectors 3 8 8 8
Channels per sector 112 70 112 112
Channels per channel path 1 7 4 4

the water-cooled zirccnium copper and TZM designs of the direct converter.
Reduced tritium permeation is possible if the cooled surfaces are fabricated
from TZM but the cost would be gfeater than the zirconiumcopper de-ign.
Figure 5-34 depicts the coolant channels for the halo scraper——the coolant
channels for the other elements of the direct converter are similar.
Table 5-15 gives the channel dimensions.

Helium was considered as a coolant, but was not selected for three main

Teasons:
1. High pumping power required, <.

2. High capital cost of the pumping squipment,

3, Tritium extraction system required.
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ALO SCRAPER SEGMENT

SCRAPER ANGLE TO PLASMA = 28°
g\ MATERTAL « ZIRCONIUM COPPER
-40 NY. OF SEGMENTS = B
’/K t.00 SEGMENT HEADER PIPE SIZE = 7.6 CM
‘\<("27 HEADER PIPE SIZE = 20.0 CM

WATER COOLING
ASMA FACE

SECTION AA

Figure 5-34. The FPD-II direct converter/h.le scraper coolant channels.

Costs

Table 5~1& summarizes the costs of the two direct converter optinns

considered for FPD~II with a comparison to MARS,
SHIELDING AND VACUUM CONTAINMENT

The end cell region, Fig., 5-35, is a double~walled vacuum~v=ssel/
biological shield that contains the end cell coils, <irect converter, and halo
scraper, The vess2l has an inside diameter of 7.0 m and a length of 40.0 m.
Each end cell has a direct-converter/halo-scraper hatch and 2 large
magnet—-access aagtch. The configuratiom in Fig, 5-353, allows for vertical
removal of all the cell components. In addition, "he vacuum vessel provides
interface connections for the negative-ion sloshing oeam, ICRH and electron-

cyclotron resonant heating {ECRH} rf systems, and the drift pumping coils.
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VACUUM VESSEL/BIOLOGICAL SRIELD

The end-cell vacuum vessel consists of two cuncentric, cyiindrical
shells forming an gnnular volume for the water shielding., The inper and outer
shells are connected by radial bulkheads, as shown in Fig. 53-35. The inuer
and outer shell spacing is 0.6 m, baaed on biological shield requirements.
Figure 5~36 shows the magnet cold-structure support box integrated into the
cylindrical vacuum vessel. The removable top hatches are framed by a beam
structure. Both the magnet hatch and vacuum vessel have longitudinal
stiffeners connecting the two shells and the bulkheads. The hatches are

sealed with 5 single-convolution, welded bellows.
MACKET SHIELD
In addition to the biological shield, the end cell alsp has a2 magnet

shield. The function of the magnet shield is to protect the coils from

excessive heating and radiation damage. The shield consists of a 30-cm

Table 5-16. Costs in 1984 dollars, including materials,
fabrication, and installation.

MARS, FPD-1T, FPD-1I,

TZM TZM Copper
(v3)9 (M$) (M%)
Piping and supports 1.63 0.52 0.26
Halo 4.13 1.46 0.29
Collector 4.0 1.22 0.24
Total 9.76 3.20 0,79

®Millions of dollars.
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VACUUM VESSEL/BICLOGICAL SHIELD
DIRECT CONVERTER/HALO SCRAPER HATCH
,— HATCH VACUUM SEAL

MAGNET ACCESS HATCH

MAGNET SHIELDING — &

y \L BULKHEADS
END CELL SUPPORT

MAGNET JOLD STRUCTURE SUPPORT

Figure 5-35. The FPD-I1 end-cell configuration.
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CONCRETE PIERS MAGNET COLD STRUCTURE

Figure 5-36. The FPD-11 end-cell vacuum vessel.
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steel/water shield (80% steel, 20% HQO) and 5=-cm BAC shield. The steel/H20
shield design is the layered plate concept with cooling grooves. The water
maintains the shield temperature at a maximum of 200°C. The steel/water shield
is followed by the actively cooled BQC shield. The B&C shield composition by
volume is 20% steel for the container vessel, 20% H,0 coolant, and 60% B,C,
with a density of 0.7. The shield is located at the plasma periphery,

(Fig. 5-35). 1In the area of the choke coil, the thickness is increased to

meet local requirements.
SUPPORT STRUCTURE

Each end cell has four sets of support legs, Fig. 5-36. The support legs
constrain the end cell in the vertical and lateral directions, but allows

axial motion for thermal expansion.

C-COIL NBUCLECNICS: OWE-DIMENSIONAL ESTIMATE

INTRODUCTION

The shielding needed to limikt neutron heating and damage in the C-coils
to acceptable levels strongly influences end-cell size, and thus the size and
cost of the entire machine. Our objective is to minimize total cost of the
machine by varying the size of the end-cell C-coils in order to provide the
optimum space between the coils and plasma for shielding. A pracedure
proposed to accomplish this objective is outlined later under this topic (see

Ref. LLNL-FPD-84-018 in the Appendix).

RADIATION LIMITS

In LLNL-FPD-84-016 (see the Appendix), we originally set the maximum

z2llowed radiaticn exposures in the superconducting coils at the following

values:
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. 1011 rads in the insulation.

2 . . .
. 1018 afem (En > 0.1 MeV) in NbTi (for a 20% drop in
critical current, 70% of which is annealable at room temperature).
. 4 x 1018 n/cm2 (En > 0.1 MeV) in Nb,Sn.

In LLNL-FPD-84-48 (see the Appendix), we revised the follcwing fast
(& > 0,1 MeV) neutron-fluence limits to allow for more design Flexibility:
20 2] 2 P
. 10 to 10 n/em” range for NbTi with an accompanying 25%
lower critical current.
. 1 tod x 10t? n/cm2 range for NbsSn, believed achievable.
These higher limits are speculative.
Because of the rime and expense involved in detailed 3-D analysis of the

end cell, we developed the following 1-D method to 2ssess various configur-

ations:

1. Calculate the heating and damage rates in the superconducting coils
vs the shield thickness using 1-D slab geometry.

1. Calculate 14-MeV neutron energy currents (wall leoading) in 1-D slab
or cylindrical geometry using coil and plasma geometvries, and
plasma source strength.

3. Combine steps 1 and 2 to obtain a 1-D estimate of peak heating and
damage rates.

4. Integrate the plasma neutron line source as a function of z, in
regions where source strength is significant and shield space is
limited.

3. Combine steps 1 and 4 to estimate the total heating in the C-coils

(our major assumption is that axial neutron transport is not

significant.)
As a first step, the heating and damage rates vs shield thickness were

celculated in 1-D slab gecmetry using both the ONEDANT code and a 30-neutron
plus 12-gamma XSLIB data library based on ENDF/B-V. This code and its data
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library were developed at Los Alamos National Laboratory and used at the

University of Wisconsin for the MARS project.3

The configuration used to calculate radiation levels in the coil vs

shield thickness is shown in Fig., 5-37. The shield consists of a thick zone of
W(70 v/o) + 1,0 (10 v/o) + boric acid (1 v/o) + FE 1422 (10 v/o) follcwed by

a thin zone (v4 cm) where TiH, replaces the W. This shield was devisad in

a preliminary optimization study (see Ref, LLNL-FPD-84-45 in the Appendix).
Heating levels, neutron flux (E > 0.1 MeV) and dose rates in the coil vs

shield thickress at a wall loading of 1.0 Mw/m2 are given in Figs. 5-38 and
5-39. The total heating calculation includes both the coil and its case:
approximately 36% cccurs in the case and 64% in the winding pack.

The second step in the 1-D method is to estimate wall loading at coil
locations, where source strength and geometry combinme with limited shield
space to yield significant heating and/or damage rates.

To illustrate this process we are using the C83 end-cell coil set for
FPD-11 as an example, Figure 5-40 has both 2 0 and a 90° cut through C83
showing C-coil winding packs and the hot and halo plasma boundarias (inner and
outer lines, respectively) as they thread through the end-cell ceils., The
fusion neutron volumetric source strength along the centerline of C83 is shown
in Fig. 5-41. Examining Figs. 5-40 and 5-41 together show that geometry and
source <rength combine to give four points where relatively high
coil~radiation levels may occur in the C-coils. Starting at the innermost
C-coil (11" at 2 = 50 m) and werking outward, the first point occurs in
the second coil at z = 53.3 m. At this point a local maximum in the
volumetric source strength (2.6 x 1011 n/s) and an approximately 4-cm
half-thickness plasma fan (see Fig. 5-42 for "lowup of rhe geometry) combine
to give a 1-D wall loading on the coil of 0.023 MN/mz. The space belween
the coil and the halo plasma is approximately 40 cm (Fig. 5-42). Subtracting
15 ¢m for the coil case and insulation leaves 25 cm for shielding. With 25 ¢cm
of shielding and a wall loading of 0,023 MN/mz, peak lecal heating and other

radiation levels in the coil at this point are (Figs. 5-38 and 5-39):

*Transition coil 1.
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Figure 5-40, The FPD end-cell configuration C-83.
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Figure 5-42. End cell (C-83) configuration (z = 52 to 56 m).

3=75

AL i i man e S



v
1
1
!

b

. Peak heating (P) = 2.5 mW/cma.

e Peak flux [6 (E > 0.1 MeV)] = 1.3 x 101 n/emZeyr.
. Peak rad dose to insulators = 4.6 x 10° rads/yr.
» Peak displacements per atom (dpa) in Cu = 0.0013/yr.

The next two points at which local maxima in coil radiation levels may
occur are at the inner zorners of the minor radia turns of the anchor coils
(z = 55 m and 55.8 m, respectively). At these points the plasma is nearly
circular, therefore, a cylindrical 1-D geometry is used to calculate wall
loading. The line source strength at these two points is 3.4 x 1016 n/mes
{Fig. 5-43); therefore, the wall loading at the coil at these two points is
0.014 MH/mz. The space available for shielding is 30 cm. The lower wall
loading plus 5 c¢m more shielding at these points, compared with the first
point, result in heating and damage rates 70% less than at the first point.

The fourth point at which a local maximum in coil radiztion levels occurs
is on the centerline of the first plug C-coil at z = 58,6 m. Here volumetric
source ctrength has a sharp peak of 5 x 10!} n/cm3-s (Fig. 5-41) and the
space for shielding is only approximately 23 em (Fig. 5-44). Using 2 1-D slab
model, the wall loading at this point is 0.056 MH/mz. This wall loading
coupled with space for only 23 cm of shielding, results in the peak 1-D

heating and damage rates listed below.

. Peak heating = 8.4 il em=.

» ¢" (E > 0.1 MeV) = 4.5 x 10IB nlcmzvyr.

] Rad dose to insulator = 9.5 x 109 rads/yr.
. The dpa in Cu = .0045/yr.

Because the source at this point has a sharp peak n z, the wall loading and
resulting radiation levels are overpredicted by the 1-D method. Wevertheless,
based on this analysis, we predict this peint to have the highest radiation
levels in ~ ‘s C-coil set.

In aguition to local peak heaiing and damage rates in the coil, total
neutron-induced heating in the entire C-coil set and rhe cryogenic cases is

also important because of the cost of cryo-refrigeration. To estimate this
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total heating, the end-cell line source is integrated over z in those regions

where shielding space is limited (Fig, 5-45). These regional sources are then
attenuated by the allowable shield thicknesses in each region. For this case

(CB3), the first region is taken to extend from z = 52 m to z = 54 m. The

16 n/s and the shielding space is 25 cm-

saurce in this region is 4.1 x 10
The attenuation factor with a 25-em shield is 0.023 (Fig. 5~38); therefore,
total coil plus case heating is 2.2 kW. The sacond region is from z = 56.7
to z = 58.7, and by the same me:hods, heating is 4.4 kW. Thus, the total of
both tegions in both ends is approximately 13 kW. Although these two regions
should account for most of the C-coil heating, there are areas outside these
repions where coil heating will also occur. To accommodate this addizional
heating in a crude way, total C-coil heating iIs assumed to be twice the
two~region 1-D result. Therefore, the total heating in the C83 C-coil set is
estimated to be 26 kW. This energy 1s assumed to split—~with approximately
36% in the windings and approximately 64% in the case—-=as occurred in the
ONEDANT calculation.

The 1-D methodology just described was applied to a series of end C-coil
magnet sets starting with A18 {the original FPD-1 configuration} and
culminating with C83 (the FPD-11 configuration). The results of these series
of 1-D analyses are summarized in Table 5-17.

Note that both the A18 and CB3 peak neutron flux levels will exceed the
18 n/cmZ)
before 3 full power vears of operation are reached, but that they are well

below the revised, more speculative limits of 1020 to 1021 for MbTL and

original limits for NbTi (1 x 10'% n/em®) and NbySn (4 x 10

within the 1 to 4 x 1019 range for Nb,5n. The insulator dose limit of
101 rads is not reached in either case.

We emphasize that these 1-D results are only crude estimates used to help
guide end-cell optimization. The attractive candidates must be analyzed with

3-D methods to adequately account for the complicated geometries inwolved.
PROPOSED END CELL DESIGN AND OPTIMIZATION PROCEDURE
The proposed end cel) design and optimization procedure follows:

1. Specify design objectives and criteria.

2. Assume (or modify) coil set parameters and check to see if feasible.
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Table 5-17. Summary of 1~D analysis for five different C-coil types.

Peak
Total Peak neutrgn flux?
. . . a A b 3 Yc
Cail Halo thickness heating heatxng (nfem® FP
set at choke coil (kW) (m\/ em”) Ep > 0.1 MeV)
A1l8 S em 5.2 2.5 1.2 x 1(‘)18
2 p, 6.2 7.5 3.6 x 101%
31 2 o, 19 199 1.2 x 1029
cs1 5 em 32 3.2 1.8 x 1018
25, 42 8.1 4.5 x 10°8
co S em 19 9.2 3.9 x 1!
20, 14 1.7 7.8 % 1017
83 2 0, 26 8.4 4.5 x 1018

3AL hot spot in wirding.

bmaaz winding; 436% case.

®Full power years.

Calculate plasma shapes and stability and conductor fields, If
okay, proceed to step 4.

Calculate fusion neutron scurce distribution.

Perform 1-D estimate of neutron heating and damage rates in ¢oils
with W and Fe shields.

Check coil radiation levels. 1f okay, proceed to step 7.
Estimate 3-D calculation ¢i coil heating and damage.

Check coil radiation levels. If still okay, proceed to step 9.
Design and then estimate end cell cost, including refrigerarion.
Modify and iterate coil set configuration or objectives, where

possible, to minimize cost.
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Detaiis of Optimization Procedure

In Step 1, acceptable field configurations are specified by Lawrence
Livermore National Laboratory (LLNL) along with basic superconducting coil
design criteria such as J vs B and acceptable radiation damage rates specified
by the LLNL Fusion Engineering Design Center (FEDC).

In Step 2 various coil sets are laid out {or modified) and analyzed in
Step 3 to see if they produce acceptable plasma configurations and conductor
fields. Steps £ and 3 are repeated as necessary to get acceptable and
consistent coil sets (LLNL).

In Step &4 fusion neutron source distribution{s) are calculated with the
acceptable magnetic field configuration from Step 3 (LLNL).

In Step 5 the ceil set and plasma geometries and the neutron source
distribucions from Steps 2, 3 and 4 are used to perform am initial 1-D
estimate for peak heating the radiation flux;s and for damage rates in the
coils with various shielding types (W vs Fe) in the available space between
the coils and the halo plasma boundary (LLNL and/or FEDC).

In Step 6 the estimated coil radiation levels from Step 3 are compared to
criteria (from Step 1) to see if they are within acceptable levels. If they
are not acceptable, Step 2 is repeated and the configuration of coil set is
modified to better accommodate the shielding needs (thicker shields where
fluxes are too high and thinner shields as appropriate) (LLNL and/or FEDC).

In Step 7 cases that pass Step 6 are subjected to a much more rigorous
(and costly) 3-D analysis of coil heating and damage rates (FEDC).

In Step 8 radiation levels from Step 7 are compared to the radiation
limit and other criteria to confirm whether the coii/shield configurations are
still acceptable.

In Step 9 coil/shield configurations that pass Step 8 are designed to the
level necessary to judge whether they are technically credible. Their costs
are also estimated [LLNL/FEDC/Ceneral Dynﬁmics (¢p)].

In Step 10 insight gained in the earlier steps is used to modify coil set

configurations to reduce cost (LLNL/FEDC/GD).
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TRITIUM PERMEATION

Tritium permeation through components subjected to energetic tritium
bombardment is considered a potentially sericus problem for future fusion
reactors. High tritium concentrations in the region near the plasma-side
sur face are reached by implantation of rhe energetic tritium. The tritium
diffuses to either the plasma—-side surfate, where it undergoes relatively slow
recombination and release from the surface as a molecule; or to the coolant-
side surface, where it enters the coolant. If the permeation rate to the
coolant is significant, processing of the coolant is required to maintain the
tritium coacentration at a tolerable level.

We investigated tritium permeation through the halo scraper and direct
converter components to establish whether or not processing of the water
coolant is required. We used a one-dimensional, transient, finite difference
model of the copper structure to determine: the tritium permeation rate, the
total tri~ium concentration in the water coolant, and the tritium inventory in
the structure during the lifetime of FPD. We included the impact of pulsed
operation in this study, however, predictions assuming continuous burm roughly
agree with those using pulsed operation. We assumed that each burn pulse
consisted of 300 hours of burn {the longest burn expected for FPD) followed by

900 hours of dwell time before the next burn.
The results of the above study are summarized in Table 5-18. The total

amount of tritium in the halo scraper and direct converter ccolant system is
only 52 kCi. By estimating the water volume in this coolant system at 12 m3,
the end-of-1ife tritium concentration in the coolant, assuming no processing,
is 4.3 kCi/m3. This is well below the 16 kCi/m3 present in the operating
CANDU heavy-water reactors. The inventory in the halo scraper and direct
converter components is also quite low. Therefore, processing of the water
coolant is unnecessary; the water could simply be barrelled and transported

for disposal.
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Table 5-18. Tritium permeation rates and inventory irn direct
converter/halo scraper components.

