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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. In 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 MARG magnet 
configuration and are labeled FPD-I and FPD-II. The FPD-I configuration 
employs the same magnet set used in the FY83 FPD study, whereas the FPD-TI 
magnets are a new, much smaller set chosen to help reduce the capital cost 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 PPD'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 been extensively edited to eliminate minor 
inconsistencies and omissions. An additional report will be produced in the 
early part of 1985 at the completion of the FPD-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 required in a Demonstration 
Power Reactor except for a turbine plant. We based the first two 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 MARE and comprises a low-field (2.5-T) solenoidal-central-cel1 
region, the high-field (24-T) central-cell choke coils, and an end-cell magnet 
system composed of a double quarirupole anchor/plug yin-yang pair. 
Central-cell passing particles that trap in the long end-cell transition 
regions are radially "drift pumped" to the plasma halo and represent a major 
power loss from the system. To reduce costs, the ignition conditions for 
FPD-I and FPD-11 were obtained at the minimum central-cell length where fusion 
alpha particle heating balances the drift pimp and other system losses. 

The engineering design philosophy for FPD-1 and FPD-II reflects the 
configuiition developed in the 1983 Mirror Fusion Test Facility-Upgrade 
(HFTF-Up^rade) study that minimizes size and emphasizes 2ase of maintenance. 

The FPD-I configuration has a central cell length of 74 m and produces 
360 HW of fusion power (see Fig. 4-1 iri Sec. 4 ) . 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 sheer coils to the central cell in 
FPD-I, which reduces field ripple and improves performance. A test cell is 
included in the FPD-1 concept; and in this case the test cell will develop a 

2 
wall loading of 2 MW/.n of uncollided 14-MeV neutrons. 

The FPD-II 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 

reasonably efficient turbine plant. A teat cell is included in the FPD-11 
2 concept, which produces an uncollided 14-HeV neutron flux of •': MW/m . A 

revision of the geometry aid a better understanding of the physics account for 
the differences in performance between this device and FPD-I. 

1-1 



The FPD-I and FPD-LI studies are each based on somewhat different 
physics; and the costs for each were generated with different algorithms. The 
physics changes are an outcome of our continuing work in nodeling mirror 
systems. The costing revisions are based on the methods used in costing 
Tokamak Fusion Core Experiment (TFCX) during this same period of time. When 
adjustments are made for the above differences, the results show that we have 
made progress ir. reducing the size and mass of the mirror system by using an 
aggressive approach in designing subsystems, particularly the magnet systems. 
Capital costs will follow this trend, b'jt at some point the capital cost 
saving will l>e overwhelmed hy increased operating costs. 
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2 , 0 Tilly ENGINEERING TEST REACTOR MISSION 

INTRODUCTION 

The FPD mission statement that follows consists of the tandem mirror 
relevant portions oE the dr.-Et generic Engineering Test Reactor (ETR) mission 
statement generated by C'rumman Aerospace Corporation as part of their 
responsibilities as the Technics! Support Services contractor to the 
Department of Energy (DOE) Office of Fusion Energy. 

MISSION 

The ETR mission is (') to test critical reactor components in an 
r-nvirurifent that can be extrapolated to a commercial fusion power reactor, and 
12) fo demonstrate the safe and reliable operation of a fusion reactor that is 
representative of a commercial fusion power reactor. 

The ETR is an element of the overall rational program of development for 
Magnetic Fusion Energy as summarised in the Comprehensive Program Management 
Plan (CPMP) of the U.S. Department of Energy, June 1983. The design of the 
ETR will be based on the confinement concept selected during the Product 
Definition Phase (tokamak and tandfm mirror concepts are the current leading 
candidates) and on the initial plasma optimization efforts of the Product 
Development Phase. The ETR will concentrate on the demonstration of 
technologies in support of and leading to a Fusion Demonstration Pouerplant 
(DEMO). The D'iMO will address the economics of producing electrical pov ;r 
from fusion energy. Goals and objectives of both the ETP. and HEMO are 
expanded in the following paragraphs. 

This mission statement is written to provide guidance for current Reactor 
Design Studies in preparation for future ETR definitifWdesi^n activities. 
The ETR gorls and objectives are based on the assumption that the ETR will be 
the next m jor machine to be built. If additional reactors such as Tokamak 
Fusion Core Experiment (TFCX) , Burning Core Experiment fBCX), or upgrades to 
Mirror Fusion Test Facility (NFTF-B) are incorporated into the CPMF, several 
of the ETR objectives may be reassigned to these machines and others may he 
redefined accordingly. 
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GENERIC ETR OBJECTIVES 

The following objectives are applicable to botli tokamak and tandem mirror 
concepts. 

• Demonstrate startup, fractional power, and shutdown operations 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 neutron thermalization and thermal energy transfer to a 
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 n.ission.) 

• Demonstrate the remote handling operations required to attain the 
desired maintainability for a commercial power reactor. (The 
demonstration of commercially acceptable availability is an 
objective of the DEMO mission.) 

• Demonstrate shielding effectiveness to prove that the radiation 
environment of a commercial reactor 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. (Although the ETR components will 
generally not experience such intensities and dosages, low-
effectiveness shielding may be used in areas of the device to allow 
exposure of selected components to integrated dosages 
representative of a commercial reactor radiation environment,) 

• Provide sufficient testing capability to permit comparative 
demonstrations 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: 

ignition margin alpha heating power 
total plasma power losses 

• Demonstrate negative-ion-based neutral-beam heating systems. 
• Demonstrate impurity removal and vacuum pumping by plasma 

halos (dense boundary layers). 

2-3/3. - y 
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3.0 PLASMA ENGINEERING 

The plasma engineering effort for FPD-I and FPD-I1 was conducted to meet 
the following three main design goals 

1. The central cell should be ignited, i.e., the pover deposited by the 
fusion alpha particles in the central-cell plasma volume should 
balance 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 of 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, namely a double quadrupole set 
with separate anchor and plug regions. The FPD-I magnet set is identical to 

2 that used in the FY83 FPD study, and represents an initial attempt to 
design a self-consistent tandem-mirror Engineering Test Reactor (ETR). The 
FPD-II magnet set 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 FPU plasma engineering in FY84 to date are 
summarized 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 parametric analysis consistent with the above design goals. To 
achieve system optimization, we have searched for minimum length ignition 
cases by characterizing the cloee 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 
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<a) 

FPD I 

FPD a 

(W 

FPD I 

FPD E 

Figure 3-1. Two views {a and b) comparirig the magnetic configurations for 
FFD-I and FPD-II. For FPD-I, a short section of a representative, continuous 
solenoid is sViown for the central cell magr^ts. For FPD-11, one of the 
central cell sheet solenoids with accompanying trim coils is shown. 
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Table 3-1. Principal plasma parameters for FPD-I and FPD-II, 

Parameter FPD-I FPD-II 

General 
Fusion power (MVI) 
0 

2 
Neutron wall loading (MW/m ) 
Cold fueling current (kA) 
End cell magnet configuration 
End cell trapping length (m) 

828 479 
28.4 36.7 
1.44 1.00 
0.660 0.249 
MARS-mode MAtlS-mode 
-v.17.2 M 3 . 6 

Central Cell 
L Cm) 
c 
r (m) 
c 

F i r s t wall r ad ius fra) 
B (T) c 
< B c> 

T. (keV) 
I 

T (keV) 
e •, 

(cm ) 

90 90 

0-60 0.458 
0.S1 0.674 
2.5 2 .5 

0 .6 0 .6 

36.7 40 
3 5.7 27,7 
1.69 x 30 14 1.55 x 10 14 

Choke Region 
( r , (m) plasma 

coil 
B (T) 

0.154 

24 

0.118 
0.34 
24 

Anchor 
anchor 

ICRH power (MW) 
0.50 
10.4 

0.14 
0.26 
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Table 3-1. (continued.) 