Tritium
inventory
Maximum Total tritium in
Component perineation rate in coolant? structure
Ci/day ' Ci Ci
Halo scraper 14 2,7 x,104 7.3 x 10°
Quter collector 2.4 4,0 x 103 1.4 x 103
Inner collector 12 2.1 x 104 6.7 x f03
Total 28 5.2 x 10% 1.5 x 10°

a - . -
Assumes no removal by processing but deoes account for radicactive

decay.

MATERIALS

A significant difference, in selecting materials for FPD-II, compared
with FPD-1, is the higher neutron wall load in the axicell. The neutron wall
loading of 5 MW/m2 and lifetime operation at an integrated wall load of
12.5 Hw'y/m2 impese challenging requirements on the first wall and blanket
structural material of FPP-II. 1In steel material this exposure will produce a
displacement damage level of approximately 130 dpa &nd transmutation reaction
product gases of 1400 to 2000 atomic ppm He and 6000 atomic ppm H. (The exact
values will depend on the detail of blanket design and steel composition.)

Few data are available on the effect of this irrxadiation level on the
properties of candidate structural waterials, therefore, the design must allow
for axicell replacement during the gperating life of the reactor. However,
there is some data to indicate that either a ferritic/martemsitic steel or an
austenitic stainless steel may be adeguate for service to 12.5 MW'y/m2 in

a MARS-like blanket module.

5-84



Some data suggest that the ferritic/martensitic steels may be resistant

to swelling up to neutron fluences producing >100 dpa. However, the data

are for irradiations producing little helium and coverage of irradiation B
temperature is incomplete. Data at somewhat lower fluences suggest that ;
tensile strength will not be degraded, but that tensile elongation will be

reduced to low but usable levels. Irradiation creep rates will be known in a

few years, ard can be accommodated in design. The shifr in the ductile~to-

brittle transition temperature (DBTT) that results from irradiation of e
ferritic steels is a concern. Available data hint that the ferritic steel o

9 Cr-1 Mo might be & better choice than HT-9 (12 Cr-1 Mo) because the lower

initial DBIT can result in a DBIT after extended service that is still below
the reactor shutdown temperature.

The austenitic stainless-steel type 316 would swell excessively in the
fluence required in the axicell. However, advanced austenitic steels have
beer. developed for swelling resistance and these steels may prove adequate for
service to 12 Mw'y/m2. If the swelling resistance proves adequate,
irradiation creep during service and reduced tensile ductility will impose
limitations that can be accommodated in the design.

Current activities of the Fusion Reactor Materials Program are directed
at qualifying alloys for service under conditions that are anticipated for ..e
axicell. The pace of the program is such that the data -elevant to axicell
conditions is now becoming avilable. As a result, the final choice of =
structural alley for the axicell should be reviewed regularly, to ensure that -
the best candidate material is used.

Most other material issues in the FPD-II configuration are similar to

FPD-I (see Sec. 4).

ELECTRICAL SYSTEMS b

The electrical systems include the electric plant equipment of the ac
power system, the power conversiou for the confinement magnets, the power
conversion for the mierowsve and neutral beam injector (NBI) systems, and the .

instrumentation and control systems.
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THE AC POWER SYSTEM

The ac power system includes all the switch gear, transformers, and
distribution of power to the electrical lozds identified in Table 5-19; the
tahle also includes the busing and fault protection for the turbine generator
and direct converters, and the inverters of the direct conversion system.
Referring to Table 5-19, the tctal recycle power needed for FPD-II is 128 MW
without the axicell and 243 MW with the axicell, The total electrical power
output is 40 MW from direct converters and 205 MW from the turbine generator.
Engineering Q_, defined as the power generated divided by the power consumed

by the plant, is 1.9 without the axicell and 1.0 with the axicell.

Table 5-19. Estimate of FPD-II electrical power generatiom
and loads.

Electric power {(MW)

Power generation or Input Output
load deseription

Central-cell neutral-beam injectors 0(62)
Central-cell ICRH power 0
Plug-cell neutral-beam injectors 6(4)
Anchor-cell ICRH 2(2)
Anchor- and plug-cell drifr pumps 2(2)
Plug-cell ECRH 50(50)
Resistive coil power 23(78)
Cryogenic system power 25(25)
Cooling system and vacuum

system powe" 10(10)
Superconducting-coil power systems 3(3)
Fuel processing and tritium cleanup (7}
Direct converters 40
Turbine generator 205

Total (with axiceil) 128 (243) 245
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Figure 5-46 is a simplified block diagram of the power distribution
system. The main 230-kV substation provides all of the 13.8-kV power during
startup. After the plant is on line, the direct converters and turbine
generator supplies more power than that consumed without the axicell. A net
power of 117 MW is delivered to the utility linme. With the axicell, the power
generated is nearly equal to the power consumed.

A small 30-MVeA substation provides better regulsted power tu the
4.16-kV loads. The 4.16-kV substaiions may selectively receive power from
either the 230- or 115-kV substations. The 4.16-kV substations provide power
to eight 2-MW load-controcl centers. Twe 4,16-kV diesel generators provide
backup perer to sulected critical loads if a power failure occurs.

Figure 5-47 is a one-line diagram of the FPD-II power-distribution
system, Mnemonics used on the diagram are defined in Table 5-20. Medium
voltage power is provided by the power-distribuiion system at 13.8 kV and
4.16 kV, the preferred voltages in use today. The substation would also be
adequate for TFCX-S, the superconducting coil tokamak now being considered as
a next generation machine. If TFCX-S and FPD-1I were located at the same
site, both machines could be operated from the same substations alternately,
but not concurrently. In Fig. 5-47, note that 4,16 kV is available from three
sources: the 230-kV substation, the 115-kV substation, and the diesel
generator units. The turbine-generator 4500-A continuous-duty circuit
breakers are custom built but commercially available. Isolation switches are
provided ac the 230/13.8-kV tranaformerz, but the only main transformer
circuit breakers are on the high-voltage side. Faults that may develop on the
two main 13.8-kV buses will trip the high voltage circuit breakers which have
more than sufficient interrupt capacity.

The 115/4.16-kV substation, not shown in Fig. 5-47, counsists of a three-
winding transformer taat has switch gear and lightning protection on the high-
voltage side. Each 4.16-kV winding provides power to three 2-MW load-control
centers and are connected to the main system with breakers 18 and 13 shown in

Fig. 5-47,
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Simplified block diagram of the FPD-II power-distribution system.
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Table 5-20. Mnemonic definitions.

Mnemonic Description

DPRF Drift pump xrf power

ADU Atmospheric detritiation unit power
WCP Water cocling pump power

LmMp Liquid metal pump power

UPs Uninterruptible power supply

CFP Condensate feed pump power

cce Condenser cooling pump power

SCC Superconducting coil power

NPS Number of power supplies

PSVOLT Power supply voltage

PSKA Power supply current (ka)

BUSLM Bus length (m)

NBKRS Number of dc circuit breakers

NDR Number of dump resistors

EDRMJ Maximum energy dissipated in a dump resistor (MJ)
PDRMW Maximum power to a dump resistor (MW)

ELECTRICAL POWER CONVERSION SYSTEMS

The electrical power-conversion systems include the following:

1. All the power supplies for the magnets, and power injectio~ systems

for the plasma;

2., The coil-protection equipment,

3. The cables and bussing, €

Table 5-21 contains the key magnet power-conversion data for FPD-1I both

with and without the axicell option. Mnemonics in the column headings of the

table are defined in Table 5-20. The first column of Table 5-21 refers ro rhe

characteristic configurations for the magnet power conversion for the group.

These configurations are shown in Figs. 5-48 through 5-52.
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Table 5-21. The FPD-II magnet power conversion data.?

Type Magnet group NPS PSVOLT PSKA BUSIM WNBKRS NDR EDRMJ PDRMW
A Central cell~8 1 20 60 200 5 16 150 30

B Central cell-2 1 1¢ 60 120 2 4 55 15
D,E Choke insert-2 1 #120 100 150 0 o 0 0 :
c Choke background-2 2 30 9 100 & 8 39 G4 %
B Transition-1-2 2 12 25 100 4 8 60 12 E
B Anchor cell-4 2 12 25 120 4 8 240 12

B Plug cel’~4 2 12 25 140 4 8 240 12

B Transition-2-2 2 12 25 160 4 8 45 12

B Recircularize-2 2 12 25 180 4 8 65 12

D Axicell choke-2 v +190 130 100 0 0 0 0 .
c Axicell background-2 2 30 12 100 4 8 500 12 .
E Axicell ecenter-1 1 165 ;0] 100 0 0 0 0 :

#For mnemonic definitions see Table 5-20.
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Figure 5-48. Power-conversion system for the central cell solencid magnets.
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Figure 5-49, Type-B power-conversion system.
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The type~A circuit (Fig. 5-48) shows the 16 dump resistors for the
8 main solenoid coils connecced in series. There are five large de circuit
preakers for interrupting the 640-kA coil current if quench conditions are
detected, The pneumatically operated slow-dump switch S$D~SW has very low
voltage actoss it because of the low-resistant-shunt slow-dump resistor R_.
The busing cross section is ten times higher than that used in the MARS
gtudy.3 Figures 5-49 and 3-50 show the type B and C power conversion
gystems that apply to the two coil and single coil groupings of Table 5-21.
The only difference is that the background choke coils are so large (high
gnergy) that they must have a center tap and separate dump resistors o
protect them if a quench occurs.

Figures 5-51 and 5-52 depict pawer supply constructiaa for the tesistive
¢oils, which require substantial power at high current and moderate voltages.
For the lower power coils, such as the axicell center coil and main solenaid
choke coils, it may be desirable to reduce the ac line voltage to 2.4 kV to
reduce the cost of the circuit breakers and rectifier transformers (Fig. 5-49).
For the higher tower axicell choke coils, the direct connection to the 13.8-kV
line via the auto transfermer (shown in Fig. 5-52) may be more flexible or
cost effective. In 2ither case, the very large curvents require large cross-
section busing as shown in the figures. Copper busing will reduce the cross
section by 50%, but is generally mere expensive than aluminum. Joining the
slabs together, however, may faver the use of copper busing.

The power conversion equipment for the plasma~heating systems consists of
numerous converter/transformer units and all associated switch gear. Because
the heating-system sources all require tight voltage regulation, twelve—pulse
converters are used. The converters include all the surge arresters,
reactors, filters, breakers, and preinsertion resistors that are required o
gmooth and condition the dc signal and protect sensitive elements of the umnit

(e.g., the thyristor valves). The larger ac-dc converter units are as follows:
e 38~MW, 126-kV, 300-A unit for the axicell tritium heamline (1);

® 25-MW, B3-kV, 300-4 units for the ECRH systems (2);
® 23-MW, 83~kV, 277-A unit for the axicell deuterium beamline (1).

5-97



http://tiir.es

PIORRY

i
!
i
]

;
1
i
H
1

The two ICRH units are small, 1.5 MW at 20 kV, and the multiple units for the
sloshing beam system are all <1 MW with voltages ranging from 45 to 475 V.

INSTRUMENTATION AND CONTRCGL

We had insufficient time to address the instrumentation and contrel (I&C)
issues for FPD-1 and FPD-1II in other than a precurscry survey. The I&C for

FPD~I and =II should be about the same. The I&C cost estimate considers four

basic groups:

1. Plant process 1&C,
2, Safety I&C,
3. Plasma diagnostics,

4. Supervisory-level data processing,

Each of these categories has both software and hardware aspects.

The plant process 1&C includes 21l the data acquisition, loecal computers,
and data transfer links to the supervisory level computers. The safety I&C
includes all sensors, data acquisitiom, hardware controls, and computers
needed for safety monitoring and for preventing plant startup and operation
under adverse conditions. The safety 14C is a highly reliable system that is
independent of all other systems. Plasma diagnostics include all the plasma
diagnostic systems, data acquisition, and lower level computers dedicated to
the diagnostics. The supervisory level data processing includes all the large
scale data processors and their support peripherals found in the control
room. This system also includes the dedicated data links to other general
purpose data processors located in other facilities. A1l groups have console
displays.

The software and hardware I&C cost should be comparable to that for
MFTF-B or Tokamak Fusion Test Reactor (TFTR). However, more plant-process 1&C
is needed for monitoring the direct-converters, shield, blanket, and halo-dump
modules. The safety system must be augmented to include all tritium
facilicies and fueling systems. However, only the essential plasma

diagnostics for monitoring and countrolling the machine are included in the
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cost estimate. (There is very little space available for interfacing plasma
diagnostics for physic experiments.) We assume that other predecessor
machines will provide the plasma physics data.

The axicell addition requires add.tional I&C for the high-flux blanket
and shield modules as well as the additional magnets and neutral beam
injectors. For cost estimating purposes, approximately 30% was added to the

process 1&C.
TRITIUM SYSTEMS

In designing the tritium systems for a fusion reactor like FPD-1I, we
need to consider four important areas: (1) the use of neutral beams or pellet
fuelers for fueling; (2) the presence of a blanket module with or wi.iunout a
power train; and (3) fuel storape requirements; and (4) the fusion power and
the fractional burn.

The tritium and deuterium mass flow rates for FPD-1I are shown in
Table 5-22 for two different fueling options-~positive neutral beams and
pellets, The efficiency of positive neutral beams ranges from 0.2 to 0.3;
therefore, the total tritium inpat ranges from 40 to 60 g/hour or 4 to 6 kg
during a burn of 100 hours (length of the longest cycle). The fueling rate
for pellet fuelers may range fron 3 to 10 pellets/second with 100% waste at
each of these rates. At steady state V3 pellets/second would be fueled.

This corresponds to a tritium input of 14 to 21 g/hout ot 1.4 to 2.1 kglcycle.

The pellet fueler has two advantagas over neutral beams. First, since
twe hours of tritium fuel is stored to ensure comstant fueling during
operation, a lower fueling rate results in a lover inventory. Second,
processing units contain lower tritium inventories at a lower rate:

The tritium inventories in the test cell and other processing areas at
the throughput rates cited are shown in Table 5-23, For beam fueling, the
toral inventery is 230 to 290 g. For pellet fueling, it is 180 co 210 g.
With an inventory of 250 g, both options could be handled by the same system.

The units supplied in the procescing area include uranium storage beds, a
fuel clesanup unit, a cryogenic distillation unit, a waste gas recovery system,

a solid waste disposal system, plus all controls, monitors, analytical
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Table 5-22. Tritium and deuterium mass flow rates for FPD-II.

Input Parameters Value
Burn time (h) 100
Plant availability 0.25
Power (MW) 479
Curyent to central cell (kA) 0.249
Current to end cell (kA) 0.009
Curyent to test cell {k4) <0.4314
Cycles/yr Z1.9
0.5

Tritium fraction

Processing variables at steady

state for two options Neutral beam?® Pellet®
Fractional burn 0.13 0.22
Tritiuvm buraup {g/h) 3.1 3.1
Deuterium burnup (g/h) 2.0 2.0
Tritium to plasma {g/h) 12.1 7.0
Deuterium to plasma {g/h) 8.1 4.7
Tritium waste (g/h) 28 + 4B 7 + 14.0
Total tritium input (g/h) 40 + 60 14 + 21.0
{kg/d) 0.97 + 1.5 0.3 =+ 0,5
(kg/eycle) 4.0 + 6.1 1.4 + 2.1
(kgfyc) 89 + 133 31 + 46
Deuterium waste (g/h) 19 » 33 4.7 > 9.4
Deuterium end cell (g/h) 3.7 + 5.3 3.7 + 5.3
Total deuterium input {g/h) 31+ 46 13.1 + 19.4
{kg/d) 0.74 + 1.1 0.31 » 0.47
(kg/cycle) 1.1 + 4.6 1.3 + 1.9
(kg/yr) 67 + 101 29 » 42

3For a test cell V3.5 m long.

PBeam efficiencies (+)20-30%, (-)7-10%.
The beam case is 3 pellets/s. When

®Wagte will range from 100% to 300%.
the reartor is started, up to 10 pellets/s may be required.
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Table 5-23. Tritium inventories (g) in FPD-II for two options.

Option ] Beams Pellet
Structure” <30 <30
Beam pumpb 4,5+ 7.8 --
Surge tank 4.5+ 7.8 -
Pellct fueler -- 10¢
Blarket 3.8 3.8
Blanket recovery 1 1
Total test cell/heat exchanger 43 + 50 45
Storaged 80 +» 120 28 + 42
Pellet preparation - 14 + 21
Fuel cleanup 50 + 55 43 + 45
Cryogenic distillation 60 + &5 53 + 55
Total processing 190 + 240 138 » 163
Total 233 + 290 183 + 208

4pissolved tritium in all components.,

bCycled 1/6 every 10 min.

“This inventory is a minimum, For an extruder, the
inventory is at least 20 g.

dTwo hours of fueling.

equipment, and necessary secondary confinement and processing systems needed
to support the system. The units are sized based on Tritium Systems Test
Assembly (TSTA) reference units. They are located in a tritium processing
building separate from the test cell.

The blanket system is assumed to supply all of the tritium burnt
(V6.7 kg/year) and also all of the tritium lost to decay, to environmental
releases or to waste in processirg. The amount lost to decay (14 g/year)
depends on the plant inventory (v250 g). The amount lost to waste depends
cu the efficiencies of the multiple processing systems, We assume that losses
will be <0.1% of the amount processed or <130 g/year with a required
breeding raticv of 1.03,
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The processing system used to remove tritium from the LiPb blanket
includes & tritium removal system, a tritium purification system to remove
gamma impurities, a tritium control system for the power train coupled to the
blanket, an impurity removal system for the LiPb, plus auxiliar; equipment,
dump tanks, etec. This equipment is located in the hot cell.

Four different atmcspheric tritium recovery systems (ATR) are provided
for the four main tritium areas--test cell, hot cell, triiium building, and
heat exchanger building. The units are sized for the air volumes processed
and the processing time selected {5 days}. The respective buildings have

internal volumes ¢~ 6,1 x 104 m3, 2.4 % 104 m, V1.6 x 104 m3, and

ng.3 x 10 . A throughput rate of 0.5 vol%/min is needed to achieve
cleanup in 5 days. This corresponds to units of 305 m3/min, 120 m3/min.

80 m3/min, and 215 m3/min, respectively. The test cell and heat exchanger
units are coupled to serve as backups for each other. The system for the
tritium building is a separate system as is the hot cell unit. The
transporter unit is handled by part of the heat exchanger system. The aiv in
the large upper building above the test cell in which the tramsporter is
located is cleaned by tne combination of the hot cell and test cell systems.

A tritiated water recovery unit is also provided for FPD-II. It serves
to remove tritium from any water system that becomes contaminated and it also
is used to concentrate the tritiated water collected by the different ATR
systems. Water systems that mav become contaminated are those that serve beam
dumps, halo plates, direct converter units, etc. The tritiated-water recovery
unit has the potential of reducing tritium waste from the water systems by a
factor of 104.

The overall tritium system for FPD-I1I described here is similar to that
for the FPD-1 design. The tritium mass flow rate for fueling FPD-I1 by pellet
is slightly higher than FPD-I's because, although the fusion power increased,
the fractional burn expected also increased. The fueling for FPD-II by beams
is approximately twice that needed for FPD-I because greater beam power is
needed in the FPD-1I design. The blanket for FPFD-1I must produce 2 kg more
tritium fuel each year than the blanket in FPD-I to replace the greater amount

of tritium burnt.
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MAINTENANCE REQUIREMENTS AND OPERATING AVAILABTILITY

The maintenance requirements and operating availability for FPD-1I are
identical to those discussed in Sec. 4 for FPD-I, except for the addition of
the DT axicell., The axicell is located at z = 0 and consists of a test module
with an integral solenoid coil (CS0), and a shield module with integral choke
coils (CCCl1). These components are removable through the access port located
over the test module. The present design of the axicell requires the removal

of test module before the choke coils can be removed. This is a developmental

concern since the test module may be a lifetime component, while the choke
coils may require annual replacements. Additional configuration development
is required to achieve independent replacement of the coils.

Figure 5-53 shows the disassembly of the axicell based on the design
developed for MFIF-o+T (see Ref. 1 for a more detailed discussion of this

compenent and its modular subassemblies).
PLANT FACILITIES

We have used the same approach in designing the plant Facilities for
FPD-11 as we used in FPD-I., However, the overall plant arrangement is
modified to reflect the absence of a thermal-power conversion system
(Fig. 5-54). 1In FPD-II, all of the thermal power generated is transported to
an intermediate cooling-water loop and is rejected to the environment through
a cooling-tower loop consisting of a mechanical-draft wet cooling rower :
(Fig. 5-55). The intermediate loap is provided to reduce migration of tritium é
and corrosion products to the enviromment. The total thermal power rejected
is approximately 765 MWt. All other FPD-II facilities are similar to the

FPD-I facilities with the differences specified in the cost estimate.
rosT ANALYSIS
The total capital costs estimated for the FPD-II device are shown in i

summary form in Table 5-24. This estimate is in millions of mid-1984 dollars e

and has the following qualifications: 3
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Figure 5~533.
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Table 5-24. FPD~1I capital cost summary
(1984 millions of dollars).

Direct cost 1,372,3
Indirect cost 480,73
Subtotal 1,852.8
Contingency 555.8
Total capital cost 2,408.4

e The device will be constructed on an undeveloped national laboratory
site.

» The device will be constructed by a prime contractor whe is
responsible to the national laboratory for engineering, procurement,
and construction.

The costs of each FPD-II component/subsystem were estimated by the
engineers and organizations responsible for the design and specification of
that particular component/subsystem. We developed a cost-data-collection
methodology to ensure that all components and subsystems were included in the
cost estimakte and to ensure that all cost data had a common basis. The FPD-I
work breakdown structure was initiall; arranged to correspond to the standard
mandatory accounts for fusion cost estimates, which is being developed at FEDC
based on earlier work by Bat:elle.6 The engineer or organization
responsible for each account developed the work breakdown below the mandatory
level. Responsible engineers/organizations were provided with component cost
forms that were used to transmit cost data to the FEDC Cost Eugineering
group. Components and subsystems were costed by using supplier guotes, by
analogy with a similar component or subsystem, or by cost estimating
relationships that attempt to predict the cost based on the required

performance and guantity to be purchased as correlated to historical cost data.
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The FPD-IT cost estimate differs from the FPD-I estimate because of the

following factors:

Berter design definition exists for some components and subsystems;
Design changes from FPD-I have occurred;

Deletions and/or additions were made to the estimate.

A detailed breakdown of the FPD-II capital cost elements is presented in

Table 5-25. Capital costs are composed of direct costs, indirect costs, and

contingency costs. The direct costs shown in Table 5-25 include component

engineering costs, equipment costs, and insrallation costs associated with the

permanent facilities, systems, and equipment. These costs are defined as

follous:

Component Engineering Costs--Cost associated with design and
verification testing of first-of~a-kind components.

Equipment Cost--Cost associated with purchase/fabrication of
equipment, which includes tooling, fabriecation, Q/A, management,
fabrication engineering, acceptance testing, and packaging and
shipping.

Costs--Cost of manual labor involved directly in erection of

permanent plant facilities, systems, and equipment.

Indirect costs, shown in Table 5-23, are those costs that camrnot be

directly identified with specific permanent plant facilities, systems, and

equipment; these costs include the following:

Construction Services and Eauipment Cost--Temporary facilities,
construction equipment/supplies, taxes, and fees.

Home Office Engineering and Services Cost--Flant and reactor systems
engineering, procurement, cost and scheduling, Q/A, and construction
management,

Field Office Engineering and fervices Cost--Field office operation,
job supervision, Q/A, testing, and startup.

Ouner's Cost--Project management, engineering, Q/A, taxes, training,

and inventories and spares.
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Table 5-25. The FPD-II capital costs {1984 millions of dollars).

Account No. Account title Costs (1984 M$) |
20 Land and land rights 0 !
21 Structures and site facilities 127.0 i
211 Site improvements/facilities 5.0 %
212 Reactor building 30.0 ]
213 Turbine .uilding 0 .
214 Reacter maintenance buildings 28.0 ;‘
215 Tritium building 12.5 f
216 Electrical equipment buildings 8.0, };w
217 Other buildings and structures 43.5 5
22 Reactor plant equipment 1183.9 (
221 Reactor systems 268.0 ’
221.1 First wall 0 i
221.2 Blanket system 96.4
221.3 Shielding 89.5
221.4 Reactor structure 77.1
221.5 Energy and particle removal/
caontrol 5.0
222 Magnet systems 339.3
222.1 Central cell solenoids 76.6
222.2 Choke coils 30.4
222.3 . Transition coils 58.2
222.4 Anchor cails 47.6
23,5 Plug cails 5€.0
222.6 Recircularizer coils 5.8
222.7 Recircularizer solenoids 0
222.8 Axicell coils 64.2
222.9 Thermal shielding 0.5
223 Power injection systems 109.9
223.1 ECRH system 46.7
223.2 ICRH system 4l
223.3 LHRH system 0
223.4 Neutral beam injection system 59.1
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Table 5-25, (Continued.)

Account No.

Account title

Costs (1984 M$)

224
224,1
224,2
224.3

225
225.1
225.2

225.3

225.4
226
226.1
38.8
226.2
226.3
226.4
226.5
227
227.1
227.2
227.3
227.4
227.5
227.6
218
228.1
228.2
228.3
228.4

Vacuum systems

Plasma chamber
External vacuum vessel

Secondary systems

Power conditioning systems

Magnet system power conditioming
Power injection system power
conditioning

Energy and particle removel/
contrel power conditioning

Energy storage system

Heat transport system

Blanket heat transport system

Shield heat transport system
Cryogenic coding system
Water cooling system

Gas cooling system

Fuel handling

Fuel injection systems

Fuel processing and purification
Storage and receiving
Atmospheric recovery systems
Water recovery systems

Blanket recovery systems

Instrumentation/control (I&C)

Process I&C
Safety instrumentation
Diagnosties

Data processiag
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0.5

72.7

105.6

0.1
35.6
30.7

0.5

7.7
19.2
5.2
26.3
7.7
86.3
71.4
21.4
3.4
27.2
20.4



Table 5-25. (Continued.)

Account No. Account ritle Costs (1984 M$) :
229 Maintenance equipment 64.0
229.1 * Manipulazor systems 19.8 :
229.2 Transport systems 19.1
229.3 Inspection/viewing/testing systems 10.2
229.4 Remote cutting/welding/machine tools 3.9
229.5 Mockup equipment 11.8
229.6 Miscellaneocus tools 3.6
229.7 Decentamination Equipment 1.1
229.8 Radwaste treatment/disposal 3.5
23 Turbine plant equipment 0
23] Turbine generators 0
232 Main steam system 0
233 Condensing system 0
234 Feed water heating 0
235 Other turbine plant eguipment 0
236 Turbine planz I&C 4]
24 Electric plant equiprent 37.6
241 Switchgear 9.1
242 Station service equipment 8,3
243 Switchboards 4,3
244 Protective equipment 4,5 ;
245 Electrical structure and wiring Q E
Containers ;
246 Power and control wiring 11.4 j
25 Miscellaneous Plant Equipment 11.0 ¥
251 Transportation and lifting !
equipment 5.0 :
252 Air and water service systems 3.0
253 Communications equipment 2.0
254 Furnishings and fixtures 1.0
255 Bulk materials o
26 Heat rejection systems 12.8

Total direct cost 1372.3
5=111




Table 5-25. (Continued.)

Account No. Account title Costs (1984 M§)
91 Construction services and equipment 137.2
92 Home office engineering and services 205.8
93 Field office engineering and services 68.6
94 Owner's cost 68.6
: Total indirect cast 480.1
Subtotal 1852.6
| Contingency 555.8
é Total capital cost 2408.4

These indirect costs were included in the estimate as a percent of direct
cost. Allowances used were 10% for construction services, 20% for home officn
engineering, and 5% each for field office emgineering and owner's cost.
Contingency is an allowance for the uncertainty that exists within the
i conceptual design in quamtity, pricing, or productivity and is under the
control of the engineer/constructor and within the defined scope of the

project. Contingency has been included in the estimate at 30%Z of the direct

cost.
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6.0 STUDYING THE CRITICAL TECHNOLOGY 1SSUES

All advanced fusion reactor concepts include projections of current
technology. In order that hardware performance not limit the progress of
physies research, present—day experiments are based on state-of-the-art
technology. Consequently, technological advances are directed by the dollars
one can afford te invest in that hardwiare needed to reach certain physics
milestones rather than by interest in developing the entire field of
technology.

We recoznized from the oeisel that to operate an TPD eaperiment in the
late 199CGs, we needed to foster technologicel change in several key areas.
Although the MARS study by LLNL and the fusion power community evaluated the
technological growth necessary for full-scale electricity production, we had
to adjust the schedule of tachology development on FPD because it is a less

ambitious project than MARS.
CRITICAL TSSUES MEETINGS

In 1983, we compiled a list of a.l critical issues we could anticipate
for FPD (Table 6-1) and organized a series of meetings based on the 20 issues
found. (These roughly coincided with our monthly FPD design progress
meetings.) Invitations were extended to members of the U.S, fusion community
working on related technology. The format and proposed objectives of each
workshup are shown in Table 6-2.

Only one planned workshop was not scheduled for FY84: remote
maintenance. We needed a firm mechanical configuration to bear the scrutiny
of a remote-handling review, and that design was not final. However, close
attention to assembly and maintenance had guided each design iteration to
date. (Once aur Phase III design is reasonably firm, we plan to hold a final
meeting on this critical issue.)

After each critical issue meetiny we distributed the minutes of the
meeting with apprepriate comments and summary. The average attendance was
about 30--75% froem the FPD project group and 25% consultants from other POE

laboratories and university research Leams.
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Table 6-1. Critical issues for FPD.

H System Issue
3
i Magnets 1. Shielding of end plug coils to minimize size and
% cost
. 2. --1I requirements with cost impact
Neutral beam 3. Photodetachment neutralizer
injection 4, Superconducting magnetic shield

5. Transverse-field-focus beam transport

6. Beam dump

|
|
|
|
|
j

Drift pump coils 7. Power supplies
8., MNeutron shield = semiconductor = high magnetic
permeability
Gyrotrons for ECRH 9., 1-MW rtubes by 1895

10. Mirror quality and aiming

Direct converter 11. Halo pumping and ion disposal
12. Plate cooling

13. Neutron activation

ICEH 14, Antenna or waveguide with horn
Fuel pellet 15, Rail=-gun velocity increase
injection 16. Location relative to choke coil

Liguid-metal blanket 17. Corrosion and MHD pressure drop

3iting 18. Tritium inventory

19. Component activation

Repair 20. Design for remote maintenance

i
i



Table 6-2. Critical issue workshop format.

Apenda

1.  Present and compare design ideas.

2. Criticize and/or support.

3. Apree an design approach for FPD.

4. Devise test methods and schedule for FPD.

5. Assipgn design responsibility for FPD.

Objectives

1. Agree on basic design approach.
2. Specify design goals.

3. Define FY84 depth of study.

4. Who will pursue this study?

5. What issues will (s)he address?

b. When will the work be complete?




CONCLUSIONS

The ecritical issue meetings were all productive. Attendees concurred
that the currents and voltages required for FPD seemed technically feasible.
They recommended an ircrease in funding for beam technology to ensure atrain-
ment of timely milestomes. Participants found no "black boxes" representing
unknown research problems.

It was the consensus that the weakest area of current knowledge is pellet

fueling- Present physics calculations indicate the need for pellet velocities

of teuns of kilometers per second. Howewver, rail guns can deliver barely
3 km/s, and these have yet to be operated in a rapid-fire, reliable fashion.
Finally, attendees noted that we must improve ocur ability to predict
plasma~pellet heat-transfer nzeds as well as fashion experiments to increase
peller velocity or add sabots to protect the pellets.

In the Appendix we include the memorandums that discuss in detaii ouv

findings concerning these critical issues.
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7.0 SITING AND SAFETY

INTRODUCT ION

In addition to the specifics of FPD siting and safety, we also consider

two sets of general siting and safety criteria in this section. The first set

consists of general site-selection criteria that seem to be universally

applicable tn lar.e, fusion power machines, including the FPD machine. The

second set comprises general reactor design criteria, which, if followed, will

appreciably mitigate potential problems with siting and rafety.

GENERAL SITE-SELECTION CRITERIA

1.

Nelationship of the facility to population centers and density. No

conflict should exist between the operation of the fusie.a facility
during its lifetime and the master plan for development in the
vicinity.

Electrical power sources. Adequate electrical power should be

available without requiring new substations and power lines.

Heat disposal. Heat disposal should be readily provided by using
cocling towers, rivers, lakes, or oceans, and should create little
or no adverse environmental effects.

Hot cell facility. An area of the site should be dedicated to a

hot cell facility for processing radioactive materials and parts.

On-site disposal of radicactive waste. If possible, radioactive

waste should be disposed of on site; therefore, the site must meet
the NRC Ciass A requirements for near surface burial as cutlined in
the Code of Federal Regulations, 10CFR61. These waste materials
include the following:
a. Operational wastes--machine parcs that need regular replacement,
expended material, protective clothing, rags, sludge, solvents,
ete.

b. Decommissioning wastes——all of the above, plus activated machine

compo: nbse



10.

11.

12,

Ofi~site disppsal of radioactive waste. If radiocactive materials

cannot be disposed of on site, off-site disposal areas must be

identified and be readily accessible. Material to be disposed of

will be the same as in 5 above. The following transport concerns

must be addressed:

a. Transportation routes must be identified.

b. Alternate routes must be found when local ordinances restrict
the transport of radicactive materials.

Seismic safety. The seismic safety criteria used in the design must

be consistent with the local seismic requirements.

Tornado hazards. Tornado hazards must be considered in the design

of the buildings and the facilities.

Flood hazards. Fleod hazards must be takem into account in facility
design.

Air traffic. Proximity to airports and flight paths may require
additional precautions against possible effects of airplane crashes.

Fence-line radicactive dose rates. The projected radiocactive dose

rates at the fence line must conform to existing and proposed
Department of Energy (DOE) and Envirenmental Protection Agency (EPA)
regulations. If property buffer zones are needed, it must be
possible to acquire them.

Radicactive material inventories. Inventories of radiocactive

materials on site may be limited by special hydrology, unusual leach

rates, and unusual nuclide migration rates.

GENERAL REACTOR DESIGN CRITERIA

1.

Hands-on maintenance. HWe cannot anticipate all possible failure

modes and necessary maintenance procedures; therefore, where
possible, hands—-on maintenance capability should be emphasized in
the design. -Hands-on maintenance will be possible only in selected
places outside of the outer-machine shield.

Materials for hands-on maintenance., In regions where hands-an

maintenance is highly desirable, waterials that will "cool" quickly
if acrtivated should be used, making general access easier and

simplifying remote handiing when necessary.
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3. Remote maintenance. Most of FPD requires remotc maintenance and

remote handling capability, therefore, remote maintenance should be
major consideration from the start in the design studies.

4. Materials for near—surface burial. Materials must be used that,

when activated, can be handled and disposed of by near-surface

burial.

5. Reactor design for decommissioning. Design the reactor for easy

decommissioning (e.g., make the components modular so Chat highly
activated parts can be easily separated from the rest of the

machine).
6. Water contamination. No routine release of radiocactivity should be

allowed to surface or near surface water.