Parameter FPD-T FPD-Il 

Plug 
<f? , > 0.367 0.30 

Pi' 3 , 
ECRH power, A (MW) 1.15 0.345 
ECRH power, b B (MW) 16.7 11.09 
Sloshing ion beam power b (MW) 0.89 1.37 

Drift Pump Parameters 
Tiaij.si.t'i.OT. C.<yLI\ 

Central frequency (MHz) 0.064 
Frequency spread 0.4 
Antenna flux required (Wb) 0.072 

Plug Coil: 
Central frequency (MHz) 1.1 
Frequency spread 0.66 
Antenna flux required (Hb) 0.0065 

Distance between 24-T peak and plug electrostatic potential peak. 
Trapped power, both ends. 
c Separate frequencies for cold ions and sloshing ions. 

0 .107 

0 37 

0 00 51* 

0 83 , 1 3 3 c 

0 10, 0 1 0 C 

0 0035 
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Table 3-2. Major advances in FPD plasma engineering in FY84. 

General 
• Parameterized physics and magnetics scaling of ignition conditions in 

optimized (i.e., minimum length) ETR configuration -
• Characterized the dependence of the minimum central-cell length for 

ignition on the end-cell magnet configuration and central-cell alpha 
physics. 

• Improved modeling of ion trapping rates in the end cell including 
ntultispecies (D,T, alpha) dependence. 

• Revised TMRBAR power balance code extensively to improve running time, 
flexibility, and "user-friendliness". Code is now able to solve fo<-
minimum length for ignition, with or without fixed fusion power. 

Alpha and Halo Physics 
• 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 central-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-cost, 

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

curvature and maximum beta. 
• Investigated central-cell ripple reduction using field-shaping iron 

inserts• 
• Increased central-cell volume-averaged betas from 49% to 60%. 
• Shortened end-cell transition lengths by developing a new transition 

coil design. 
• Reconfigured the TMG magnetics design code to allow for different 

magnetic mirror ratios in the plug and anchor regions. 
• Implemented a new version of the TEBASCO magnetohydrodynamic (MHD) 

stability code permitting lower anchor and plug betas for a given 
central cell beta. 
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ignition length on both the end-cell magnetic configuration and cer.tral-cel 1 
alpha-particle energy deposition. As a 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 "\-37; whereas Q (engineering power 
gain, i.e., gross electric power divided by recirculating electric power) is 
•\>2. In fact, because of this long-minimum ignition length, the optimized 
machine will always exhibit an engineering power gain greater than unity. 

Although the roagnet set for FPD-I is identical to that employed in last 
2 

year's study, the updated physics parameters in Table 3-1 show some marked 
differences. These differences are due to two main changes: (1) In-proved 
central-cell magnet design has resulted in smaller and lower magnetic-ripple 
solenoids (see Fig. 3-1), which permit higher beta operation of the central 
cell plasma (60% vol averaged—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-II (90 m compared with 67.5 m in FPD I). Ali'ough 
requiring a longer ignition length, FPD-II does exhibit a higher neutron wall 

2 2 
loading than the FV83 baseline (1.44 MW/m compared with 0.85 MW/m ). The 
large overall size of FPD-I and the resulting high capital cost led us, in 
FPD-II, 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 minimized for a certain central-cell plasma radius *" . Values 

c 
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 L . 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 centra] cell plasma volume. 

We investigated L vs r scaling for FPD-II 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 magnetic configurations. 
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MAGNET SET A 

MAGNET SET B 

MAGNET SET • 

-J I L 
5m 

J—I ••!,. I J 
10m 

Figure 3 - 2 . Crnpar ison of the end e e l ! magnet dimensions for magnet s e t s A, B, 

and D employed in the comparat ive trarte s t u d y . 
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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 mirrov ETR based on the MARS magnet configuration 
requires a minimum central cell length for ignition of about 90 in. At this 
length, the physics Q (plasma power gain, i.e., plasma fusion power divided by 
absorbed plasma heating power) is ̂ 37; whereas Q (engineering power 

eng 
gain, i.e., gtoss electric power divided by recirculating electric power) is 
*v2. In fact, because of this 1 ong~minimum ignition 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 study, the updated physics parameters in Table 3-1 show some marked 
differences. These differences are due to two main changes: (l) Improved 
central-cell magnet design has resulted in smaller and lower magnetic-ripple 
solenoids (-3e« Fig. 3-1), which permit higher beta operation of the central 
cell plasma (b0% vol averaged—compared with 49% in last year's study). 
(2) Rafined 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 che 
central cell of FPD-II (90 m compared with 67.5 m in FPO I). Alr'ougb 
requiring a longer ignition length, FPD-II does exhibit a higher neutron wall 

2 2 
loading than the FY83 baseline (1.44 MH/m compared with 0.85 MW/m ), The 
large overall size of FPD-I and the resulting high capital cose led us, in 
FPD-II, 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 minimized for a certain central-cell plasma radius r , Values 

c 
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 L . Values of r smaller than the optimum 
also result in longer values of L c due to the reduced efficiency of fusion 
alpha-particle-energy deposition in the central cell plasma volume. 

We investigated L vs r scaling far FPD-II 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, E and D. Table 3-3 summarizes the 
results of this parametric trade study for all four magnetic configurations. 3-6' 



MAGNET SET A 

MAGNET SET B 

MAGNET SET D 
^ ^ D H 

J L_I_ -J I [_ 
5m 10m 

F i g u r e 3 - 2 . Comparison o f the end c e l l magnet d imens ions f o r magnet sees A, 

and D employed i n the compa ra t i ve t r a d e s t u d y . «. 
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Table 3-3. Selected features of parametric trade studies for FPD-H. 

Central-
Minimum , 
central-

cell End-cell Choke Neutron cell 
plasma trapping coil Fusion wall ignition 

Magnet radius, r length radius po"^r loading Q eiS length, L c 

set (m) (m) (m) (MW) CMW/m 2) <m> 

A 35.7 12.7 0.114 440 0.78 4<s. 6 %2.1 125 
B 45.8 13.8 0.140 492 1.08 29.6 M.9 86 
C 50.7 Ib.O 0.153 591 1.24 25-4 •bl.9 84 
1) 64.5 18.6 0.188 943 1.66 31.0 T.2.7 84 

Parametric trades for optimum central-cell field formed a separate, 
parallel study and resulted in B = 2.5 T. 

For a constant central cell field B (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 
r because we must conserve magnetic flux mapping 

6 = Ttr2B (1 - <e > ) 1 / 2 = A(z) B( z) (1 - <B > ) 1 / 2 , c c c z 

through the system. As il.own in Table 3-3, the smallest magnet set (set A) can 
support a maximum central-cell plasma radius of 35.7 cm; the largest (set D) 
can support a radius of 64.5 cm. Note that as r is increased from 35.7 cm 
to 64.5 cm (i.e., magnet sets A through D ) , the minimum central cell length 
foT igTiitioo t, decreases from 125 ro to %<* m. fv fu-rtlner increase in 
end-cell magnet size above that of set D in Table 3-3 would result in a value 
of L larger than 84 m. 

The apparent •ninimum in the ignition length for magnet sets can be 
explained as follows: larger 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 etid-cell potential peak). This, in turn, .esults in corresponding y 
larger end-cell trapping rates. Because central cell ignition requires that 
alpha heating essentially supports the radial losses incurred by troppinfc in, 
and pumping oui of the Riid cell region, central cell ler.gths determined only 
by en<J-cell trapping would minimize for very small central cell radii. 
Unfortunately, our relatively low D of 2.5 T and high <B > of 60S imply large 
alpha particle Larmor orbits. Hence, a decreasing central cell radius results 
in a greater fraction of the fusion alpha energy escaping the p.asmr- and being 
deposited in the halo. Figure 3-3 illustrates this effect where the fraction 
of thg central-cell alpha power deposited in the halo outcide the plasma is 
clotted as a function of a parameter p, which incorporates the dependence- of 
r , B , and <B > as shown. It is interesting to note that with the optimum c <; c 
values of B and r at 2,5 T and 0.45 m, respectively, our ETR attains its 
"optimized" ignition length by discarding 120Z of its cenc.ral-cell alpha 
heating power Lo the halol Hence, our minimum length is a compromise between 
end-cell lengths/volumes and central-cell alpha-energy deposition. 