7. Volatile materials. In regions of high activation, use of materials

that easily become volatile in accident situations should be avoided.
SUMMARY OF REGULATIONS

In addition to the above general criteria, we operate in an environment
of regulations reflecting society's choices regarding the handling of hazards
and hazardous materials. The following brief summary reflects the kinds of

regulations that pertain to the siting and safety of FPD,
RADIQACTIVITY

The Lawrence Livermore Natiomal Laboratory (LLNL) is regulated in its
handling of radicactive material by the DOE and tne EPA. The current DOE
regulations are contained largely in "Requirenents for Radiation Protection",
DOE Order 5480,1, Chapter XI. There are no current EPA regulations governing
radioactive dose totesi however, the EPA has proposed regulations for the
off-site dose races (""Clean Air Act, Radioclogical Emissions Standards",
Federal Register, April 6, 1983). These regulations apply to routine €
operations, not accident situations. The LLNL exposure limits for on-site
persennel and routine operations, as listed in the LLNL Realth and Safety
Manual Section 33, are based on the DOE Order 5480.1, Chapter XI. The
exposure limits are the same as those stated in the NRC 10CFRZ0 and are the
recommendations of the National Council on Radiation Protection (NCRP) and the

International Protection (:CRP). The exposure limits are as follows:
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1. VWhole body, head and trunk, bone marrow, gonads, and lens of the eye
shall not exceed 3 rem/quarter or 5 rem/year.

2. Skin of whole body exposure to beta of E greater than 700 keV, or x
or gamma of E greater than 10 keV, shall not exceed 5 rem/quarter or
15 rem/year.

3. Hands, feet, or ankles shall not exceed 25 rem/quarter or 75 rem/year.

These dose limits are the maxXimum permitted during routine operations; however,
the exposure policy of DOE and LLNL is to keep radiation exposures as low as
reasonably achievable (ALARA). ALARA is subject to many definitions, but 2
draft on ALARA submitted to DOE by Kathren and Selby of Pacific Nor:thwest
‘Laboratory in April, 1930 stateszl

"Both costs and dose reductions are difficult to evaluate and there
may be significant variability in the perception and acceptance of
risk by individuals and society. 1In general, dose reductions that
cost less than $2000 per person-rem of dose spared are probably
always cost—beneficial, while costs in excess of $60,000 per person-
rem of dose spared are probably not cost-beneficial. 1In the

absence of sound cost figures, an ALARA program cannct rely upon
cost-benefit analysis. In such cases, the criterion must be
whether or not dose reduction is reasonably achievable, given the

1imits of economics :nd practicality,”

in the past, DOE has set the ALARA limit at 1/5 of the limits presented
above (i.e., the design limit for DOE is whole body 0.6 rem/quarter or 1 rem/
year). The policy at LLNL is to design to half the DOE 1imit--300 mrem/
quarter or 500 mrem/year. It is also LLRL policy that the casual passerby
(walking by the building) shall not be exposed to more than 0.25 mrem/hour.
Off-site limits are controlled by the EPA. 1In the "Clean Air Act,
Radioleogical Emissions Standards", the EPA proposes radiation dose guidelines
of 10 mrem/year whole body, and 30 mrem/year to any organ for any member of
the public residing ab the site boundary. This dose limit for the general
public inclvdes radiation doses from all sirBorne radioactivity. For fusion
experiments, the limit includes any dose received from released tritium, from

neutron activation products from the air n the experimental area, plus any
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other radiation dose sources that may be connected with the experiment. The
dose limit does not necessarily include the "sky shine" or radiatiom that
escapes the shielding around the experimental facility. In our judgement all
the above sources will be included in future proposals and should be allowed
for in the design process. At the time of the publication of EPA’'s proposed
regulations, the effective date was set for September 1, 1983; although the
regulations were not made effective on that date, it is clear that something
like these standards will be adopted in the future. The proposed EPA dose
limits are consistent with those imposed on the fission industry. The current
NRC site boundary limits for an operating reactor are 5 mrem/year for whole
body and 15 uwrem/year for organs.

Aceident scenarios are handled differently from routine operations. The
NRC regulation, as published in 10CFR100, sets the off-site dose from a
maximum credible accident in a power reactor at 25 rem. The DOE draft,
"Non-reactor Nuclear Facilities: Standards and Criteria Guide,” dated
February 1981 speaks of a tvpe 3 accident. This is an occurrence that may
occur infrequently during the lifetime (lvi)‘3 <P < 10-1lyear). In this draft,
the off-site dose limit for the type 3 accident is 5 rem. However, at LLNL,
past practice suggests that this limit is too high. For an occurrence that
might happen as often as ID—IIyear, the limit should be about 500 mrem.
Again, to put this into context, a release of 120 g of tritium from the 30 m
stack of the LLNL tritium facility is calculated to give rise to about 3 to
4 tem to a person residing at the fence line during passage of the cloud. A
ground level to 10 m high release of 35 g of tritium is calculated to give

about the same dose. .
SEISMIC REQUIREMENTS

The following seismic criteria represent those eriteria that will probably

be developed for use in the FPD design.

OPERABILITY
1. Accomplish a thorough structural analysis and design or testing
program to ensure that the integrity and operability of the Seismic

Category I structures, systems, and components are maintained for
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the Design Basis Earthquake (DBE} condition. Seismic Category
structures, systems, and components shall be designed to remain
functiona?* during and after the DRE.

2. Ensure ths integrity and/or operability of those Seismic Category 1
structures, systems, and components that are essential to assure
shutdown capability, to maintain a safe shutdown condition, and te
prevent or mitigate the consequences of accidents, which could
result in potential off-site exposures.

3. List and categorize structures, systems, and components in the
following four safety classifications: high~hazard, moderate-
hazard, low-hazard, no-hazard status. Guidelines for classification ;
shall be provided by LLNL. Each safety classification has its own ‘
DBE Excitation Ciiteria.

4. Evaluate nonseismic Category I structures, systems, and components
on a case~by-case basis. Nonseismic Category I items shall be

designed using LLNL's no-hazard-.Standard Facility Criteria. Failure

of Non-Category I items and Category I itams must not cause failure
of any Category I items in successively higher levels of the DBE J

requirements (i.e., an item in a lower safety classification must

not cause failure of an item in a hipher safety classification). ;

5. Include, but do not limit, hazardous and nonhazardous structures,

systems and components to building structure, piping, electrical
i
conduit, mechanical systems, electrical systems, associated support ;
i

systems, etc. :

SEISMIC EXCITATION

1. Define the DBE input ground motiom for each structure, system or
component configuration by specifying the maximum horizontal ground
accel~ration (PGA) and the horizontal ground response spectra. The

maximum vertical ground acceleration is two-thirds of the maximum

“Following the guidelines in 10CFR100, funetional can be defined as perfor—
mance sufficient to limit the maximum ocff-site dose to 25 rem. Practice at
LLNL, however, has been to strive for lower exposure, even in the event of a
DBE. A number that seems consistent with past practice at LLNL is to limikt
the meximum off-site dose to 500 mrem. We suggest that FPD be designed to
this performance level.
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horizonéal ground acceleration. The responée values of the vertical
ground-response spectra are equal to two-thirds of the response
values for the horizental ground-response spectra. The LLNL DBE
ground-response spectra with a peak ground acceleration is
normalized to 1.0 g.

Assume that the DBL horizontal ground motion occurs in any
orientation within the horizontal ground-motion plane for the given
structure. In addition, consider that the horizontal ground motion
acts simultanecusiy with the vertical ground motion (two-directiomal
excitations).

Include the following two steps in the high-hazard seismic~excitation
and desipgn requirements. LLNL requires thkat all high—hazard
stroctures, systems, and components (Seismic Cazegory I items) go
through a two-step design process. The first step consists of
evaluétion and design in the elastic range of response, using a
dynamic-response spectrum analysis with the LLNL pground-response
spectra and a corresponding peak ground acceleration (PGA) of 0.5 g
(DBE) applied simultaneously with a vertical PGA of *+0.33 g.
Engineering evaluations and design are accomplished by using Uniform
Building Code (UBC) analysis methods in addition to UBC strength
allowables. Connection evaluation and design accounts for an
additional load f-:tor of 1.5; the comnection design/evaluation uses
forces that are 1.5 times greater than those resulting from vL.5 g
(DBE}, The second step of the design process takes the components
into the inelastic range and checks the integrity of the Seismic
Category I items against forces resulting from an earthquake with
horizontal PGA of D.8 g applied simultaneously with a vertical PGA
of + 0.53 g. For this design check, the item must remain functicnal
during and after the earthquake.

Include the following two steps in the moderate-hazard seismic-
excitation and design requirements. LLNL requires that all moderate-
hazard structures, systems, and components (Seismic Caterory I items)
go through a two-step desigr nrocess. The first step consists of
eva’uation and design in the elastic range of respor--, using a
dynamic response spectrum analysis with the LLNL ground-response

spectra and a corresponding peak ground acceleration {PGA) of 0.25 g

-7



(DBE) applied simultaneously with a vertical PGA of +0.17 g.
Engineering evaluations anc design ere accomplished by using UBC
analysis mathods along with U3C strength allowables. Connection
evaluation and desipn accounts tc: an additional load factor of 1.53
the connection design/evaluation uses forces that are 1.5 times
greater than those resulting from the 0.25 g (DBE). The second step
of the design process takes the components into the inelastic range
and checks the integrity of the Seismic Category I items against
forces resulting from an earthquake with horizontal PGA of 0.5 g
applied simultaneously with a vertical PGA of #0.33 g. For this
design check, the item must remain functional during and afrer the
-arthquake.

Include the follcwing in the low-hazard and no-hazard (conventional

buildings} seismic-excitation and design requirements.

a. One~ and two-story buildings and structures: current UBC
requirements are upgraded for a building seismic-lateral-load
coefficient of 0.25 W (static)}. If UBC seismic requirements are
more stringent, UBC seismic requirements shall control.
Connection evaluation and design, resulting from seismic forces,
shall account for an additiomal load factor of 1.5 (i.e.,
connection design/evaluation loads = 1.5 x 0.25 W Loads).
Analysis procedures, design procedures, and material strength
allowables shall meet the requirements of the latest edition of
the UBC. Lateral forces on structural and nonstructural
crmponents shall be designed to meet the basic performance
requirements of the UBC, N

b. Buildings and structures greater than two stories: these
buildings and structures shall meet the seismic design
requirements for one- and two-story buildings and structures,
and shall be evaluated and designed using the LLNL ground-
response spectra with a corresponding horizontal PGA of 0.5 g
applied simultaneously with a vertical PGA of #0.33 g.
Engineering evaluations and design shall be accomplished by the
use of inelastic analysis methods combined with inelastic stress
allowables. Little regard shall be given to the condition of

the building following the DBE. Primary concern is to ensure
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prevention of building collapse, thzreby allowing the building
occupants to egress safely following an earthquake of major
intensity on site. Lateral forces on structural and
nonstructural components shall be designed to meet the basic
performance requirements of the building structure.

¢. All buildings and structures with significant cross-axis
coupling and/or torsional response: the desigr of buildings and
structures placed within this category shall meet the

requirements of 5b above.
SPECIFIC FPD SITING AND SAFETY ZONST1"ERATIONS

In addition to the above general requirements, theraz are specific safery

and siting considerations that are appropriate for FPD.
TRITIUM USE

After surveying the special hazards of using tritium in the FPD facility,
we are confident that preper design will allow adequate containment. DOE has
placed requirements on the construction of plutonium buildings (DOE 6430,

Part 2), but there is no comparable document setting forth requirements for
tritium buildings. However, engineers designing new tritium facilities may
need to consider a "design basis accident" in their plans. The DOE Division
of Environmental Safety and Health (ES&H) is preparing a document describing
tritium building criteria. As far as legal requirements are concerned, the
site boundary iz the fence line. The NRC requirements for fission reactors
state that, under normal operations, a person presumed to be residing on the
fence line continuously should not receive more than 500 mrem/year. DOE
requires that normal operations should be designed to limit this dose to

170 mrem/year. To give guidance in the case of accidents, the NRC has defined
an "Extraordinary Nuclear Occurrence,” which covers external exposure,
ingestion, inhalation, plus the food and water dose routes. This type of
accident occurs when a person residing in an unrestricted off-site area
receives a whole-body dose that exceeds 20 rem. This whole-bndy dose can be

received at the time of the nuclear occurrence or over a longer period of



time. In an “Extraordinary Nuclear Occurrence", the NRC establishes the
conditions for the "waivers of deferse" proposed for incorporation in
indemnity agreements, insurance policies, and in contracts furnished as proof
of financial protection. The WRC definition of an “Extraordinary Nuclear
Occurrence"” carries no express or implied inference that such a dose may o
may not be hazardous to the person receiving i:. To put this in context, the
present LLNL tritium facility has a design capability whereby release of a
mega-Curie of tritiated water [HTO (104 grams of tritium)} in a worst—case
situation will give rise to 3 rem at the fence line.

The Tritium Systems Test Assembly (TSTA) project at Los Alamos National
Laboratory is wrestling with rhe question of accountability requirements, (set
by DOE at +0.01 gram}. For the 800-gran tritium inventory expected in FPD,
DOE accountability requirements expeck an accuracy of 12.5 ppm. This accuracy
is considered unachievable because of a number of losses, (e.g., permeation
into the structure and inte the water coolant). Personnel at TSTA have not
found adequate equipment or methods to deal with this question.

Dresently, the FPD facility is projected to have about 800 grams of
tritium in the entire facility, with abaub 40 grams vulnerable in FPO itself.
However, we are investigating alternative schemes for reducing the total
amount of tritium. One scheme is prompt recyeling of the tritium exhausted
out through the halo. This tritium, plus the included deuterium, could be
purged of heavy ions and hydrogen and then recycled back to the pellet
injector along with make-up tritium from the blanket breeder. Such a
concepkual system could significantly reduce the size of the tritium handling
faciliry and, at the same time, it could reduce the: total amount of tritium

circulating.
MATERIAL ACTIVATION

Calculations of neutron-induced activation are proceeding, but the results
obtained to date indicate that the FPD facility can be designed and constructed
to operate within existing guidelines and can be decommissioned after its
useful life. Calculations are continuing in the area of activation relevant
to hands-on maintenance. Early results indicate that components, which are

exposed to neutron fluxes equivalent to "first wall," will have to be handled
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remotely from the beginning of the experimental program. Cther areas may have
low enough fluxes that some contact maintenance will be possible, at least
early in the experimental program. Calculations of radionuclide inventory are
underway. The important time regimes for central cell activities are as

follows:

Immediately after shutdown, when afterheat levels will be greatest;
4 Twenty~four hours after shutdown, when some of the activities will

contribute significantly to the radiation inside the vault;

Months after shutdown, when major replacements might be undertaken;
. Years after shutdown, during decommissioning;

. Decades after shutdown, for waste storage considerations.

The moderate wall loading for FPD (0.85 MW/mz) in the long solenoid
section, plus the high wall loading (&4 to 5 Mwlmz) in the 3-m-long central
test section, are reduced by tie rather low-load factor (30%Z)}. Hence, for
activation products with half-lives of several meonths or more, Chis scenarig
is equivalent to steady-state operation at 0.25-MH/m2 wall loading for the
long solencid section and 1.5 NW/mz for the central test section. Afterheat
in the first wall steel immediately after shutdown will be about half that of
Starfire,2 or abour 0.4 W/cms, but will decay much mere rapidly than in
Starfire, The copper insert ceil will activate, presenting problems both in
handling amd in waste disposal. The activity will be domipated by the
5.3-year Co(60), produced by the (n,a) reaction in Cu(63), and will determine
the shielding and handling techniques needed to replace this coil. The
Li,;Pbgs (LiPb) used as a coolant in the blanket and first wall will
activate ipn the neutron flux. Depending on actual residence time in the
Ligh-neutron-fiux regions and on the operating level and alse on the
availabilicy of the FPD facility, the contact-surface dose rate for cooling
loops containing the LiPb could be several to many rem/hour, In addition, the
LiPb will entrain corrosion products as it cir:ulates. Some of these <«
corrosion products may be already dctivated before entrainment while others
will activate as the LiPb eirculates threugh the high-neutron-flux regions of
FPD, Thig indicates that remote maintenance should be planned for the LiPb
loaps from the beginning. Accident scenarios involving LiPb should be

investigated in the future.



Liquid nitrogen is used in the superinsulation for several magnets (e.g.,
the transition and yin-yang coils). We calculated the C{14) production in

liquid nitrogen at the yin-yang coils (assuming a 14-MeV neutron source

strength of 1 x 101 n/em?

the coils); the result was a C(14) production rate of 0.1 microCi/liter/year.

*5 at this location and no additional shielding on

To determine whether or not this production rate is a problem, we will nead to
study the neutron activation of nitrogen at all points in the ccoling loop and
alsc make some assumptions about the nitrogen leak rate to the environment.
The N(13) (10-min halflife) resulting from activation of the liquid nitrogen

may be a hazard in the event of a massive leak under accident conditions.
DECOMMISSIONING

Long-term activation is thought to be a decommissioning rather than a
waste storage problem. The total operating time of the solenoid cells (about
1.25-MW year/mz) and of the test section (5- to 7-MW year/mz) is nor likely to
produce large inventories of very long-lived nuclides; furthermore, we are not
addressing a whole series of machines, but one isolated test bed. Decommis—
sioning handling problems, if they occur 5 to 10 years after shutdown, are
likely to be heavily influenced by the presence of Co(60) activity, just as in
light~water reactors. This Co(60) originates from Cu(63), Co{59), and Ni(60).
Because Co(60) is a hard-gamma emitter, its presence will probably dictate the
shielding needed during decommissioning. Careful choice of structural
materials can result in all radioactive waste being classified as Class C
(suitable for near surface burial). 1If this is the case, a site selection that
allows on-site disposal of the waste can he extremely important because
Packaging and transportation problems will be minimized. Decommissioning will
involve a1l of the techniques developed for dealing with fissiom reactors. In
particular, it will require a custodial period for the FPD facility to allow
the induced radivactivity to decay to levels that will permit disassembly and
disposal. This period has been estimated to be between 5 and 10 years.

During this time, maintenance must be performed on the facility to protect it
against deterioration and accidents. Once actual decommissioning begins, the
larger radiocactive components must be disassémbled to allow packaging for
disposal. This may invelve the use of a plasma torch, pools, and all the
other techniques developed for fission systems. If the levels are low enough,
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near—-surface burial may be possible; if not, the waste must be packaged as
high-level waste. In either case, decommissioning of FPD, like any other DT

fusion device, will provide a major challenge.