Mote that magnet set D yields an ignition length that is only 2 m lass 
than that of set B, although the former exhibits both larger plasma-heating 
power requirements (Q times the fusion power) and larger end cell magnets, and 
consequently, larger capital ~ost. In this respect, a design of FPD-TI based 
on magnet set B with r =45.8 cm, represents the most desirable opti^i. 
l'he final parameters for FPD-II given previously in Table 3-1 show slights 
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 «all loading of 1 MW/m a~ 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 output 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 configuration will be a rather long and relatively expensive 
device. In the current phase of the FPD roject (i.e., FPD-I1T), these 
factors have led us to consiier a much raoi e compact and cheaper ignition 
machine based on an octopole end-cell magnetic configuration. Further details 
on this are given in MFE/RTCD/84-2740a:ul27a in the Appendix. 
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Figure 3-3. Fraction of the central cell fusion alpha power deposited in the 
halo, expressed in terms of a system parameter P. P ie a function of the 
ctntral cell plasma radius (r ). the central cell B-field (B ), and the 

c c 
central cell peak beta ($c)-
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TEST CELl. CONFIGURATIONS 

This section will focus on an option for FPD-11 in 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 injection. 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-TI. 

We performed scoping studies of FPD-II+T configurations using an expanded 
3 version of the TMRBAR tandem rairror physics code, subject to the following 

general constraints. First, the requirements on the end cell systems (drift 
pumping, ECRH, 1CRH, sloshing-ion neutral beams, and related systems) have 
been held to near the FPD-H values or below to 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 cest cell 
would replace a single 8.7-m-long FPD-11 central cell magnet/blanket module. 
The long test cell would replace three central cell modules, and would require 
additional central-cell-like modules of appropriate length to fill in 
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 

9 which the test-cell wall loading is V = 3.0 MW/m with neutral beam power 
P . = 26 MW at the MHD beta limits set by stability considerations. For the 
longer test cell, the comparable case at F = 3.0 MW/m requires lese neutral 
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Example Trode-off for FPD-ll+T Short Test Cell Configuration 
(Central Cell Bete =.20) 

3.0 
* c ' -35 

V,c <™> 

Fi0ure 3-4. Neutron wall loading as a function of neutra' beam power for the 
short test-cell configuration (central cell beta - 0.20). 
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Example Trade-off forFP0-ll*T Long Test Cell Configuration 
(Central Celt Beta = .36) 

s.o r 

4.5 

T 
, c , 4.0 
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3.0 

-
y *V -50 

/ / Puw • ,"5 

/ / / V •«* 
/ 
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Figure 3-5. Neutron wall loading as a function of Tieutral beam power for Che 
long test-cell configuration (central cell beta = 0.36). 

3-]3 



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

Test-cell size 

a 

Parameter Short Long 

Test-cell wall loading, T IMW/m ) 3.0 3.0 
tc 

Central tell ion density, n. (cm"3) 1.1 x 1 0 1 4 1.2 x 1 0 1 4 

Central cell ior. temperature, T. (keV) 16.0 24.9 

Test-c?U ion energy, E^ (keV) 46.7 63.7 

Central cell peak beta, £ 0.20 0.36 

Test-cell peak beta, $t 0-35 0.475 

ECRK power at a, P e c r h (MW) 0.1 7 a 0.]J 

ECRH power at h, P ,, b CHW) 10.4a 11.Ca 

Anchor ICRH power, P; c r h (MW) 3.63a 0.76a 

Neutral beam power at a', P , , (MW) 0.15a 0.15a 

rib ,a 
t 

Neut ra l beam energy a t a ' E . , (keV) 250 280 
T e s t - c e l l n e u t r a l beam power, P . ,. (MW) 2 5 . 7 b 4 4 , 4 b 

nb,tc 
Test-cell neutral beam energy, E , „ (keV) 69.3 100.4 

b J nb,tc 
Test-cell neutral beam Current, I . . (A) 371 443 

nb,tc 
Central cell fueling current, I, , (A) 5.0 0.0 

i 

Transition trapping current, I (A) 199 92 
trap 

Direct-converter inner collector heat Elux, 2.1 4.4 
P. . (Mtf/m2) dc, IC 

Absorbed. 

Delivered. 
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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/m 
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 ttie stability boundary, subject to the same 

2 constraints, can produce a wall loading in excess of 5 MW/m . 
This study has not considered further optimisation 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-I CONFIGURATION OVERVIEW 

The first option of the Fusion Power Demonstration (FPD) that we studied 
is FPD-I (Fig. 4-1). This configuration has a central 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;t;on 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 (MFTF-a+T) concept, FPD-I will be able to provide a 

2 . 2 
neutron wall loading of 2.0 MW/m to a surface approximately 3 in . An 
evaluation of the configuration shows that a 50% availability goal con be met, 
thus allowing an accuirulation of 10 full power years over an operating 
lifetime of 20 years. 

The central cell is configured in a modular fashion using ]0-m-]ong 
central cell modules (Fig. 4-1). Each module is made up of a pair of liquid 
lead, lithium-cooled blanket modules that can be inserted from opposite ends; 
thus each blanket module will be 5 m long (Fig. 4-2). We chose this length to 
limit the mflgnetohydrodynamic (MUD) effects on the blanket, while at the same 
time meeting restrictions on the geometry and total module weight. 

We selected a geometry where the central cell is divided Into six 10-tn 
modules and two 5-m modules. The 5-m 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. He also selected the 10-m length 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 composed of a surrounding nuclear shield 
supported in a circumscribing 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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vessel and the nuclear shield lies a 9.25-m-long superconducting solenoid coil, 
which provides the 2.5 T central field. The solenoid coils are also 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 need for 
minimum magnetic field ripple, a condition necessary to achieve high central 
cell beta. The vessel is of a 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-fcur hours after shutdown, was established as a 
goal based on the as low as reasonably achievable (ALARA? guideline. 

The choky coils create peak field on axis of 24 T. Each is constructed 
using a normal conducting insert coil together with a superconducting 
background coil. The 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 envisioned to be a lifetime 
component. The pancakes of the coils are slightly separated to make provision 
for the radial injection of fueling pellets from a rail gun (Fig. A-?). 

Each of the end cells are configured to permit easy assembly of the 
machine and to permit relatively easy replacement of all of the internal 
components, including the large C coils that are considered to be lifetime 
components. The concept employed is based on the design developed for the 
HFTF-OI+T study. The double-walled end-cell vessel contains a large hatch 
(Fig. 4-1), which is also of a double-walled construction. The double wall is 

« 
used to contain the water that forms a part of the biological nuclear shield. 
It also provides an excellent structural support to the vacuum loading. The 
six C-shaped and one recircularizing solenoid superconducting coils are placed 
on cojd tables, which are supported by a set of truss struts tied to the lower 
trough structure of the vessel. The coils are tied together by a set 0f axial 
struts that carry the axial magnetic loading to the end of the vessel. This 
approach has the advantage that, should it prove necessary to replace a coil, 
tlie reDlacement can be accomplished with animal 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 ECRH is applied at two positions along the axis of the machine in 
each of the two end cells. The point "a" ECRH system requires one gyrotron to 
provide the basic power needed; a second one is placed to serve as an on-line 
spare- 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 difficult, primarily, because it requires 12 acLive 
and 2 spare gyrotrons. 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 axialIy so that 
the beams may pass through the major radius of the anchoi one coil. The 
gyrotrons are mounted on a wing-like vacuum box with gate 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 shield plug so that they may 
be withdrawn radially for replacement. T;.is concept was conceived during the 
MARS effort and further developed for the MFTF-n+T study.1 

Lastly, the 475-keV negative-ion-based neutral beamline subsystem is 
positioned to produce the required sloshing ion distribution in the anchor 
region. The integration 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 ot" 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 circumferential 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 
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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.'ie of all of the coils. A 
second disadvantage is that access to two of the beam sources 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 lifting 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 ECRU 
and circumferentially arrayed sloshing beamline, based on the earlier MFTF-ct+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 attractive, 
modular approach (from both a commercial-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 
(C83 version) are at j = -HiB.OO m, jrst outside of each end of the centre! 
cell. The choke coils are solenoids that produce a central axial field of 24 T 
(this includes the background field of about 1.0 T) produced by adjacent coils. 
These coils are physically constrained to consist of a clear inner bore of 
0.3 m and a winding width of no 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 utilizes a resistive insert 
coil and a superconducting backing coil. This design is necessary because 
today's 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. 