CONCLUSION

Siting and safety criteria for FPD are generally logical and straight-
forward. Careful attention to these criteria early in the design process can
result in a simpler machine that satisfies the constraints listed here and
results in a better overall system that is easier to operate, mzintain and

decommission.
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TANDEM MIRROR REACTOR SYSTEMS CODE (MSC)



B.0 TANDEM MIRROR REACTOR SYSTENMS CODE (TMRSC) :

INTRODUCTION

We are developing a computer code for a tandem mirror reactor that will

allow us to provide self-consistent configuration, performance, and cost

analyses as a function of plasma, magnetic, and engineering parameters. With

the first version of the TMRSC, we will model a configuration similar te
MARS1 and FPD,2 which incorporates the central cell sud 2nd cell that are
shown schematically in Fig. 8-1. The end cell consists of a choke coil, a
C-coil transition region, an anchor C-coil set, a plug C-ccil sek, and 2
recircularizing € coil. The thermal barrier in this configuration is located
in the plug.

. "he modules comprising the TMRSC are being provided by various sources
within the fusion community; the physics, magnetics, magnet, and facility
modules are the responsibility of Lawrence Livermore National Laboratory
(LLNL). ©Neutroaics, shielding, and tritium modules are being modeled by
Argonne National Laboratory (ANL)., Blanket *hermal hydraulics, heat
transport/power conversion, cryogenics, .Jirect converter, and plasma heating
systems are being provided by TRW. Magner electrical, ac power, vacuum
vessel, fueling, maintenance equipment, and instrumentation and control (I&C} i
modules are being modeled by'Oak Ridge National Laboratory--Fusion Engineering

Design Center (FEDC), The integration of the modules into the TMRSC is the

responsibility of the FEDC.

F.OW DIAGRAM

The flow_diagram for the THMRSC Code is shown in Fig. 8-~2. The code
consists of separate modules, each describing a reactor component or system
connected by a driver. Three feedback loops are indicated by dashed lines.
These loops are necessary due to the strong coupling between the plasma
physics, the magretics, neutronics, and magnet design parameters.

In IMRSC, we use a calculational procedure that starts at the plasma
center line of the central cell and proceeds radially (Fig. 8-3). The central
cell length and plasma radius are determined primarily from the desired fusion

power, on—axis magnetic-field beta, and plasma temperature. The central cell
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Figura 8-1.

End cely configuration.
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blanket thickness is determined consistent with the desired emergy §
multiplication and tritium breeding ratio. The shield thickness is set ;
consistent with nuclear response limits in the supercounducting solenoidal :
coils. The central-cell solencidal-coil radius is then detLermined from the
summation of the plasma radius, blankect and shield thickness, and assembly
gaps. The coil current and the conductor area for the solenoidal coils are
determined as a function of the coil radius, desired on-axis magnetic field,
and allowable coil-current density.

The code proceeds fo step axially to the choke coil and end cell
regions. The plasma radius at the choke coil is a function of the desired
magnetic field on the choke-coil axis and the need to pass the central ceil
wagnetie £lvk,  (An option exists Lo spetify the choke-coil plasma radius and
calculate the central-cell plasma radius.} The choke ccil {superconducting
portion plus copper insert portion) is sized, after determirinrg the plaswa
radius at the choke coil, based on the required currents and the allowable
current densities. The TMRSC code also accounts for the space required for
shielding of the choke coil.

The C-coil radii in the end cells are consistent with the plasma
boundary, the desired on~axis magnetic field. shielding requirements, desired
sweep angle, and alleowable current densities. Axial positions of the coils
are chosen to be consistent with recircularizing the flux in the ancheor and
plug wells and reducing to zero the average geodesic curvature. As previously
noted, a feedback loop assures compatibility between coil geometry, neutronics,
magnetics, and plasma stability.

Modules downstream of the iteration loops are executed in a once—throuogh

manner according to the sequence shown in Fig. 8-2.
MODULE DESCRIPTIONS
PHYSICS =
The physics module of TMRSC solves nultiple nonlinear linked equations to
compute the steady-state plasma power and particle balance, and the plasma
supplemental heating requirements for tandem mirror reactors. The code
maintains quasi-neutrality at several cardinal points in the end cell region,

and determines volumes, densities, potentials, and fu:ion-power values.
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Options to find minimum length, maximum power, or maximum Q are also

available. Finally, the central cell may be specified as ignited or driven.
NEUTRONICS

Five blanket options and three shield designs are available ir the
neutronics module of TMRSC. Tritium breeding ratios, energy deposition, and
nuclear response in the coils are determined consistent with the neutron wall
loading, and material composition and thickness. End cell shielding is based
on the peitron source strength. Costs of the blanket and shield are also

estimated with this module.
BLANKET THERMAL HYDRAULICS

The blanket thermal hydraulics module in TMRSC is used to determine
coolant inlet and outlet temperature, pressure drops, pumping power, lifetime
estimates, and structural temperatures for liquid-metal and gas-cooled

components.
MAGNETICS

Mrgnetics for the central cell, solenoidal coils, “he choke coil, and :he
end—cell C coils are determined by the TMRSC magnetics module. Required
currents are computed based on the magnecic-field profiie, the coil radii, and
the axial location of the coil. The central cell coils may be discrete coils
or a currept sheet. Conductor current density and coil-dimension or coil-
aspect ratio are input items. The end-cell C coils are sized and positioned
to provide (1) the desired magnetic field profile; (2) flux tube civrevlarity
in the magnetic wells; and {3) zero average geodesic curvature. This module
runs the EFFI magnetic field code and the TEBASCO (tand-m equilibrium and
stability) code. Allowable value of beta in the central cell, anchor, and €
plug are determined consistent with maguetchydrodynamic (MHD) equilibrium and
stability., These values of beta are coupled to the plasma physics through an

external feedback loop.



MAGNE'T

Central-cell and end-cell magnets are modeled by the magnet module of
TMRSC. Magnet designs must be consistent with limitations of current demsity,
maximum field, cryostability, and fluence for various conductor types.
Coil-case thickness is based on allowable stress. Cost for each magnet is

also estimated by this module.
NEUTRON SOURCE (AUXILIARY PHYSICS)

The neutron source module of TMRSC calculates the neutron source strength
in the end cells (needed to determine shielding requirements); and frequency
requirements for the plasma rf heating and drift pumping systems [electrom—
cyclotron resonauc heating (ECRH), lower-hybrid resonant heating (LHRH),
ion-cyclotron resonant heating (1CRH)}. This module also determines the
magnetic flux, heat flux, magnetic-field profile, and net electrical power

associated with the direct converter.

DIRECT CONVERTER

The direct converter is based on a gridless design, and consists of four
concentric collectors at each end. Radial drift pumping forces mest of the
ions in the plasma onto the hale, which is kept at ground potential by the two
outer collectors. Electrons flow axially through the middle cf the magnet set
and are deposited on the two inner collectors, which are biased on the order
of =100 kV. Direct electrical power is produced by the electroms; heat
deposited by the ions and alphas can be recovered by a thermal cycle.

The direct converter module of {MRSC calculates the collector area
required for each of the four regions based on a maximum energy flux allowed
(input parameter). The electrical power produced, effective radii of the
collectors, length of the direct converter, and the size of the enclosing
vacuum tank are aiso calculated by this module. The thermal power is
determined by the heat-transport module. Costs are computed based on
collector area for each region, direct electrical power for inverting

equipment, and vacuum pumping requirements.
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pPLASMA HEATING

The plasma~heating module of TMRSC sizes rf heating or neutral heating
systems to supply the required supplemental heating to the plasma in the
central cell or end cell regions. The rf systems compute required circulating
power, efficiency, cost, and component sizes consistent with available space
for access and required power at the launcher. The negative~ion neutral-beam
module computes the circulating power, efficiency, cost, and the number of
sources and associated currents to deliver the required power to the plasma.
Heating~system—component characteristics, such as power supplies, amplifier,
waveguide, launchers, and neutralizers are alsoc determined by this medule.
Positive—ion heating systems are uwot currently included in this module buct wmay
be added later.

The rr systems for drift pumping application are also included in this
module. The purpose of the drift-pump system is to remove ions by the process
of induced radial drifts, which hgve became trapped in the end cells as they
pass to the potential peaks. There are two coils in each end to pump
differcnt groups of ions, and each is located where the radial extent of the
plasma in the double-ellipse fan transition is maximized (one between the
transition ceil and the anchor coil, the other between the anchor coil and the
plug coil). This model is based on the MARS system and produces a perturba™
tion field normal to the ambient B field. The physics requirements of ion
pumping Speed, frequency, and geometry ar: used to calculate the required ri
frequency, the required current in the coils, and the number and width of
individual driver Erequencies. The coil inductance and valtage are computed
from the specified coil geemetry, and the dissipated power is deterwined based
on the @ of the circuit. Ohmic losses and total power consumption are alsco

calculated by this module.

VACUUM VESSEL

A vacuunm vessel exterior to the soleaoidal coils, end-cell C coils, and

direct converter is sized and costed by the vacuum-vessel module of TMRSC.



AC POWER

The ac-power-system—code module of IMRSC calculates characteristic design
and cost data for the electrical power systems needed to operate the reactor.
This module identifies and computes the cost for major equipment such as
circuit breakers, switches, transformers, lightning arresters, diesel
generators, load control centers, and power feeders. This module does not
include the .urbine generator nor the dc direct converter in the end cells,
but it does include the switch pear and dc to ac inverters that interface with
the main substation. An electrical power summary is also generated by this

module.
MAGNET ELECTRICAL

The magnet electrical moduie of TMRSC computes design and cost data for
the pawer supplies and coil protection equipment of the central cell and end
cell magnets. Specifically, design and cost data for power supplies, bussing,
load centers, dump resistors, dc¢ current breakers, and associated local

controls and instrumentatiou are determined by this module.
INSTRUMENTATION AND CONTROL (I&C)

The I&C module of TMRSC determines the costs of process I&C, plasma
diagnostic instrumentation, data transmission, data processing, and console:z
located ia the control building. The cost of each I&C process and diagnostic
includes both hardware and software.

In this medule, I&C are defined as the supervisory control and data
system located in :the main control building, plus the associated data links tc
local 1&C. This module does not include the local process contrel and instru-

mentation located in the proximity of the reactor vault.
MAINTENANCE EQUIPL.ENT

The maintenance equipment modulte of TMRSC consists of a compiled list of
reactor cell and hot cell equipment with unit costs. The user chooses the

appropriate equipment for 2 particular device configuration from the
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comprehensive listing. The equipment either scales with reactor paraneters or

is fixed in size and cost.
FACILITY

fhe facility module of TMRSC estimates the size and cost of buildings
based on reactor size, thermal power from the blanket and other components,
gross electrical power output, and number and capacity of each turbine
generator. Facilities considered include reactor building, hot-cell building,
tritium building, steam-generator building, power-supply building, cryogenics
building, and central building. Also, the costs of radwaste systems equipment,
miscellaneous reactor and balance of plant equipment, and special materials

are estimated in this module.
CODE STATUS

Approximately 80% of the modules have been received from the various
authors within the fusion community who are contributing to this eifort. The

integration effort is approximately 20% complete. The target date for the

first version of the integrated systems code is October 1, 1984.
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Appendix

A MIRROR MACHINE WITH OCTUPQLE END PLUGS
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August 3, 1984 MFE/RTCD/84-2740a:0127a

T0: Distribution
FROM: John Perkins
SUBJECT: A Mirror Ignition Machine With Octupole Er+ Plugs

1. Summary

For the past year or so, the Fusion Power Demonstration (FPD) project
at LLNL has been developing the definition of a mirror ETR with end cells
basad on the MARS configuration. A major goal of the project has been to
def .ne the minimum iength for ignition of an optimized (i.e. lowest cost)
system. However, due to the long transition lengths of the MARS-mode end-
cell configuration coupled with updated Fokker-Planck calculations of end-
cell trapping rates, a mirror ETR based on the MARS megnet configuration
cannot achieve ignition with a central cell length less than about 90 m.

Accordingly, during the past month, effort has been devoted to FPD
with an octupole end plug. Initial results from these activities look very
encouraging and optimization studies indicate that the octupole version of
FPD will achieve ignition with a central cell length of + 30 m. With
each end plug magnet length of only ~ 8 m and « total machine length of
A~ 63 m, this suggests that a mirror ignition device operating with
octupole end-plugs is potentially capable of being sited in building 431,
The principle parameters of both the MARS-mode and octupole-mode of FPD
are compared in Table 1. Note that the total machine length for the
ocutpole-mode is oniy v 63 m compared with A 147 m for the MARS-mode. €.



Table 1. A comparison ¢f the FPD ignition machine with MARS and octupole end
plugs. Both are minimum length machines, (A more detailed parameter list for
the octupole-mode is given in Table 2).

~— MARS-node OctupoTe-mode

Center cell length® L (m} 90 30

£nd cell magnet length (m) 19.4 8

Total machine length® (m) N 107 ~ 63
Central cell plasma radius v, {m) 0.46 0.45
Fusion Power (MW) 475 156

Q 36.7 7.0
Qeng d . ) “ 2.2 <1
Neutron wall Toading (MW/m“) 1.0 1.0
Total ECRH power® 11.4 21.7

3Effective lengths--physical lengths (choke to choke) are 96 and 35 m,
respectively.

b6 m has been added at each end to allow for direct converters, halo dumps,
and vacuum end tanks.

CIncludes both core plasma and mantle for octupole-modc.

dEngineering Qs i.e., gross electrical power divided by recirculating
“electrical power,

The two big advantages of the octupole version of FPD are of course
cheaper end cell magnets and shorter ignition lengths. The one big disadvantage
is access. Within this compact end plug system, we requii-e the integration of
seven major subsystems, namely (1} core-plasma barrier ECRH, {2) core-plasma
potential peak ECRH, (3) mantle ECRH (4) sloshing on beams, (5) drift pump
coils, (6) inner recirculating octupole coils, and (7) neutron shielding, In
this regard, future studies may indicate that the minimum length for ignition
may not be the principle design requirement. Rather access conditions in the
octupole may dictate the central cell ignition lengta by defining a minimum
volume end-cell magnet configuration.
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2. Pareveter Scaling Studies

Initial parametric scaling studies have been performed un tne octupcle
version of FPD, Here we are interested in the optimum central ceil plasma
radius ro and plug beta Bp which resuit in the snortest length ignition
machine, while minimizing the total plug ECRH power (i.e. ECRH power for both
the core plasma and the mantle). Minimizing the ECRH power is an important
consideration in the octupoie plug where space is at a premium.

The TMR power balance code "TMRBAR" was employed for these scaling
studies. The code has been updated to model the hot electron mantle. ECRR
power requirements are comr.ted for both the plug core plasma and the outer
mantle region.

flequirements on beta profiles across the core and mantle regions are
determined oy satisfying line-averaged interchange stanility requirements,
thus requiring details of field curvatures through the central cell and end
cells.

The following sections present an averview of the major features of tne
octupole scaling studies.

3. Effect of Central Cell Plasma Radius on Ignition Length

Figure 1 snows the minimum central cell length for ignition Lc as a
function of the central cell plasma radius re for the octupole version of
FPO; the beta of the plug core plasma <ﬁp> is shown as a parameter., A
central cell field of 2.5 T was used in all these parametric trades because
analysis of the previous MARS-mode FPD configuration showed that LC
minimizes for a central cell field of ~ 2.5 T and we expect this optimum
field to be essentially independent of end cell type.

From Fiy. 1 we see that, at any given <Bp>, there is an optimum
value of r. around 0.55 m for which the central cell ignition lengtn is
minimized. This can be ascribed to the fact that at larger values of res €.
end celi trapping rates drive the system to longer values of Les while at
smalier "o @ Ir ~er Lc also results due to reduced alpha particle energy
deposi ‘on in the center cell. Now as re increases at constant B.»
the central cell flux (nrgﬁc (]-<Bc>)]/2) increases accordingly.
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I‘apping this flux through the end-cell magnets with conductor fields
maintained near maximum desirable vaiues, necessitates larger end-cetl coil
radii. Figure 2 illustrates the dependence of the FPD octupole magnet
dimensions on the central cell plasma radius. Maintenance of a given end-cell
mirror ,atio with larger coil radii requires lairger mirror Tengths {anglogous
to solenoidal ripple where a constant AB/B is obtained for a constant ratio
of soleneid radius to solenoid spacing). However, larger end cell mirror
lengths result in longer end cell trapping lengths (i.e. the langth between
the central cell mirror peak and the end cell potential peak). This, in turn,
results in correspondingly larger end cell trapping rates. Since central cell
ignition requires that alpha heating essentially supports the radial losses
incurred by trapping in and pumping out of the end cell region, central cel!
lengths determined only by end-cell trapping would minimize for very small
central cell radii,

Unfortunately, our relatively low EC of 2.5 T and high <BC> of 60% imply
large alpha particie orbits. Hence, a decreasing central cell radius results
in a greater fraction of the fusion alpha energy escaping the plasma and being
deposited in the halo. Figure 3 illustrates this effect where the fraction of
the central cell alpha power deposited in the hale outside the plasma is
plotted as a functiun of a parameter p which incorporates the dependence of
ro, Bc and <Bc> as shown. As will be shown in Sec. 4 later, the optimum
version of FPO-octunole has r. = 0.45 m. ft is interesting to note that at
this plasma radius, our ETR attains its “optimized” ignition length by discard-
ing ~ 20% of its central cell alpha heating power to the halo!

4., ECRH Power in the Mantle

Now from Fig. 1, with <Bp> = 0.15 and re = 0.55 m, a minimum length for
ignition of 25 m is theoretically achievable. However, it is also necessary to
assess the total ECRH requirements (PECRP.:ore + PECRH,mant]e) in the end cell. )
Although for a given Bp and Tes the ECRH pawer requirements for the core plasma <.
are fixed from power balance considerations, we are somewhat free to select the
mantle hot electron energy to minimize the mantle ECRH power. This is so since
the MHD interchange criterion only defines the beta profile through the mantle
allowing hot electron energy and corresponding density to be selected externally.