A resistive insert producing 8 T on axis is our baseline. This coil has 
26 pancakes, each 2.2 cm wide with 0.1-cm 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 from 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 h, 
and the power consumed is 21.6 MM. We envision a resistive coil supported by 
struts from the superconducting backing coil. 

Insulating the resistive coil is a problem because of neutron radiation. 
Organic insulators breakdown under radiation and suitable ceramic 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 feasibility is 
demonstrated by experience with two test, pancakes. The electrical discharge 
machining (EDM) process was used to cut the spirals and an end mill was used 
to 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 geometry of the resistive insert, including provision for the coolant 
tubes and any necessary radiation shielding, will define the inner radius of 
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the encircling superconducting coil. For an B-T resistive insert, the inner 
radius of the superconducting coil is approximately 0.85 m. A peak Eield of 
approximately 16 T+ can be expected at the inner radius of the superconducting 
backing coi1. 

Preliminary calculations indicate that this coi] should be cooled with 
He II and that the superconductor should be Nb,Sn:Ti, The conductor should 
be steel reinforced to withstand the high hoop stresses developed, but its 
current density vill be limited by cryostabitity considerations. The 
conductor would be graded as the field drops off with radius so that the 
superconductor could be changed to Nb.Sn 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 

3 3 
shows the 0.42 jn 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 required on the plasma 
axis is 2.5 T, and the magnetic field ripple must be less than 1%. The 
central cell magnet system must be built from practical length modules. Axial 
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Figure 4-4. The FPD choke coil. 
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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 solenoid 
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 10 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 bundle is shown in Fig. 4-5 along with the 
key design parameters. Layout of a solenoid module is also shown. The 
solenoid module is designed to achieve the desired current density of 
6000 A/cm at 3 T. The winding design is based on a Nb-Sn cable-in-conduit 
conductor and is cooled with torced-flow helium at 5.7 K. The solenoid winding 
is a single layer of the force-cooTed conductor. An additional layer (40-cm 
axial length) is introduced at eact end of the solenoid module to correct for 
ripple. The conductor conduit 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 
conduit, but it may be possible to build up the desired wall thickness from 3 
to 4 concentric layers. Alternatively, it may be possible to utilize the 
W-LCP conductor in an "as is" form. In 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/cm . This heat load can be removed by 
5 g/s of helium 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 developed 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 

2 approach if 3000 A/cm and the winding pack has 11 layers. Stress 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. 
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Central cell magnet dimension 

Mean magnet radius (m) 
Axial length (m) 

Module dimensions 

2.15 
70 

Module length (m) 9.25 
Radial build (m) 0.06 
Axial length of end-compensation zones (m) 0.3 
Ampere-turns/module (MA-turns) 18.5 
Current densifv, goal (A/cm2) 6000 
Field on cxi„ CT) 2.5 
Field at winding peak (T) 3.5 
Nuclear heati.:? peak (mW/cm ) 1 
Operating current- (kA) 60 
Energy stored in each module (HJ) 300 
Weight x 10 3 (kg) 40 

Figure 4-5. Central cell magnet parameters. 
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Conclusions 

We concluded from feasibility studies of two allernative coil designs 
that a successful coil design can be developed with pool-boiling or forced-
flow helium cooling approaches. 

SHIELDING AND VACUUM CONTAINMENT 

The overall proportions of the cylindrical central cell are shrjwn in 
Fig. 4-6. The total length is approximately 74 m, and the outside diameter is 
9.A m. The shielding and vacuum containment consist of two basic components: 
the ^<fil shiei-d to protect the cai) frs«f sucis^r besting £n& the bis>]&gic2l 
shielt for human protection, which is integral with the vacuum vessel. 

The central cell is divided into eight modules. The six A modules 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 inward, the 
first cylindrical layer is the integral vacuum vessel av.d biological shield. 
Next is the solenoid magnet, then the magnet shield, and finally tht> blanket/ 
reflector region. 

Vacuum Vessel/f.iioloEical Shield 

The integral vacuum vessel/biological shield consists of U o •<5ncentric 
stainless steei, cylindrical shells. The outer diameter is 9.A m arid the 
innT she!' diameter is 7«^ m. The double-walled structure is stiffened with 
four bulkheads and eight longitudinal w?bs. The region between die shells is 
filled with water. The inner shell actually serves as the vacuum boundary. 

To complete the shield, a 5-cm layer of B.C with an additional • cm of 
lead, is attached to the outside of the outer vessel wall. the B.C i -, 
packaged in stainless stee' containers, and the shield p: :-rmance is based on 
the composition of the rilled container (40% stainless stef.i and 607. E C at 

A 
10% density). 
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Figure 4-7 illustrates the manner in which the biological shield/vacuum 
vessel is integrated with some of the other module components. Because the 
blanket is divided into two pares, a Li Pb., (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 shield plug, 
covering 180 of the gap between modules. 

Magnet Shield 

The solenoidal sheath magnet is protected from nuclear heating by an 
inner cylindrical steel/water shield (see Fig. 4-7). This shield is 75-em 
thick and consists of *!0% stainless steel and 20% water. In addition, a 
5-m-thick layer of B,C is placed at the other periphery of the steel/water 
shield. 

The magnet shield serves also as a structural member to which the blanket 
segments 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 to 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 ircularizing coil is also needed as 
shown in the FPD-II configuration (iig- 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 FPU. 

Coils/parameters Tl A2/A1 P2/P1 T2 

Axial location (m) 40.0 46.2/44.3 53.6/51.4 59.5 
Major/minor radii (m) 1.5/0 S 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/S2 (ro) 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/cm ) 3158 3158 3828 3828 
Peak field 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 C coil and recircularizing coil 
requirements for TPD-I and FPD-II are similar, the coils employ the same type 
of conductor winding and structural supports. Even the fabrication/ 
manufacturing problems are similar. 

The Frn-IT nnd-cell magnet set with slightly higher fields ar.d 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 region 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 coil set meets the 
requirements summarized above. Specifics of conductor, structure, winding 
approach, and fabrication as noted above are basically the same for FPD-I and 
FPD-II C coils. These items are discussed in Sec. 5-

PLASMA HEATING SYSTEMS 

The FPD I design is of the MARS tandem mirror configuration; 
consequently, the required end cell heating systems are similar to those for 

2 1 
the MARS reactor, and the subsequent MFTF-a+T device. 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 
electrons 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 

Two ECRH systems operate in the plug region. The thermal barrier system 
at 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 

2 and expensive. Hence as in MARS, but on a more conservative note, i HW 
gyrotrons in the 30- to 60-GHz frequency range are assumed to be available in 
the FPD time frame. Because no beam recovery is expected in the conventional 
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Table 4-2. The FPD-I heating system requirements. 

P o t e n t i a l Thermal 
Anchor S l o s h i n g peak h a r r i e r 

ICRH NINB ECRH ECRH 

Heating point 
Location, z (m) 

Absorbed power (MW) 
Trapping fraction 
Delivered power (MW) 
Vacuum frequency (Hz) 
Heating frequency (Hz) 
Delivered current (A) 
Beam energy (keV) 
Injection angle 
( 1 to z-axis) 

+43.65 & 
±46.90 

2 .0 

0.60 

3 .5 

71.0 x 10 

54.0 x 10 

±50.0 

0.44 
0.27 
1.64 

3.5 
475 
30° 

a 
±53.9 

0.83 

0.85 

1.0 

72.8 x 10 

56.0 x 10 

b 
±52.55 

16.2 
0.85 
19.0 
56.0 x 10 9 

35.0 x 10 9 

closed-cavity gyrotron, we assume gyrotron efficiencies between 45 and 50%. 
To scope the transmission system and its efficiency, we also assume a TB-, 
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. waveguide?, 
but only at high pressures of sulfur hexafluoride. Windows then become an 
issue, especially in a fusion neutron environment. To eliminate windows and 
increase efficiencies, a 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 
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Table 4-3. The ECRH system summary. 

• 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 liCRH transport systems at each end for the point "b" ECRH system; seven 
beam launchers to system (fc operating/1 redundant^ 

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

Efficiency: 98% 

• The 1-MW gyrotrons have a regulated (modulator/regulator tube) cathode 
voltage of 80 kV 

Efficiency of modulator/regulator: 9b% 

Gyrotron rf-to_beam conversion efficiency: 45% 

• The gyrotron-1auncher interface is an evacuated circular waveguide section 
with mode converters to properly prepare the wave mode for the launcher 
Efficiency: 76.8% 

• Offset dual mode conical horn/parabolic reflector beam launcher 

Efficiency: 96% (includes beam scrapeoff loss) 

• Total system parameters 

efficiency: 32.5% 

LHe requirements (for gyrotrons): 2f> Sl/hr 

LN2 requirements (for gyrotrons): 13 &/hr 

Cooling water requirements: 12,500 gpm 

"fc 
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t'na horn does not lie 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 between 
the gyrotron ant! launcher, is shown in Fig. 4-13. 

The integration of the ECRH systems into the plug is depicted \n 
Fig. 4-14 and the overall power flow is shown in Fig. 4-15. 

Table 4-4. The ECRH launcher characteristics. 

At "a" At "b" 

Offset Horn 
conical parabolic Reflector 

Conical angle, a (deg) 
Cone height, h (cm) 
Paraboloid focal length, f (cm) 
Mirror diameter, D (cm) m 
Initial beam diameter, D„ (era) 
Distance from beam focal point, X« (cm) 
Distance to magnets, X (m) 
Maximum beam diameter in magnet 

region, D(X) (cm) 
team diameter at plasma (cm) 
Number of ECRH launchers/end 
Number of beam launchers/ECRH launcher 
Launcher transmission efficiency 
(includes 2% scrapeoff loss) (%) 

17 
54.7 68.2 

35.5 43 .73 

70.0 85.0 

49 .3 

9.5 
-W.5 

62.4 

24.0 27.0 

14 

1 

17 
2 

2 7 

96 96 
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Anchor ICRH System 

The anchor ICRR system must deliver 1.75 MW to each end cell at 56 MHz. 
With the exception of waveguide vs loop antenna selection for the launcher, 
the FPD I anchor ICRH system is considered conventional for plasma heating 
applications. At 54 MHz, the width oE 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 o'/er this length. To 
align the waveguide 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 oefore the contortions can be eliminated or become tolerable. At 
the high ion temperature, this scenario may be plausible, but much analysis 
will be required before a decision of this sort can be made. He have thus 
opted for a loop antenna. 

The description and expected performance of the system are summarized in 
Fig. 4-16 and the following: 

• Configuration: 
Four l.-.unchers per anchor (2 operating/2 redundant) 

• Launcher: Center-fed loop antenna with Faraday shield 
Antenna power: 875 kW 
Efficiency: 95% 

• Transmission System: 
Mainly 6-1/8-in. 50 9. coax, taper down to 3-in. 

before e n t e r i n g minor r a d i u s gap 

3-s tub t u r n i n g system 

E f f i c i e n c y : 84.7% 

Coolant l oops : 

No. 1: Launcher and back to s tub tuner 

20 gpm whi le o p e r a t ' i g 

7 gpm while not o p e r a t i n g 

No. 2 : Remainder—8.5 gpm 
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• Transmitter: multistage 
Power jupply 
Efficiency: 61.9% 
Coolant loop: 225 gpm 

# Performance: 
Tota l l i n e power: 7.04 HW 

Total system efficiency: -';9.7% 
Total water coolant requirements: M000 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 result 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 mote costly system than one with two 875-kW lines* 

Sloshing Negative-Ion Heutral-Beam (NINB) System 

Each plug has one beamline that delivers 1.75 A at 't75 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 Cvs filaments) and forced cesium diffusion from the back of 
the converter plate (rather than a CS jet) to enable steady-state operation. 
The current level per meter is below both present source capability and future 
expected levels. The TFF concept is currently under development at LBI with a 

proof-of-principle experiment expected later this ye^r. Since FPD is more 
2 near term t tan a NARS scale device, a more conservative; i.e., lower power, 

laser system was assumed available than for MARS, resulting in roughly the 
same 60% neutralization efficiency as for a gas neutralizer. Because of thf 
low delivered current (power) requirement, similar neutralization efficiencies, 
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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. Figure 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 current 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 t.... ;ell 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 spectra1 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 configuration is assumed, in this case 
a MARS-)ike coil, then the circulating power required to create this ilux can 
be calculated. Because the coil operates in close proximity to the shield 
surfaces, eddy currents are expected. These were calculated on the MFTF-cn+T 
project and are determined here by scaling. 

Configuration 

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 (JINU system summary description. 

o Configuration: 
One beamline*per plug; 
Three sources per beamline (2 operating/1 redundant). 

7 u 2.1-A LBL-type self-extraction source at -475 kV, 2 x 50 cm ribbon beam: 
RF plasma generator in magnetic raultipole bucket containment; 
Forced cesium diffusion through converter plate; 
Smal'l transverse magnetic fields to divert electrons; 

*j' ^Standard 80-kV single-slot preaccelerator; 
. 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 

2 differential pumping + 7.5 m cryopumps; 
Four stage TFF high voltage accelerator (-305 kV, -220 kV, -135 kV, 
-50 keV) ; h 

High energy beam transport section • AEBT'/; 
TFF focusing voltages range from +25 kV to +50 kV ; 
Divergence: 0.45° x 1°; 
Tressure 1 x 10 Torr. 

o Gas neutralizer: 
15 -2 Optimum gas thickness: 6.5 x 10 cm ; 

Average gas pressure <p> = 7.5 x 10 Torr; 
Approximate dimensions: H x W x L = 15 cm x 55 cm st 130 cm; 
Gas load: 5.72 T 5,/s. 

o Ion magnet/dump region: 
-5 

Pressure 1 x 1 0 Torr; 
•j < 2 
3.6 m cryopumps. 

4-35 



INSULATOR 

I 

<b> PERMANENT 
MAGNETS 

/ 

EXIT APERTURE 

BEAM 

SOURCE 
CHAMBER WALL 

PRE-ACCELERATOR 

FILAMENT 

Figure 4-18. Negative ion source: 
(b) LBL Monte Carlo simulation ~>f 

(a) Self-extraction source with an rf plasma generator; 
•sent filament driven source. 

* 



PRE-ACCELERATOR 

Figure 4-19. The TFF accelerator and transport system: (a) L6L Monte Carlo simulation of soures and 
transport system; (b) section of TFF system. 



170 hW 

TOTAL INPUT POWERw l.gaMW PEP BEAMLINE 

ELECTRICAL EFFICIENCY - *y % 

Figure 4-20. Beam]ine current and power flow. 

t» 



Table 4-6. Drift pumping requirements. 

Transition Parameter Plug 

64 Frequency (kHz) 1100 
40 Af/f bandwidth (%) 66 
25.6 Af bandwidth (kHz) 726 

12 Number of f r equenc ies 110 

0.072 Pe r t i ifltion f lux fW) 0.0065 

Assumptions: 
o MARS-like coil 

- Hairpin shape 
Scaled in size 

o MFTF-fj+T eddy current (scaled). 

of each channel is matched to the coil pair through a narrow-band resonating 
circuit, which includes the drift pump coil. This configuration was first 
developed on the MFTF-a+T study. Figures 4-21 and 4-22 portray this 
configuration. For the transition, there are only 12 channels required; each 
carrying £ single tone. The plug cell is satisfied by a similar 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-aed in the following section. The power of each 
channel is the LoLol potfer multiplied by the ratio of tones per channel to 
total number of tones. 