A-6
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As an illustration, Fig. 4 plots the mantie ECRH power as a function of
the mantle not electron energy for three values of plug peta <5p> in the core
plasma; this figure is for the mantle Deta conditions deterrined by a center
cell radius of .45 m. As expected, a hot electron energy Ehot can oe
selected to minimize PECRH,mant]e; low values of Ehot result in nigh
PECRH,mant]e due to scattering and drag losses while nigh values of Erot
alsp result in higher ECRH power due to synchrotron losses.

Therefore, for each central cell radijus re end each plug beta
<p > in Fig, 1. we can now select a mantle hot electron energy to minimize
the total end cell ECRH power. This minimized power js shown in Fig, 5 as a

fynction the radius r. of the central cell plasma with <5c> as a parareter.
6. FPD-octupoie Baseline Selection

Selecting the FPD-octupole baseline via Figs. 1 and 5 illustrates tr~
Catch-22 situation, i.e. a low plug peta <§p> results in a short central cell
lengtn for dgnition in Fig. 1 but requires a high total ECRH power in the
end cell in Fig. 5. For example, with r. = 0.55 m ang <ﬁp> = (.15, an
ignitien length of 25 m is obtained. However, this requires ~ 68 Mw of ECRH
power with resulting Jow system § (v 2.7) and ECRH access problems in the
octupele plug.

Accordingly, our current baseline employs a central cell radius of Q,4>m
with <i#p> = 0.25. Although this results in a larger minimum ignition length
of 30 m, the total ECRH power requirements are only ~ 22 MW,

Table 2 provides an extended 1ist of system parameters for the FPD
ocutupole. Note that the neutron wall loading is 1 MW m2 whicn is
reasonably respectable for blanket and technology testing. Note also that the
system Q is only 7, an indication that the system is capable of igniting with
a short central cell length and, therefore, small total fusion power.

It shauld be noted that, unlike the MARS-mode of FPO, the octupole
version with these parameters is unlikely Lo yeuerate net electrical power,
haying an engineering Q (gross electrical power divided by recirculating
electric power) of less than unity. By contrast, because of the long minimum
ignition length requirement in the MARS mode of FPD, it was impossible to

obtain a baseline design with Qeng less zhan two!
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Table 2. Pre.iminary parameters for FPD-octupole,

General

Fusion power (MW}

teutron wall idading (Mw/mz)
qQ (averail}

Q (core piasma on]y)

Qen
Rquired cold fuelling currest (A}
Overall machine length (m)

tentral Celd

Effective length (m)
Physical length® (m)
T

P?asma radius (m}
First wall radius {m)
<>

Choke coil
(7)

601? inner radius (m)
plasma radius (m)

End celi

Total end cell magnet length? {m)
Core ECRH power, barrier (MW}

Core ECRH power, potential peak (MW)
Mantle ECRH power (M)

Sloshing ion beam energy {(keV)
Slosning ion beam power (Mu)

Total heating power (MW)

CHin>

MantQE not electron energy (keV}
End cell trapping current {A)

156
1.0
7.0
10.5

102
v B3

0.61
22.3
0.25
0.45
750

79.2

dchoke to choke.

BChoke coil to outer mirror.



Clearly, a net power producing ETR based on the octupole could be obtained by
simply increasing the central cell length in the current design above 3U m
until the fusion power is large enough to give Qeng = 1. However tnis is
not the most desirable method of achieving this result. In fact, rather than
allowing the fusion power, wall loading and Q to float {downwards) to achieve
an absoiute minimum length, minimum cost, ignition machine as we nave done
above, we would fix the fusion power at some reasonably high level wnere we
would be confident of obtaining Qeng ~ 1 ana solve for tne corresponding
length. In this latter case, the optimum central cell field ang plasma radius
would differ from the 2.5 7 and 0. .3 m values above, and the rest’ting macnine
would be considerably more expensive than the present minimum lengtn ignition
baseline, Such considerations are being pplied to the scaling studies for
MINIMARS now in progress where we reguire Qeng > 4,

work is continuing on tne FPl'-octupole design in tnre. main areas, namely
(1) improved plasma engineering and magnetics moaeling, (2) integration of
plasma heating systems in tne octupoie plug and (3) evaluation of systein costs.

A-13
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March 13, 1984 MFE/RTCD/B4-2404a:0117a

MENMORANDUM
LLNL-FPD-84-15

T0: FPD Distribution -1~
FROM: Dave Dorn <D

SUBJECT: Yin/Yang Shielding for the FPD

A series of calculations have been done on shielding for the Yin/Yang
coils in the FPD. The actual configuration for a typical calculation is
detailed in Figure 1. The calcuiations were done on the LASL code ONEDANT
in 1-D slab geometry with the data file from Laila €1-..ebaly at the
University of Wisconsin,

This set of calculations differs from previous ones we have done in
that, within a given thickness of shield, performance was optimized as a
function of thickness of TiH2 subst tuted for part of the W shield at
the back. Table 1 shows the numerical results of these calculations,
Fiyures 2-4 show the results of this optimization, in graphical form, for
shield thicknesss of 15 cm, 30 c¢m and 45 c¢cm. Coupled with the 14.3 cm
thickness of case and insulation to the super conducting windings, these
shields give total distance to the plasma chamber of 29.3 cm, 44.3 ¢m and
59,3 cm for the three. The calculations were done assuming a first wall
nectron loading of 1MN/m2.

Broad optima were found at the folicwing splits between W and Tinf

Shield Thickness W Thickaess TiH2 Thickness
15 cm 11 cm 4 cm
30 ¢m 24 cm 6 ch
45 cm 41 cm 4 cm




Performance indicators feor these three cases are tabuiated in Tables 2 anc 3
and are plotted in Figures 5 and 6.

While in this particular configuration, substitution of the W by TiH2
clearly reduces the neutron fluence for energies over 0.1 Mev, it does little
to nitigate the nuclear heating. In order ip investigate the possibilily of
helping in this area, another several calculations were run in which some of
the tungsten was removed and a comparable thickness of Pb was added at tne back
07 the shield, Table 4 lists the results, While the tctal nuclear heating can
be reduced in this way, other important parameters rise. We will need tu con-
sider the entire system performance to determine the optimum shield.

Finaliy, Table 5 shows the distribution of nuclear heating in the 5SC case,
winding pack, and magnet itself for a typicsi shield (30 cm shield made up of
24 cm W any 5 cm Tin). It may be that Hel can be used for cooling in tne
case while Hell can be used in the winding pack and SC magnet ijtself. This
should apprec:ably affect the economics of the helium refrigeration System and
may shift the optimum ta a higher nuclear heating level.



Table 1. Performance Indicators

For Shield of N/T1H2

Shield H/Tin ht n ht g ht t HT n HT g HT T n fluence
15cm W 7.6e1 4.4e2 5.2e2 2.2e3 7.4e3 9.6e3 5.4ez20
15 ecm  13/2 5.9e1  4,7¢2 4.8e2 1.8e3 7.9 9.7e3 3.6e20
15 em  11/4 5.2¢1  4.3e2 4.8¢2 1.5e3 8.4e3 1.0e4 3.0e20
15 cm TiH2 6.2et k.92 6.5¢2 1.7e3 1.le4 1.3e4 3.%5e20
30cm W 7.6e0 4.7e1  5.4el 2.2e2 7.8e2 1.0e3 5.2e19
30 em 27/3 4.9e0 4.5%1 5.0el 1.5e¢z 8.7e2 1.0e3 2.8el9
30 cm 26/6 4.2e0 4.8¢1 5.2e1 1.2e2 0.4e2 1.%e3 2.Lel9
30ecm 21/9 4.2e0 5.2el  5,6el Y.le2 1.0e3 1.1e3 2.3el19
30 cm  TiH, 7.9e0 1.,0e2 t.,1e2 2.0ez¢ 1.9e3 Z.1e3 4.4el9
45 ¢cm W 6.9e-1 4.4¢0 5.1e0 2.0el 7.2e1 9.3e1 4.6e18
45 cm 4174 3.9e-1 4.3e0 4.7eC 1.2e1 8.5e1 9.7el 2.3e18
45 cm  36/9 3.5e-1 5.0e0 5.4e0 9.7eG 9.7el 1.le2 2.0el8
45 cm  31/14  4.0e-1 6.0e0 6.4e0 1.le1  1.le2 1.2e2 2.2e18
45 cm  TiH, 1.7e0  1.821 1.9e1 2.7el 32,2e2 3.5e2 5.9¢ei8
where: ht n is peak SC heating due to neutrons [mw/cma)

ht g is peak SC heating due to gammas {mW/cm

ht t is sum of ht n and ht g
HT n is total SC coil & case heating due to neutrons (mH/cmZ)

HT g is total SC coil & case heating due to gammas (mk/cm

HT T is sum of HT n and HT g
n fluence is the neutron fluence in the Tirst cm of SC (n/cmz-FPY)

3)

Z)




Table 2. - Performance Indicators
For Optimal Shields

Shield H/Tin ht n ht g ht t HT n HT g HT T n fluence

15cm  11/4 5.2el 4.3e2 4.8e2 1.5e3 8.4e3 1.0ed  3.0e20
30cm 26/6 4.2e0 4.8el 5.2e1 1.2e2 9.4e2 1.1e3 2.4el9
45 cm  41/4 3.9%-1 4.3e0 4.7e0 J.zZel 8.5¢e) 9.7el 2.3e18

where: ht n is peak SC heating due to newvtrons (mw/cm3)
ht g is peak SC heating due to gammas (mN/cmB)
ht t is sum of ht n and ht g
HT n is total SC coil & case heating due to neutrons (mk/cm
HT g is total SC coil & case heating due to gammas (mW/cmg)
HT T is sum of HT n and HT g
n fluence is the neutron fluence in the first cm of 5C (n/cmZ-FPY)

?)

Table 3. - Performance Indicators
Radiation Dose to Polyimide {rads/FPY} and OPA in Cu

Shield W/TiH, case pack SC coil DPA in Cu
15 em 1176 95811 7.9e))  6.2el] 2.9-1
30 cm 2476  8.9¢10  6.0e10  5.5e10 2.4e-2
45 ¢m 4174  8.0e9  5.4e5  4.9e9 2.1e-3

where: case is the dose in the poly between case and winding pack
pack is the dose in the poly between winding pack ana SC
SC ¢oil is the dose in the poly in the SC coil
OPA is the displacements per atom per FPY in Cu in SC coil



Table 4. - Performance Indicators (Pb)
For 30 cm H/TiHZ/PD Shield, (24-Pb)/6 (mk)

Shield Pb ht n ht g ht t HT n HT g HT T n fluence
30em Ocm  4.2e0 4.8e1  5,2e1  1.2e2 9.4e2 1,led 2.4el8
30ecm 2cm 4.%90 3.91 4.det 1.4e2 7.2e2 8.7e2 2.9e19
30cm 4 ¢m 5.8eD  3.8e1  4.4el  1.7e2 6.9¢Z2 8.6e2 3.6e19
30cm 6c¢cm  6.9e0 4.lel  4.8e1  2.0e2 7.5e2 9.5e? 4.5e19

where: ht n is peak SC heating due to neutrons (mN/cm3)
ht g is peak SC heating due tp gammac (mw/cm3)
ht t is sum of ht n and ht g
HT n is total SC coil & case heating due to neutrons (mw/cmz)
HT g is total SC coil & case heating due to gammeas (mw/cmz)
HT T is sum of HT n and HT g
n fluence is the neutron fluence in the first cm of SC (n/cmZ-FPY)

Table 5. - Heating Distribution for 30 cm Shield, 24/6
Total Heating in SC coil Assembly (mh'/cm2 of coil)

Component. HT n HT g KT T
Coil Case 1.6el  3.9e2 4.1e2
Paly 3.5%1 2.3e1 5.8el
Winding Case 8.0e0 1.6e2 1.7e2
Poly Z.2e1  1,3el 3.5l
SC coil (1 cm) 4.0e0 4.8el 5,2l
Rest of SC 3.5e1  3J.le2  3.5e2
TOTAL 1.2e2 9.4e2 1.1e3

where: HT n is nuclear heating due to neutrons (mH/cmz)
HT g is nuclear heating due to gammas (mH/cmz)
HT T is sum of HT n and HT ¢
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MEMORANDUM

T0: Distribution LLNL-FPD-84-48
March 20, 1984

FROM: J. D. Lee
SUBJECT: Neutron Fluence Design Limit for SC Magnets

This subject was reconsidered at an informal meeiing held at *th: FEDC on
February 22, 1984.

For reference, this subject was formally considered at the Magnet
Critical Issues meeting held December 5th in Philadelphia and reported by Neef
in LLNL-FPD-84-016. Recommendations made included:

0 Radiation limit to electrical insuvlation - 1C" rads maximum {at a
max. compressive stress of 30,000 psi).

0 Radiation 1imit to superconductor

- for NbTi - 1018 fast (E > 0.1 MeV) neutrons/cm? will
result in a 20% decrease in critical current, Annealing at
room temperature will regain 70% of that 20%.

- for Nb3Sn - 4 x 1018 fast nevtrons/cm? will result in a
20% increase in critical current. A greater fluence then
causss_a fairly rapid dscrease in critical current, so use
4 x 1018 neutrons/cm? as an upper limit.

At the February 22nd meeting we discussed adopting a more general
criteria that trades off fluence and magnet design parameters.

NbTi - Based on discussians with Mike Guinan, there appears to be
evidence the degradation of the critical currept in NbTi saturates at
~ 25% of its initial value in the 6 to 10 x 1018 n/cm fluance ringe
(see Fig. 1). Likewise, the resistivity increase in Cu mey saturate at
~ 330 n2em at a fluence of 4 1019 nsem.” Mike thinks that the
conductar fluence limit may result from low cycle fatigue in the Cu,
occurring at a fluence in the 1020.1021 range.

Nb3Sn - UnTike NbTi the drop in J. in Nb3Sn is not expected to

saturate, But there is hope the fluence 1imit can be increased into the
1-4 x 1019 range before Jc drops to an unacceptable low value (see

Fig. 2}. Data must be developed to support this hope.
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In summary we should consider increasing the fluence 1imit in NbTi and
Nb3Sn while decreasing their cu-rent densities accordingiy. There may be an
cptimum in the fluence vs current density tradeoff. This optimum (Towest cost
system} could be searched for by examining a number of coil sets in which the
minimum availabte space between the help plasma and the coil pack varies
between 30 and 60 c¢cm. Peak conductor and total coil heating should also oe
included in such a trade study.

1 have collected a number of references on this shbject but we need more
input from the SC materials community on radiation effects, especially on

fNb3Sn. i

J. D, Lee

JOL: 1=
Attachments
2084z

References:

1. (. L. Snead, Jr. and T. Luhman, "Radiation Damage and Stiress Effects in
Superconductors: Materials for High-Field Applications," Brookhaven
National taboratory, BNL-33230.

2. P. Hahn, B. S. Brown, H. W. Weber and M. W. Guinan, "Spaliation and 14
MeV¥ Neutron Irradiation of Stabilized NbT# Superconductors," Argonne
National Laboratory, IP-1I-7 (1953).

3. M. W. Guinar and 2. A, Van Konynenburg, "Fusicn Neutron Effects on
Magnetoresistivily of Copper Stabilizer Materials," Lawrence Liverr re
National Leooratory, UCRL-90134 {1983).

4, C. D. Henning, E. N. C. Dzlder, J. R. Miller and L. J. Perkins,
“Supertonducting (Radiation Hardened) Magnets for Mirror Fusion Devices,"
Lawrence Livermare National Laborato-y, LCRL-80092 (1983).

5. F. Nardei, H. W. Weber and R. K. Maix, "Neutron lrradiation of & Broad
Spectrur of NbTi Superconductors,” Cryogenics (April 1981}.

6. H. Attaya, et. al., "Blanket and Shielding Considera.ions for Advanced
Tokamak Reactor Concepts," University of Wisconsin, UWFDM-562 (1983).

A-23



6Z-¥

.00 [TTT] l

T T TTTT I R B W
NbTi
0.95+ o HFBR {373K) 7
402 CORE
* 30-GeV PROTONS (4K)
090 379 CORE
9 EQUIVALENT NEUTRON
Z FLUENCE
5 0.85 H =4T —
080~
0.75} —
1 i1l N RN Lol _T
10'8 1019 1029
FLUENCE(n/cm2E *»{MeV)
2L % 2 ( oy 54 2)




(702 =) 75 / 2
ANEo\S;mETuE
ONM_u___._ T m_O:__:_ 1 m_O:__: ™ _.N._O__::_ ™ w_o___:__ —r170
3 @@_ J _ {
% .
~ ISEA + —¢©
c ;
B cmum.n_Z X 40
USTON o oo._.
- wvian v 90 5
¢
L 99 dN o 80
o 2 T 7/~ (']
|5 N 11T N T T W B S 1TV A R B

ORGSR R e ams o, ron



CRITICAL ISSUES

A-31



B b

= ———— o — s e B i b e~ Dl

TO: Distribution
FROM: William S. Neef, Jr., L-64Y4

SUBJECT: Heport on the Critical Issue Meeting on the Direct Converter
held at the Fusion Engineering Design Center on June 14, 1984

The monthly FPD progress meeting was held at Oak Ridge, Tennessee in-
June. The Direct Converter discussion was held the second day and
occupied the full morning. Presentations were made by B. Barr of LLNL,

M. Petravic of PPPL, and T. Luzzi and I. Clarkson of GAC.

B. Barr reported on theoretieal work that he and M. Gilmore at LLNL
are pursuing concerning radial potential profile. The plug voltage is
assumed "flat" and one gyroradivs has been assumed as the radial distance
for voltags reduction in the halo. The ecurrent design has 18 MW of ion
power in the halo - hence being dissipated on the halo scraper at the halo
pump inlet. Barr's viewgraphs are included with this report.

Di*. Petravic from Princeton is a2 member of the physies group
designing divertors and limiters for their tokamaks. In their case 10 eV
plasma may hit the first wall of a limiter. At that energy erosion of a
tungsten surface is not a problem. In their designs incident power can be
less than 500 watts/em® so cooling can be aceomplished in a
straightforward manner. They do observe hot spots and note that they are
staticnary (ie, they do not "dance around” on the limiter).