Performance 

This performance analysis follows the one developed for the MFTF-q+T. 
The total coil current 1 is given by solving 

R - * - Ik 
A NA * 
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where the parameters have their usual meanings. Hence 

T = *H 
L 

= 18 kA transition 
= 1.625 kA plug. 

Table 4-7 summarizes scaled down MARS drift-pump coil parameters at the FPD-I 
frequencies. From 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 

P = I 2R L = I 2(R E C
 + " c) = 2-53 MW , 

where R . and ft are the equivalent resistances for the eddy current loss 
and the coil. The power and current supplied by each channel are 

P = 211 kW, 
and 

I - 5.2 kA. 

Figure 4-23 shows a sKetch of these channels. Following the analysis from 
MFTF-a+T, the component values are as iollows: 

CI - 5.98 x 10 _ 1, 
LI = 2.77, 
C2 * 3.05 x 10" 4, 
1.2 = 21,100, 
C3 ' 2.07 x ]0~ 2, 
L3 * 362.6, 
C4 = 5.2 x i(f3, 
U = 12M.2, *-

where capacitance is in n.icrofarad and inductance is in microhenries. One 
tube capable of 1X3,75 HW is the E1MA" 2170. 
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Table 4-7. Performance. 

Transition Parameter Plug 

Coil: 

4 Inductance (uH) 4 

6.4 Hesistance (mfi) 26.5 

246 Q 981 

1.4 Load (nfi) 5.9 

202 Q loaded 801 

45^ Eddy loss (kW) 15.6 

2073 Coil loss (kW) 70.0 

18 Current (kA) 1.625 

Transmitter: 

714 Power/chan-iel (kW) 2.6 

377 Af/channel (Hz) 2989 

i2 #/drift 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 coil, results in a Q of 
..out 800. In actuality, this Q is somewhat smaller because of connection 

resistance and plasma loading. If the required bandwidth of 66% is divided 
into 110 channels, each channel would have 0.6% bandwidth resulting in a Q r,f 
about 160. With these 110 channels, there would be continuous coverage across 
the 726 kHz band. Any modulation technique (noise, cw sweep, or discrete 
tones) could be used. However, the power dissipated rises by 800/160 jr a 
factor of 5. The extra power dissipatecf would be 340" fcW. 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 limited by the plasma loading 
and circuit connections. Table 4-7 summarizes a design of this type in whith 
the Q is about 370. Referring to Fig. 4-22, the values for these channels sre 
as follows: CI = 1.97 x 10~ 3, tl = 4, C2 = $.'• x 10~ 6, L2 = 2820, 
C3 = 2.15 x 10~ 3, L3 = 16.3, C4 = 1.83 x IO"4 and L4 = 129.4 (C in 
microfarads, L in microhenries). A tube in the 4CX3000A class w^uld suffice. 

Future Work 

In FPD-I1, the plug-cell drift-pump spectrum is defined in more detail. 
There are two distinct bands: îne for the cold ions and another for the 
sloshing ions. This relieved the design complexity somewhat, but 45 channels 
are still required to interface with each drift-pump coil pair. A similar 
investigation of FPD-I should be carrind out. The eddy current loading mod^l 
requires more work as does the technique for flux routing around the 
drift-pump coil. Finally, some kind of recovery system in the matching 
network needs to be developed, which will allow wideband (low >) operation 
with good efficiency (see MFTF-aH report ). 

Since the FFD-I effort was completed, new Fokker-Planck calculations for 
r'PD-II have shown a decrease in the electron energy coupling from the plugs to 
the central cell. In retrospect, for FPD-I to remain ignited, 35 MW of power 
would have ;o be absorbed by the plasma; in this case, ICRH was chosen. The 
partitioning of absorbed power among the ions, electrons, and alphas does not 
matter, hence the trapping fraction is assumed to he quite high *V85 to 90%. 
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The central cell 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 9D%. To simplify the ICRH design anc! 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 surface 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 centra] 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 

2 density limitation of 1 kW/cm defines an antenna width of ̂ 20 cm. The 
antenna, feedthrough, and Faraday shield are assumed to consume ^8% of the 
power; the transmission system is similar to that described for the anchor 
ICRH system and is approximately &5% 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 transmitter efficiency is ̂ 59%. Two converter/ 
transformers supply the dc power; each is rated at 45 MW at 25 kV. The line 
requirement for the system is 8? MW, and the ICRH system efficiency is 45.4%. 

HALO SCRAPER/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 direct converter design and remote maintenance considerations 
for FPD-I is the A-18 magnet set. We assume that the distribution of power in 

2 the direct converter is 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 cell. 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 cross 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 ca\i be contained in 
a 7.0-m diameter vacuum vessel. 

• Use 53.5 HW of charged particular energy ,er end distributed in the 
same proportion as with MARS (see Table 4-8). 

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

MARS FPD-I 

Outer halo 
Inner halo 
Outer end 
Thermal 
Electrical 

Inner end 
Thermal 
Electrical 

Total 

10.0 2.0 

30.0 9.0 

] ] . 0 2 .0 
12.5 2.5 

69 .5 13.0 
133.5 25.0 

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 technology fabrication 
techniques for refactory metal (TZM) 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, 

o Use low temperature collection of the thermal energy with a high 
temperature module f demonstrate feasibility, 

o Discard electrical energy. 
o Use electrical energy at collector potential, 
o Invert collected electrical energy and feed grid. 

Design description 

We considered designs for both the high-temperature 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 bf:ing the collector and halo materials. 
A preliminary assessment oi the vacuum pumping requireme-.ts was made. This 
assessment resulted in an estimated open duct pumping speed of 4.0 x li) 
liter/s that could be achieved by using 80 TMPs ai 500D liter/s capacity or 

2 5.6 m or cryo panels backed Dy a roots blower. 

Costs 

Table 4-9 summarizes the costs of the two options considered for FPD-7 
with a comparison to HARP. 
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HALO PUMP DUCT-
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•INNER COLLECTOR 
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TPACE USED FOft SHIELD *AT ER L... ^ . ^ 

Figure 4-24. The FPD-1 direct converter. 
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Table 4-9. Costs in 1964 dollars including materials, 
fabrication, and installation. 

MARS FPD-I FPD-I 
TZM " TZM Copper 
(TO) (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 0.77 

FUELING INJECTION SYSTEMS 

The FPD machine has two independent gas-puffing injection systems for 
initial loading and startup. Either gas-injection system can perform these 
operations with one system maintained while the other is in operation. The 
gas-injection systems can supply either hydrogen or deuterium gas, hut 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 gas injection rate is 300 g/h. Both pulsed and analog modes of 
operating are .mailable. 

Two independent fuel pellet injectors are provided, with one at each end 
of FPD. Either injeccor can provide all the deep-fueling needs of the 
machine. The pellet injectors ran inject 2.75 tr.m pellets with velocities up 
to 12,000 m/s, corresponding to a pellet penetration of about 50% of the 
radius near the throat of the choke coil. Table 4-]0 contains the 
characteristic Design data for two-stage pellet injectors consisting of ,i 
pneumatic-gun first-stage preinjector and an electromagnetic-rail-gun second-
stage accelerator. ^ 

The fuel pellet can be contiolled within a range from 0 to 10 per second 
to cover the large uncertainty in the plasma confinement time and 
effective' s of the pellet fueling. The fuel pellet formers can make DT 
pellets ./ith atomic mix ratios between 0.5 and 1.5. The pellets can 
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Table 4-10. Fuel pellet injector data-

No. of pellet injectors 2 
Pneumatic gun data: 

Pellet diameter and length (mm) 2,75 
Pellet rate (s~l) 0.10 
Pellet velocity (m/s) 500 
Pellet competition: 

Deuterium >95% 
Tritium >tJ5% 
Atomic mix r^rio 0.5 to 1.5 

Propellent gas D2 
Supply pressure (PS1A) 150 
Barrel length (m) 0.8 

Electromagnetic rail-gun accelerator data: 
Pellet ^ntry velocity (m/s) 500 
Maximum pellet exit velocity (m/s) 12,000 
Maximum theoretical 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 injection rate (g/h) 32 
Tritium fueling supply Tate (g/h) 39 
Deuterium dueling supply rate (g/h) 26 

Other fuel system operating data: 
Vacuum pumping requirement (LPM) 2000 
Liquid T.i tir©&ei\ supply rate (g/vO i2.5 
Liquid helium supply rate (g/h) 125 
Electric power consumption (kW) 100 
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bt injected in the reduced section of the central cell plasma near the inboard 
side of the water-cooled choke coils. Isolation valves will be provided at 
the rail gun exit to permit operation with one injector out of service. 
Replacement of the pellet launcher and rail gun accelerator will be possible 
without entering the vault. 

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 velocity fuel pellets. 

HND CELL 

SHIELDING AND VACUL'.V CONTAINMENT 

Shielding analyses for FPD-I have identified a need for two types of 
shield for the end cell. These two, shown in Fig. 4-5, are (1) magnet and 
(2) biological shields. The magnet shield is located between the pla?rr.a and 
the coils in the end cell. The 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 
recireularizing coil. All of the C co*ls have 35-cm-thick shields. This 
shield consists of 30-cm steel shielding and 5 cm of boron shielding, 'ihe 
steel shield composition is 80% steel and 202 11,0; the boron shielding 
composition is 40% steel and 60% B^C, (B^C has a C.r>«ity factor of 0.7.) 

Vacuum Vessel/Biological Shield ^ 

The function of the biological shield is integrated with the function of 
vacuum containment in a double-walled vessel. Thg wall spacing of 2,4 m is 
set by the biological shutdown dose rite. In addition, a 5-cm-thick boron 
shield and a 5-cm-thick lead shield are attached to the outside of the 
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integral vessel. These three shield layers limit the shutdown dose rate to 
0.5 mrein/bour, 2k hours after shutdown. 

The end cell has the following physical dimensions; 

• Length = approximately 33 m. 
• Inside diameter = 7.0 in. 
• Outside diameter = 11.8 m. 

The end cell vacuum vessel consists of an inner and vutei shell separated 
by six bulkheads, as shown in Fig- 4-25. Figure 4-26 sho. rhe magnet cold 
structure integrated into the cylindrical vacuum vessel. h« 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 ate sealed with a 
single-convolution welded bellows. 

SUPPORT STRUCTURE 

The end cell is supported by three sets of legs, as shown i Fig. 4-25. 
These are situated on top of reinforced concrete piers. The sup, rt legs sit 
on a roller tyre support, which allows axial Triovement (z-directi ) for 
thermal expansion. A H lateral or vertical movement is constrained. Each set 
o£ legs is in line witi a vaciium-vessal bulkhead. 

NEUTRONICS ANALYSIS 

Neutronics analyses for the FPD-T design were performed for i < central 
cell, choke area, and the end cell. The central cell analysis : iries i 
blan'tet optimization to reduce the capital cost, a shield design ' the 
protection of the central cell coils, and a biological shield de igr* for the 
leactor room access one day aiter shutdown. The choke area ana!" c w a s 

carried out to define nuclear responses n̂ the copper insert coil and the 
superconductor portion of the coil. Rigorous analysis was performe . for the 
end cell because the capital cost of the end Cell amounts to 1^0% of the 
total capital cost. An elaborate three-dimensional (~D) radiation transport 
analysis for the complete reactor system, including the eding blanket, the 
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VACUUM VESSEL/BIOLOGICAL SHIELD 

DIRECT CONVERTER/HALO SCRAPER HATCH 

BULKHEAD 

MAGNET ACCESS HATCH 

VACUUM BOUNDARY 
-CENTER CELL MODULE B" 

CENTER CELL MODULE "A" 

Z=±70 
END CELL SUPPORT 

MAGNET RESTRAINT STRUCTURE 

Z=i20 

Figure 4-25. The FPD-1 end-cell plan vî -tt. 
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VACUUM SEAL 

11.8m 

LONGITUDINAL STIFFENERS 

SUPPOM TOP, 
MAGNET COLD STRUCTURE 

Figure 4 - 2 6 . Sec t ion through the FPD-I end-ce l l vacuum v e s s e l . 
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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 computer 
code, KCKP, 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 neutron source 
from the DT plasma in the central cell and the end cell were modeled 
explicitly i n the calculations. The geometry of the C coils w.i=, m^^"led 
explicitly without approximation in the calculation model. Results from th° 
3D analysis include the net tritium breeding ratio, energy deposition in each 
-omponenc of the reactor, radiation damage parameters in each .-oil, neutron 
leakage from the cer^rsl ccill Co Che end cell, and Che deCailnd shield design 
for the end cell. 

RADIATION PROTECTION CRITERIA FOR THE COILS 

In general, he effect of radiation on coil components tends ;o lower 
their performances. For superconductor materials, neutron irradiation reduces 
the critical density (J ) and the critical temperature (T ) . For NbTi 

c 18 5 
superconductors, J is decreased by -v.10? at A x 10 n/cm (E > 0.1 MeV) fluency 
whereas T i s unchanged. ' Irradiation experiments at RTNS'-II on NbTi super­
conductors show consistent results with previous work. On the other hand, J 
of Nb-jSn generally increases, reaching T maximum and then decreases as the 
neutror. flu^nce increases. Irradiation experiments at 61 K (Kefs. 4, J) 

IK "Z with a maximum neutron fluence of 4 x 10 n/cm show that the maximum 
value and iriP increased rate of J increases with the magnetic field. At a 

c 
Magnetic f i e» 1 d of 5 T, the 61 K irradiation resulted in a 16X inc-ease in J 
after 2 n '(] n/cm without reaching a peak. Irradiation experiments at 
higher temperatures (V350 K) show the same behavior lor J . however, the 

c 
.lc peak was lower than the corresponding value at lower temperature for Lhe 
same magnetic field. For example, the 350 K irradiation gave an 821 increase 
corresponding to the 16% mentioned before at 6 5. Other irradiation 

8 experiments at 400 K and a 10 T field resulted in a 'JOZ increase for J at 
18 0 l Q 2 

*> 4 x 10 n/cm and dropped to the original value of J at 10 n/cm . 
B.-ised on thesn experimental results, ' ' the comparison between the room 
temperature and the 6 K irradiation results, and the maximum field of 11 T, a 

1 "> 2 neutron fluenre above 10 n/cm can be achieved in Nb,Sn wit. ̂ ut a 
derrea r .• in the criti?al current density. 
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The stabilizer material carries the current in the event that the 
superconductor temporarily becomes resistive. The coil i.' designed to remove 
the generated heat (I R) so that the normal region 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 

9 10 • . 
resistivity in the fusion environment. ' 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 p- . . Magneto-resi.'tance is a function of 
p , P;rri a"d the magnetic field which complicates the evaluation of 
p. Feu experimental studies * have been done on the change of copper 
resistivity as a function of field, neutron fluence, and number of cycles of 
alternate neutron irradiation (4 K) and annealing (300 K). The change in the 
copper resistivity can be accommodated by using more copper stabilizers, which 
increase the thickness of the coils, can be partially annealed out by warming 
the coils, or can be avoided by improving the shielding performance (Increase 
shielding thickness or use better materials). The FPD design limits the 
irradiation-inducod resistivity to *̂ 5 x 10 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 7imits 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 10 that polyimides can withstand a radiation of 10 rads and retain high 
resistivity and mechnical strength. Glass-cloth reinforced epoxy type G10-CR 

Q 
or Gll-CR shows a serious degradation at 2 x 10 rads. The FPD design 
assumes a 10 rads maximum tolerable dose in the insulator material at the 
end o r life. 
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The nuclear energy deposited in the coils impacts the refrigeration power 
required since ai'Out 500 W of electrical 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 the maximum nuclear 
heating to a few mW/cm is required to avoid a large cryogenic system. 