For diverters he distinguished between high recycling regions and low
recycling reglons and said they would probably be separated on future
designs by some physical barrier.

Grumman's presentation emphasized three main issues; 1)} the geometry
of the exit flux is neither circular or elliptical and may require unusual
plate configurations to achieve radial vcltage control, aand 2) the water
cooling of said plates requires .omplex header eonfigurations. The
voltage stand-off of separate segments has not been designed as yet, and
3) water velocity of 10 meters per second is required for plate cooling
and may lead to an erosion problem if' any cavitation is present.

One issue not yet addressed is the end-of-life disposal of the <€
central plate which sees a considerabie neutron flux. These neutrons
fheam" from the eentral cell. Our neutronics analysis has not given
integrated values for this flux. It will be available soon. 7The material
choice to control tritium permeation will be strongly influenced by the

activation and disposal problem. -buzzi—and-Clarksents-vicwWgraphs—ere-
—“nciuded-—with-this—report~

A-32



Repori on the Critical Issue Meeting on the Direct Converter held at the
Pusion Engineering Design Center on June 14, 198l

July 9, 1984

Page 2

The concensus was that very good progress has been made in direct
converter design., Problem areas are well understood if not completely
solved. We will have a credible design ready for FPD and subsequent

Tandem Mirror Reactors.

W. 8, Neef, Jr.
Advanced Mirror Studies

1741v
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MEMORANDUM

T0: Distribution LL.NL~-FPD-B4-017
FROM: W. 5. Neef, Jr. December 15, 1983

SUBJECT: Report on the FPD Critical Issue Meeting on Drift Pump Coils,
December 13, 1983

We thank you for yoﬁr participation in the Drift Pump Workshop. It was
requested that we send out the names and addresses for all attendees and you
will find that attached to this memo.

Copies-of -all the viewgraphs-presented-during-the-meeting—are—alse
$nctuded - for--your-references

The following Tist of critical issues related to drift pumping is the one

generated during the afternoon portion of the meeting. Responsible
organizations andfor individuals are listed as we agreed during the meeting.

Design for FPD Drift Pumps

1. B vs Bj physics study. LLKL, Byers
2. Modeling the geometry for eddy current (Turner at ANL)
calculation. Metzler at FEDC

3. Side-by-side coil arrangement (2 + Az)
each with fewer driving frequencies - Metzler at FEDC
study coil current and efficiency.

4, Use of ferrites for neutron shielding near Neef at LLNL
DP coil (possible to improve antenna Q).

5. Circuit efficiency and cost for the B|
method - as a function of current. Use Metzler at FEDC
MARS parameters and vary coil current
from 2000 to 20,000 A.

6. Antenna fatigue damping of mechanical Neef at LLNL
vibration (for drift u as well as bounce w).
7. Neutron shielding of nearby superconductor. LLNL Neef & Lee <
FEDC Gohar
8. Physics Q effects - ability to heat cold LLNL Perkins
particles.
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9. Charge-exchange particle bombardment LLNL Perkins
heating if coil is exposed.

10. Choice of shielding material Pbh0, WC, (ORNL Wiffin)
W03, W in transformer core form, etc. FEDC Metzler

LLNL Neef

11. It was suggested by Uon Smith that we
look into “kicker" magnets in synchrotrons FEDC Metzler
since they use iron cores and are LLNL Neef

geometrically similar.
A scheduled date for compietion of this drift-pump design is mid-March 1984.

7

W. 5. Neef, dr.
Advanced Mirror Systems Group

WSH:1c
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TO:
FROM:

MEMORANDUM

Distribution LLNL~FPD-84-Di6
W. S. Neef, Jr. December 15, 1983

SUBJECT: Results from FPD Critical Issues Meeting on Magnets in Philadelphia

parti

The Advanced Mirror Studies Group at Livermore thanks you for your
cipation in the workshop on superconducting coils for the Fusion Power

Demonstrator. We believe the meeting was productive and very educational,
The viewpoints of those less directly concerned with the FPD design were of

speci

al value. A more critical, less biased viewpoint is vital to prevent-any

tendency to "preach to the choir." We believe viewpoints differing from ours

were

well represented,

You recall that we attempted a final summary of all design criteria. The

following is a reproduction of that list to assist us in beginning the design
of the FPU magnet set.

1.

Fraction of the critical current to be used in design:

- for NbTi use =~ 70% |

- for NbaSn monolith use = 50%
The minimum energy margin was set at 200 millijoules per cc.
The maximum allowable terminal voltage during a dump:

- 1000 volts for a magnet cooled by pool boiling

- 3000 volts for a magnet cooled by forced convection

Maximum internal temperaure during a quench should be 300 K for ail
coils, regardless of whether cooled by pool boiling or forced convection.

Stress limits

a. Steel structure at 4.2 K or lower; use 100,000 psi design stress
{assumes 150,000 psi minimum yield poirt) and fracture toughness of
200 ksi +/Tn minimum,

b. Conduit for conductor; use 100,000 psi design stress and fracture
toughress of 80 psi +/in.

A=36
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10.

c. High purity copper; 28,000 psi design stress.
d. Insulator (polyimide); 30,000 psi compression.
Allowable conductor surface heat f1i'’x for recovery:
a. Pool boiling - Helium I - 0.3 watts/cmé
b. Pool bpiliang - Helium II -
NbT+ 1.0 watts/cm?
Nb3Sn 2.0 watts/cm@
C. Forced_convection 0.2 watts/cmé
Conductor strain shall be 0.33% maximum for all designs.
The question of instability resulting from coolant vapor lock was felt to
be entirely design specific so no attempt was made to specify any
parameters.
Radiation limit to electrical insulation - 10" rads maximum.
Radiation limit to superconductor i
- for NbTi - 1018 fast neutrons/cme will result in a 20%
decrease 1in critical current. Annealing at room temperature will
regain 70% of that 20%.
- for Nb3Sn - 4 x 1018 fast neutrons/cm? will result in a 20%
increase in critical current. A greater fluence then causes a

fairly rapid decrease in critical current, so use 4 x 10
neutrons/cme as an upper limit.

The next three items on the list require immediate action by LLNL, assisted by
the FEDC.

11.

Establish a few (3 or 4) baseline magnet configurations that satisfy
stability criteria and cover a range of radii (we suggest rpjn = 0.7,
0.8, 0.9, 1.0).
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12. For each configuration above calculate a profile of nuclear heating vs
depth into magnet.

13. Establish an experiment schedule.
- number of shots
- npumber of thermal cycles
- duration of and time between thermal cycles,

1f you believe this summary requires correction, please contact me at

415-422-6747 or FTS 532-6747.

W. 5. Neef, Jr.
Advanced Mirror Studies Group

WSN:1c
1914z
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January 5, 1984 MFE/RTCD/84--2210a:0109a

MEMORANDUM
LLNL-FPD-84-024

T0: FPD Distribution i
FROM: L. John Perkins Iy P.
SUBJECT: FPO Plasma Engineering: Critical Issues

A meeting was held at LLNL on December 21, 1983 to discuss critical
plasma engineering issues for FPD, This had the abjective of defining
tasks to be undertaken in the next few months. These tasks are documented
below; suggested participants are Tisted at the end of each item. Those
items marked with an asterisk denote near-term tasks to be completed for
the February FPD meeting at the FEDC.

1. FPD baseline parameters.* A {reasonably) consistent physics
parameter set is required for general distribution especially to FPD
engineering personnel. Further consideration of end cell trapping
rates {both Hpr and Ha) are required before this set can be
finalized {see also item 10 below}. (RBC/MEF/RSD/LJP)

2. Effect of coil geometry on ¢, cell ripple, field taper, beta and
cost.* Trade study between sheet type magnets and discrete
(MARS-1ike) magnets. Control of ripple from discrete magnets by
means of Fe inserts. {RHB/LJP/GWH/BMJ}

e —



9.

Effect of end cell coil geometry on off-axis field distortion. (RHB/BMJ)

Benchmarking of TEBASCO with the new 3D MHD equilibrium code to examine
spurious flux tube distortions. (RHB)

Continuing effort on the radial transport code TMT with applications to:
(a) Halo physics (see also 7 below),

(b} Wali potential control.

(c} Pellet fueling. { JMG/GWH)

*
Neutron source in end cell, Generate neutron source distributiors for
various end cell magnet configurations for use in shielding studies.
{RBC/J0L )

Halo and direct convertor analysis. Generation of particle and power
flows to direct converter, hale scraper and halc dump including peaking
factors where applicable. Evaluation of pumping geometry at end dumps.
Initiation of halo fluid-flow model for accurate quantification of halo
parameters including required power input. Couple with TMT results when
available. (WLB/WNK/GWH/JMG)

Startup (time to get serious about this!). Employment of TREQ code to
address startup issues for FPD. (MER)

Anchor ICRH ana]ysis.* Evaluation of:

(a) Sufficiency of passing ion fueling of anchor for MHD stability.

{b} Inclusion of anchor ICRH power in power balance.

(c) TEBASCO runs with off-midplane density distributiorn (slashing-ion-
type distribution) rather than present model! of midplane-peaked
distribution. (RBC/MEF/RHB)

A-40



10.

12.

13.

14,

Differential trapping rates of D and T in transition region, !ormal
consideration of O and T transition trapping rates, over and above a
simple ¥M dependence. This may, for example, lead to the requirement
for other than a 50/50 D/T mix in the central cell with implications for
c. cell power balance. {RSD/RBC/MEF)

Alpha (central ¢ell) and sloshing ion (end-cell) adiabaticity. Effect of
field profiles, etc. on adiabaticity limits and resulting consequences
for beta. (LJP/RSO/RBC)

ECRH physics. Inclusion of new (strong ECRH) physics models. Evaluation
of updated modeis for synchrotron radiation, reflection, and reabsorpiion.
(GWH/RBC)

*
Replacement of existing DT cross sections with new LANL evaluations.
Examination of effects on system parameters. (LJP?)

Hork will alse continve in the following ancillary areas:

{a) TMRBAR upgrade -- modular version with flexible [/0. (MEF)

(b) TMRBAR-TMG coupling requirements. (RHB/MEF/RBC/LJP)

(c) Evaluation of smaller TMRs hased on novel end-ceil concep-». (RSD})
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MEMORANDUM

T0: Distribution LiNL-FPR-84-42
March 5, 1984

FROM: H. S. Neef, Jr.

SUBJECT: Report on the Critical Issues Meeting on Pellet Injection into FPD,
February 28, 1984

Gordon Hamilton presented a review of the MARS fueling requirements and
capped it off with a summary of similar calculations for FPD using the
parameter set considered valid on February 23, 1984. It is attached to this
memo. Aboput 1.5(10)21 atoms per second will be required, This could be
proviged by 2.8-mm gutside diameter pellets intreduced at a rate of 2.1 per
second.

Calculations by Campbell and Gilinare on pellet peretration give
disturbingly high velocity requirements for MARS. Their most optimistic
calculations show the need for about 30 km/sec pellet velocity and scme of
their work shows that 100 km/sec may be marginally sufficient for MARS, This
compares to turrent accomplishments for railguns at Liverimore of 3 km/sec.
(The maximum velocity ever achieved hy any railrun is 12 km/sec!)

The biggest unknown in physics understanding appears to be the correct
radial diffusion laws that would reveal how far we really must penetrate the
plasma to uniformly fuel it across its diameter. The Taws guver ing pellet
evaparation in hot plasma seem to be well understood and have been confirmed
by experimental results (with no .. power present}.

atan Milora of ORNL surveyed their experimental efforts. Both
centrifugal and pneumatic injectors can be used as pre-accelerators to a
railgun. Their injector on Doublet 111 {GA Technologies) can fire 20-40
pellets per second at a velocity of 0.8 km per second. They are developing a
pneumatic injector for use on TFTR in 1986 or 1987. It will shoot 3.5-mm-
diameter pellets at 1.5 km per second,

The injector that ORML used on the PDX experiment has a “magazine" of
only four peliets, each 1.6 mm diameter, and has velocity capability of only
1 km per second. The four peliets can be adjusted as to time interval. The
gun barrel length is one meter.

Current gas injectors use hydrogen at i300 psi and 250 ©C released
through a modified solemoid valve. The pressure rise behind the pellet occurs
in about 2 microseconds, The peliets remain cylindricai but appear to have
Yeroded" in diameter about 0.5 mm when they emerge from the barrel and also
appear to be about G.5 mm longer than when they were cut off the extrusion.
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Any slight misalignment or tube curvature causes pellets to break in half ang
fly as two shorter cylinders. Milora estimates that to avoid this breakage
tube curvatures must have at least a 30-40-meter radius. (This eliminates any
possibility of avoiding coils or shielding by employing curved tubes.)

Experiments at the University of I11inois were reviewed by Prof. Kevin
Kim. They have accelerated plastic pellets to date with a density 15 times
that of a D-T pellet. A gas injector pre-accelerator followed by 2 20-cm
railgun achieves plastic pellet velocities of 0.15 km per second. Their
initial tests have been with circular pellets in a square bore. They intend
to convert to a circular bore to solve the blow-by problem which results in an
undesired spark in front of the pellet =5 well as the desired one behind the

pellet.

Ron Hawke of Livermore discussed his railgun results. He mentioned
several key lessons learned experimentally:

4] .0005 inches run-out is necessary to avoid pellet breakage of
1.5- to 5-m-long railguns.

o Sealing the gas at low velocity in the pre-accelerator is
difficult. Once at speed the problem is not severe,

s} Any gun capable of 50 km per second is going to have to be 50
to 100-m long.

0 A sabot is probably going to be necessary to reach 50 km per
second.

Ron belizves zny experimental program to achieve 50-km-per-second railguns
_wWill cost over $10 million (but not as much as $100 million.}

General conclusions that can be drawn from the meeting:

0 Radial transpart scaling is certainly different than in
tokamaks. Some experiments in TMX-U or MFTF-B would be most
helpful in testing the validity of theory. Since MFTF-B will
have 2-3(10) 3 deuterium particles per cc and ion temperature
of about 15 keV, the most reactar-relevant data would be
obtained there. Of course no hot alphas would be present.

0 The use of sabots to help achieve high pellet velocities should
be more thoroughly evaluated, We should try separation of
sabot and peliet, probably magnetically if a metal sabot is
employed.

A-43
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0 Another interesting idea was use of a sabot of low z material
which permits deeper penetration of the hot plasma. This sabot
continues on through the plasma, dumping its D-T load as it
traverses the plasma diameter. It then enters a "get lost"
hole in the wall on the fer side of the plasma. Some of the
sabot will ablate from the plasma but if the atomic weight is
very low that may be tolerable.

W. 5. Neef, Jr.
Advanced Mirror Studies

WSN:1c
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MEMORANDUM

T0: Distribution LLNL~FPD-B4-47
March 19, 1984

FROM: W. S, Neef, Jr.

SUBJECT: Correction to the Report on the Critical Issues Meeting on Pellet
Injection into FPD

Professor Kevin Kim of the University of I11inois called my attention to
an error in the previously distributed meeting report (LLNL-FPD-84-42 dated
March 5, 1984), 0On page 2 the information in the second paragraph is
incorrect.

He has achieved plastic pellet velocities of 500 meters per second
without a gas pre-accelerator. Considering the density ratio of 15:1 between
plastic and a frozen hydrogen pellet, this is equivalent to achieving a
hydrogen pellet velocity of 7.5 kiTaometers per second.

I apologize for the misinformation., Please attach this "erratum memo" to

your document dated March 5, 1984,

W, S, Neef,—Jr.
Advanced Mirror Systems

WSN:1c
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g MEMORANDUM

o T0: Distribution LLNL-FPD-84-50
April 10, 1984
FROM: W. S. Neef, Jr.

SUBJECT: Report on the RF Critical Issues Workshop at TRW, Inc. on March 21,
1984

On Wednesday, March 21, we held an RF Workshop related to the Fusion
Power Demonstration. Attendees were:

LLAL TRW
R. Bulmer J. Boyer
W. Cummins T. Christianson
J. Doggett T. Romesser
J. Lee
W. Neef INEL
J. Yugo
P. Hsu
FEDC
TSSC
S. Freije (TRW)
D. Nelson J. Erickson

A competing meeting in Rome on RF issues related to tokameks (especially
INTOR) restricted our attendance., Neither MIT nor the Universiiy of Wisconsin
were able to send a representative to this FPD discussion. Those able to
attend were treated to excellent reviews of plasma heating on TMX-U (now in
: progress) and MFTF-B (in-design).

We are sending along with this Tetter three sets of viewgraphs:

Set #1 - from FEDC on o + T, FPD, MARS {presented by Freije)

Set #2 - ECRH on MFTF-B {presented by Yugo)
Set #3 - 1CRH on MFTF-B (presented by Romesser)
Set #4 - ICRH on TMX-U (presented by Cummins)

In addition the following comments and/or suggestions were extracied from
notes taken by me during the meeting. €
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Relativistic electron ray tracing code development is being done at
Livermore in their Electronics Engineering Department {contact

J. Yugo for details). Don Batchelor at ORNL is also working on ray
tracing at high voltage. Since the discriminaiory powers of the
plug plasma are being questioned relative to RF power aimed at
points "a" and "b" (refer to MARS Interim Report), it would be
appropriate to follow progress closely in this ray tracing area.

One-megawatt gyrotrons should be available by 1993 or 1984 on the
way to 2.5 MW tubes targeted for early in the next century. For FPD
ane megawatt seems reasonable. Both larger and small
converter-transformers have been buiit and successfully cperated.

Bi1l Cummins gave his view that vacuum waveguides (na windows) are
probably okay if pumped at both ends. High voltage gradients will
give more problems than poor vacuum.

Any vacuum cavity for mirrors of a quasi-optical system needs
isolation valves on both sides, i.e., to gyrotrons (allows gyr.
removal and replacement) and to plasma (allows adjustments on mirror
positions without Tosing main vacuum).

On MARS the angle at which ECRH entered the plasma proved to be
“risky business." Plasma trapping and reflection were profoundly
affected. The gyrotron produces a gaussian beam but what “mode”
arrives at the turning/focusing mirror?

During plasma startup a wide range of frequencies are expected to be
needed. The gyrotron caviiy "changes shape" at different
freguencies so electron beam energy recovery may be inefficient
under some conditions. If we desire {need?) 80% recavery it may
require a many-stage converter covering a wide voltage range.

In MFTF-B waveguides will be at vacuum (windows are regarded as
risky hardware and are being eliminated). Reflectors are to be used
to ‘aim the beam as it emerges from the waveguide. Steering of these
reflectors will be accomplished by air motors, Three or four
degrees steering allows for support position change due to magnet
cooling to 4 K. Aiming accuracy required is + 1 degree or within a
few inches (measured on the magnetic axis).

MFTF~B gyrotrons must have very good mode control te fit various
plasma sperating conditions.

a) Ordinary wave is poorly absorbed at low electron temperature.

b) Fortunately resonant plasma surface shifts help bridge the gaps
between frequencies and modes.

c} Absorption sometimes suffers due to angle of approach (a ray
tracing calculation will show this).

A=47
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10.

11.

12.

13.

OSHA is requiring many RF detectors at the TFTR facility. Analysis
of stray microwave signals showed that painted liguid nitrogen
panels reflect only 30% of incident power, hence they are a good
“"sink" for stray RF power,

Steve Freije reports that the LIS program is driving big gyrotron
gevelogment now. Present accomplishments are 100 kW (CW} at 14C gHz
or LIS,

The 60 gHz development program is nearly compiete - but with poor
mode output for our use - because no particular mode had been
specificed.

The 120 gHz development program at Varian is seven years from
completion. They may achieve their target of 2.5 MW by 1996. (This
makes our prediction of 1.0 MW for FPD look sound.)

Varian's present research is on closed-cavity {one frequency)
gyrotrons. We need more variable frequency research. DOD is
funding the Free Electron Maser (FEM) development - not fusion!

Steve feels we have been optimistic in our efficiency estimates for
all aspects of big gyrotron operation. One example is in electron
direct conversion. OQur 81% estimate (MARS) perhaps should be 60%.

Mode conversion was discussed. Very long waveguide mede convertors
are one of the reasons we chose a quasi-optical system. Milled
reflectors do mode conversion in "zero" length, replacing
space-consuming waveguide convertors.

ICRH future requirements are not expected to be greatly different
than current operating procedures. HWe now inject 1.5-2.0 MW for
short pulses with system efficiency of 54%. Present use of Faraday
shields is a debatable issue. Japanese and German researchers
report better results with the shields. But the shield has to be so
close to the plasma that it acts as a sort of limiter, so it may
have very limited life.

Cumins reports that TMX-U will use two 170° loop antennas to
surround a circular plasma cross section. The Faraday shield
consumes about 70% of the power broadcast. A new “slot” anteana
conforming to the plasira shape is being built alsc. The slot length
is about one meter in the plasma axis direction. It has (1) high
plasma coupling coefficient, (2) two frequercy exitation ranges, (3}
low impedence, (4) is a low loss coupler, has good vacuum
characteristics.

8111 says to watch out for voltage holding problems - sharp corners

- insulator flashover (the same oid stuff, which seems to have been
forgotten by present mechanical designers).
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14.

15.

15,

17,

Tom Romesser, during his viewgranh presentation, mentioned overall
ICAH efficiency (wall plug to at:)rbed power) araund 80%. The
Faraday shield is one of the prime consumers of "wasted" power. He
says wall plug to ion efficiency is about 50%.

Shield heat load is a serious concern primarily because radiation
from halo plasma and convection fram kalo plasma are not well
understood. Tom thinks it may be possible to back off a few
centimeters from the plasma edge - with some sacrifice in efficiency.

New gyrctrons will have higher efficiency than conventienal ICRH
driver amplifiers. We badly need tunable systems because we don't
have room for two or three separate systems at frequencies chesen *:z
fit special plasma conditions (startup, etc.).

One message came through clearly. Use a "plywood dryer" instead of
communication system components which are too easily damaged. A
sudden load change was 1ikened to being struck with a hammer - and
the antenna, shield, and amplifiers should be able to recover from
such rude treatment. Another clear message from Tom, "Try not to
have to be close to hot plasma!" Also, "Get rid of RF windows!"

Often a semiconductor is a better "insulator" than Alz04. It
allows a little bleed-off current. No charge islands build up on
the surface resulting in high dE/dx and electrical breakdown. In
all cases avoid hydrogenous materials,

The weak link in the reliability chain is both ICRH and ECRH power
tubes,

Instrumentation and control on RF power seems reasonably reliable at
the present and little improvement should be required to meet
expected needs.

Thanks for your interest in furthering our FPD design. We believe this
workshop brought out many interesting lessons learned and will serve as an
effective guide to our applications of RF power to reactor designs.

WSN:1c
21092
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W. 5. Neef, Jr.
Advanced Mirror Systems Group
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MEMORANDUM

T0: Distribution LLNL-FPO-B4-56
April 23, 1984

FROM: W. S. Neef, dr.

SUBJECT: Report on the Critical Issue Meeting on Negative Ion Neutral Beam
Injection into the Fusion Power Demonstrator

On April 5, 1984, the Lawrence Berkeley Labgratory hosted 2 meeting on
negative ion neutral beams. This meeting was instigated by the LLNL Advanced
Mirror Reactor Group. We plan to use negative ions for the "slashing" beams
in the FPD end plugs. So it is necessary to know the performance level to be
expected from high energy ion injection by the year 1995,

Grant Logan gave a brief review of sloshing jon production by RF vs
negative ion beams. About 300 keV ion energy will be required with
Npeak/Pmidplane = 1.4-2.0. The density difference is difficult to achieve
with RF heating. He showed that it is aiso difficult to limit the density ot
hot electrons and also have a high Q for reactor performance if RF heating is
used. It is essentjal that high efficiency 300 keV neutral beams be available
for optimum plug performance because they put the ions right where you want

them.

) The Berkeley team of Cooper, Ehlers and Anderson gave exceilent status
reports on the source, accelerator, and transverse field beam transport.
Attiched to this memo are copies of all viewgraphs presented.

Joel Fink, Negion, Inc., is 2 consultant to both LLNL ard LBL on neutral
beam studies, He veviewed the three promising methods af converting
accelerated ions to neutrals. They are 1) gas neutralizer, 2) plasma
neutralizer, and 3) photodetachment neutrzlizer. His viewgraphs are also
attached to this memo. One conclusion reached was that photodetachment can be
very efficient but also very costly. In addition it has an impresSive 1ist of
technical problems headed by the laser development. Its technical advantages
arg important but the price appears today to be too high. Joel concludes that
a1l three approaches should be developed. There is clearly nc best or

cheapest way at this time.

The design of beam dumps was discussed by Alan Paterson, (BL mechanical
engineer, 1 summarize his comments here.

1. Inclined copper plates can be used for about one second with a flux
of 2000 w/cmé normal to the copper surface.

2. McDonnell-Douglas zirconium-copper panels have coolant pressure drop
of 100 psi. A 120 keV at 60 ampere beam will be the maximum

capability of that design,

A-50



LLNL.-FPD-84-56
April 23, 1984

3. In Europe two unusual designs are operating and bear watching:
a) rot§ting targets (Germany), and b) hyper-evapotron (JET at
Culham).

In reviewing my notes taken during our discussions, I find some
disconnected but pertinent comments made during the afterncon discussions. 1
list them here in no particular order as food for thought.

1. It may be necessary for LBL to increase their present neutralizer
clearance around the beam. It was made quite tight to restrict
conductance, thus minimizing pumping requirements both upstream and
downstream. The beam “edge" is not sharp so we may be restricting
beam delivery to the target by the present close clearance.

2. Filaments have about a 40-minute 1ife in positive ion source
chambers, This points to a reliability problem. Perhaps some sort
of RF plasma generator might be a more reliable method--but this
must be demonstrated by c¢perational experience.

3. The amperes per meter already achieved by the negative ion sources
at LBL is only a factor of two below the FPD requirement. They feel
6 amperes per meter should be achieved without great difficulty.

4. Neutron effects on sumarium-cobalt permanent magnets should be
investigated.

5. It may be difficult to supply coolant to high voltage cryopumps.
Some pumps may be at 200 to 300 kilovolts from ground potential in
an FPD design.

6. Hill laser windows tolerate neutrons? Even well shielded beam lires
will have many scattered neutrons in and near a photodetachment
neutralizer and its laser optics.

As a final note, it has come to our attention that during the week of
April 9-13 the positive ion source selection committee met at DOE and selected
the LBL design over the ORNL competition. The final deliberations and reasons
for selection have not yet been made public. The importance of this to the
FPD design team is in the planning of a 5 MW/m? test section in the central
cell. Such an engineering test regime would be positive-ion driven, To date
the blanket test section proposed employs ORNL beams. No major changes in

concept should result from that switch.

W. S. Neef, dJdr.
Advanced Mirror Systems Group

WSN: 1c
21552
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January 26, 1984 MFE/RTCD/84-2276a:0111a

MEMORANDUM
LLNL-FPD-84-032

T0: FPD Team -~
FROM: Grant Logan and Dave Dorn “=F<
SUBJECT: FPD Siting and Safety Criteria

At this stage in the FPD design phase, it seems useful to document our
criteria on siting and safety considerations. These considerations are
distilled from our discussions at INEL on January 19, 1984, As such, they
are subject to change as outside influences change and as our perceptions
change. However, for now we are asking thaf they be adopted by the entire
FPO community as working criteria. I[f any of you have problems with these
criteria, please surface them early so that we can all work toward the same
goals. Call or write either of us before the next FPD meeting (February
22-23, 1984 at FEDC) or present your suggestions at that meeting.

INTROOUCTION

The FPD/ETR Safety Critical Issues meeting was heid at the Idaho
National Engineering Laboratory (INEL) on January 19, 1984. Appendix A
lists the attendees. Steve Piet reported on recent experimental data from
the Hanford Engineering Development Laboratory (HEDL) on combustion tests
of LiPb. There were no temperature increases, rs visible flames, and no
aerosols were detected. Questions as to the level of detection of aerosols
were raised and further experiments were suggested. He further reported
that potential first wall materials were investigated. Among these were
vanadium, PCA, and HT-9. The HT-% looked best fram the viewpoint of safety
cansiderations and is suggested as the material of choice. :

ST
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Dave Dorn also presented a “straw man" set of siting and safety criteria
for the FPD. There was general agreement with the proposed criteria and some
suggestions for augmentation. Further consultation and thought have resulted

in the following set.

GENERAL CRITERIA

Site Selection Criteria

L

7.

Relationship to population centers and density. There should be no
conflict between the operation of the fusion facility during its
lifetime and the master plan for development in the vicinity.

It is desirable that adequate electrical power be available without

requiring new substations and power lines.

Heat disposal (cooling towers, rivers, lakes, oceans) should be

readily accomplished with little or no adverse envirpnmental effects.

There should be an area of the site that can be dedicated to a hot

cell facility for processing radioactive material and parts.

it is highly desirable that it be possible to dispose of radioactive

waste onsite. To do this will require that the site meet the NRC

requirements for near surface burial as outlined in 10 CFR 6).

a) Operational wastes - machine parts that need regular replacement,
expended material, protective clothing, rags, sludge, solvents,
atc.

b) Decommissioning wastes -

In the event that radioactive material cannot be disposea vi ognsite,

it will be necessary to identify offsite disposal areas, readily

available, Material to be handled will be the same as in 5 above.

a) Transportation routes must be identified.

b} If there are local ordinances restricting radiocactivity
transport, alternate routes must be found.

The seismic safety criteria followed in the design must be consictent

with the local seismic requiremepts.

If there are tornado hazards, they must be considered in the design

of the buildings and the facilities.



11.

12.

Reactor
1.

If there are flood hazards, they toa must be taken into account.
Proximity to airports and airplane flight paths may require
additinnal precautions against possible effects of airplane crashes.
The projected radicactive dose rates at the fence-line need to
conform to existing and proposed DOE and EPA regulations. If buffer
zones will be needed, it must be possible to acquire them.

Limits on inventories of radiocactive materials for a site may be
forced by special hydrology, unusual leach rates, and unusual nuclide

migration rates,

Design Criteria e
Since we cannot anticipate all failure modes and the necessary

maintenance procedures, hands-on maintenance capability should be
emphasized in those parts of the design where possible. We recognize
that hands-on maintenance wiil be ponssible only in selected places
outside of the outer machine shield.

In regions where hands-on maintenance is highly desirable, use
materials which will "cool® quickly if activated. This will make
general access easier and will simplify remote hand!ing when needed.
Recognizing that most of the FPD will require remote maintenance,
remote handling capability and design for remote maintenance should
be major considerations of design studies right from the start.

Use materials which when activated can be handled and disposed of by
near surface burial.

There should be no routine release of radioactivity to surface or
near surface water.

In regions of high activation, avoid use of materials that can be
volatilized easily in an accident situationm.
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SPECIFIC CRITERIA APPLICABLE IF FPD CONSTRUCTED AT LLANL

The seismic criteria we intend to follow in constructing the FPD are:
o No loss of life at 0,59 horizontal acceleraticn.
o No collapse of building or majar internal structures at 0.5g.
0 No major economic loss at 0.5g.
o No loss of function of safety systems {for instance - emergency
tritium clean-up system, atmospheric confinement) at 0.5qg.
The seismic response spectrum assumed for the LLNL site is shown in Fig. 1.
As far as regulations on radioactivity, the Lawrence Livermore National
Labu-atory, as a Department of Energy research facility does not come under
the NRL. We operate under the DOE and the EPA reguiations. The current DOE
regulations are contained largely in "Requirements for Radiation Protection",
NOE Order 5480.1, Chapter XI. There are no current EPA regulations governing
radioactive dose rates; however, EPA has proposed regulations for the offsite
dose rates ("Clean Air Act, Radiological Emissions Standards”, Federal
Register, April 6, 1983) which were to have been adopted September 1, 1983.
These regulations are to apply to routine operations, not accident situations.
Accident scenarios are handled differently. The NRC regulation as
pubiished in 10 CFR 100 sets the offsite dose from a maximum credible accident
in a power reactor at 25 rem. Such an accident should have a probability of no
mere than 10'4/yr. DOE Order 5480 speaks about a type 3 accident, Perhaps
occurring three times in the plant lifetime, The offsite dose limit for the
type 3 accident is 5 rem. Again, to put this into context, a release of 120 g
of tritium from the LLNL tritium facility is calculated to give rise to about
3-4 rem to a person residing at the fence line during passage of the cloud.
LLNL exposure limits for onsite personnel and routine operations, as
listed in the LLNL Health and Safety Manual Section 33, are based on the DOE
Order 5480.1, Chapter XI, The exposure iimits are the same as those stated in
the NRC 10 CFR 20 and are the recommendations of the National Council on
Radiation Protection (NCRP) and the International Council on Radiatior
Protection (ICRP). These are:



1. Whole body, head and trunk, bone marrow, gonads and lens of the eye -
3 rem/quarter or 5 rem/year.

2. Skin of whole body exposure to beta of E < 700 kev or x or gamma of
E < 10 kev shall not exceed 5 rem/quarter or 15 rem/year.

3. Hands, feet or ankles shall not exceed 25 rem/quarter or 75 rem/year.
These dose limits are the maximum permitted from routine operations; however,
the exposure policy of DOE and LLNL is to keep radiation exposures as low as
reasonably achievable [ALARA). ALARA js subject to many definitions, but a
draft on ALARA submitted to DOE by Kathren and Selby of Pacific Northwest
Laboratory in April, 1980 states: ;

"Both costs and dose reductions are difficult to evaluate and

there may be significant variability in the pecention and acceptance of

risk by individuals and society. In general, dose reductians that cost

less than $2000 per person-rem of dose spared are probably always i

cost-beneficial, while costs in excess of $60,000 per person-rem of

dose spared are probably not cost-beneficial. In the absence of sound

cost figures, an ALARA program cannot rely upon cost-benefit analysis.

In such cases, the criterion must be whether or not dose reduction is

reasonably achievable, given the limits of economics and practicality."

In the past, UOE has set the ALARA limit at 1/5 of the limiis presented above;
i.e., the design limit for DOE is: whole body 0.6 rem/quarter or 1 rem/year.
The policy at LLNL has been to design to half of this - 300 mrem/quarter or
500 mrem/year. It is also LLNL policy that the casual passer-by (walking by
the building) not be exposed to more than 0.25 mrem/hour.

Uffsite limits are controiled by the EPA. In the “"Clean Air Act, Radio-
logical Emissions Standards", the EPA proposes radiation dose guidelines of 10
mrem/year whole body and 30 mrem/year to any organ for any member of the public
assumed to reside at the site boundary. This dose limit for the general public
includes radiation dose from all radicactivity which is air-born. For fusion
experiments, 3t includes dose from any tritium released, dose from neutron
activation products from the air in the experimental area, plus any other radi-
ation dose sources that may be connected with the experiment. [t also includes
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any "sky shine" and radiation which escapes the shielding around the
experimental facility. At the time of the publication of the proposed
regulations, the effective date was set for September 1, 1983, It was not
made effective at that date; however, it is clear that something like these
standards will be adopted. This limit is consistent with that imposed on the
fission fhdustry. The current NRC site boundary limits for an operating
reactor are 5 mrem/year - whole body and 15 mrem/year - organ.

LLNL presently has an operating tritjum faciiity which releases about 2000
Ci/year (200 mg/year) during the course of normal operation. The effects of
this at the site boundary have been measured at about 0.13 mrem/year. The
present tritium facility is up-grading their equipment and procedures and
expects to drop their releases to less than 500 Ci/year (50 mg/year).
However, other programs at LLNL also have tritium operations and routine
releases. Among those identified are the Linear Accelerator, the RTINS, the
Laser target facility. Others may also exist.
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FIGURE 1.

The Seismic Response Spectrum Assumed for the LLNL Site.
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