CENTRAL CELL ANALVS1S 

The central cell analysis covvs the following three sections: (1) the 
tritium breeding blanket, (2) the shielding design to protect the central cell 
coils, and (3) the biological shields. In the design process for these three 
sections, the emphasis was on reducing the capital cost and the total weight 
of the central c .11. The blanket is designed to convert the kinetic energy of 
the DT neutrons to recoveraole heat and produce adequate tritium breeding to 
supply tha 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 maximia? the recoverable 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-tooled natural Urhium-lead [Li,^Pb„_ (LiPb)] blanket concept. 
The impact of the breeding zone thickness, reflector material selection, 
reflector cotnposition, 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 concept, the tritium inventory is less ths1- 1 -0 kg, which 
requires 1.0J net tritium breeding ratio to achieve about one year doubling 
time. However, the neutronics analysis was performed with a wide range for 
each key parameter. As an example of the results. Fig. 4-27 shows 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 FFD design. 

4-58 



1.2 

1.1 

1.0 

0.9 

a. 
0.8 

0.7 

0.6 

0.5 

Carbon Reflector Thickness 

20 cm 
30 cm 
40 cm 

10 20 30 40 50 

Breeding zone thickness (cm) 

60 

Figure 4 -27 . T r i t i um breeding as a funct ion of Che .iatucal LiPb breeding zone 

t . i i ekness for d i f f i d e n t carbon r e f l e c t o r zone t h i c k n e s s e s . 
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Table 4-11. The FPD-I central cell and choke coil parameters. 

Central Cell Blanket Parameters 

Materials: 
Natural LiPb breeder 
Carbon reflector 
Kerritic steel structural 

Dimensions anJ composition in the neutronics model: 
rirst wall thickness (50% ferritic, 50% LiPb) (cm) 
Breeder zone Lhickness (7.52 ferritic, 92.5% LiPb) (cm) 
Reflector zone thickness (10% ferritic, 10% LiPb, 

80% C) (cm) 
Breeding blanket length (m') 
Neutron wall loading (MS/m ) 

1 
29 

49 
70 
1.95 

Performance parameters: 
Tritium breeding ratio 
Lithium-6 enrichment 
Blanket energy multiplication factor 
Total energy multiplication factor 
Energy fraction deposited in the shield 

1.11 
Natura1 
1.30 
1.37 
4 .83 x 10 - 2 

Cent ra l Cel l Shield 

Mate r ia l s: 

Steel balls, water, B C (powder), lead 

Dimension and composition under the coils: 
Steel shield (60% Fel422 steel alloy, 40% H O ) 
Boron shield (422 B/fC, 20% Fel422 steel alloy, 20% HjO) 

45 cm 
vj cvx 
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Table 4 - 1 1 . (Con t inued . ) 

0. .iu 
0. .03 

7, .79 X I 0 7 

2. ,70 X 1 0 7 

2. ,11 X 10~ 6 

Ni.clear i^sponses in the c e n t r a l c e l l c o i l s : 
Maximum nuclear heating in the coil case (mW/cm ) 

3 Maximum n u c l e a r h e a t i n g in the winding ina te r ia l (mW/cm ) 2 Maximum dose in the thermal insulator (rads/MW*y/m ) 
2 Maximum do^e in thp electrical insulator (rads, MU'y/m ) 

Maximum dpa in the copper stabilizer (dpa/MW*y/n> ) 
Fast neutron fiuence in the winding material 
(neutrons cm 2/MW'y/ m

2) 8.85 x 10 1 0 

FPD-1 Choke Coil 

Copper insert: 
2 Neutron wall loading (MW/m ) 0.6 

Maximum nuclear heating in the coil case (W/cm ) 7.0 
Maxiw.m nuclear heating in the copper coil (W/cm ) 5.3 

(rads/MW«y/m2) 6.i x 10 1 3 

2, 

Maximum nuclear heating in the ceramic insulator 
(rads/MW«y/m2) 

Maximum atomic displacement in the copper (dpa/MW-y/m ) 6.S 

Superconductor: 
2 Neutron wail loading (MW/m ) 0.80 

'"•'Kimum shielding thickness (cm) 70.0 
Maximum nuclear heating in the coil case (mW/cm ) 0.32 
Maximum nuclear heating in the winding materials (mW/cm ) 0.22 

2 R 
Maximum dose in the insulator (rads/MW'y/m ) 7.00 x 10 
Maximum dose in the electrical insulator (rads, MW'y/rci ) 2.92 x 10 
Fast neutron fluence in the winding material 
(E > 0.1 MeV), (n/cm2/MWy/m2) 1.81 x 10 1 7 

Maximum atomic displacement in the coppur stabiHaer 
(dpa/MW-y/m2) 1.23 x 10"4 
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The shielding thickness for the central cell is defined Co achiev • 
3 0.1 mW/cm maximum nuclear heating in the coil case. At th\s nuclear 

heating rate, th. capital cost for the central cell if =it minimum baoed on the 
MFTF-tt+T design analysis. The design criterion based on the nuclear 
heating and the tive years operating time (100% availability) produce low 
nurlear response in the superconductor coils as shown in Table 4-11. The 
derign criteria for superconductor coil protection against radiation is about 
two orders of magnitude higher than the values in Table 4-11. 

CHOKE COIL ANALYSIS 

The choke coil analysis was performed to define the nuclear responses in 
both sections of :he choke coil: the normal copper insert and the 
superconductor section. The maximum neutron wall loading for each section is 
shown in Table 4-12. Based on the nuclear responses given in Table 4-11, the 

1 3 copper insert can operate for 1.7 years (1C0Z availability) to reach 10 rsds 
in the cerar-:ic insulator which corresponds to 3 volX swelling in the MgA] 0, . 
The superconductor section has an adequate margin to operate for five years 

(100% availability) lithout leaching any radiation design limit. 

END CELL 

An accurate 30 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) Che net tritium breeding 
ratio, (4) the neutron leakage from the central cell to the end cell, and 
(">) the hot spot points in the C coils. The 3D geometrical model tor trip 
calculations is shown in Fig. 4-28. The key results from this analysis ire 
summarized in this section. The neutron wall loading in the end cell has a 

2 0.15 mW/m peak value 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 energy deposition in each 
component per fusion neutron and the statistical error within one standard 
deviation. The energy deposition in the C coils and the end cell bioloRical 
shield is 90.4 and 35.6 kW, respectively. The shield thickness for the C coil? 
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Table 4-12. Nuclear heating and power distribution. 

(MeV/DTn) 

Neutron Gamma Total 

Blanket 
First wall 
Breeding zone 
Reflector 

Total 

0.3288 +_ 0.51% 
4.8433 + 0.63% 
2.9348 _+ 0.69% 
8.1069 

0.5991 ± 1.09% 
5.8394 + 0.60% 
2.4177 *_ 0.94 
8.8562 

0.9279 
10.6827 
5.3525 
16.9631 

Central cell coil shield 
Steel shield 
B^C shield 

Total 

1.4112-2 + 3.86% 
6.2042-6 *_ 10.58% 
1.4118-2 

1.0859 + 11.52% 
8.6578-6 +_ 11.52% 
1.C859 

1.1000 
1.4862-5 
1.1000 

Central cell coil 
Coil case 
Coil winding 

Total 

2.2878-7 +_ 17.12% 
7.1454-> +. 14.67% 
9.4332-7 

7.0058-6 + 14.94% 
1.0479-5 i 23.06% 
1.7485-5 

7.2346-6 
1.1194-5 
1.8428-5 

Central cell biological shields 
8.6626-S + 13.7% 
62.417-9 *_ 23.9% 

Total 8.7250-8 

B,C shield 4 
Pb shield 

5.4116-8 _+ 15.0% 
4.5354-8 _+ 18.1% 
9.9'V70-8 

1.4074-7 
4.5978-8 
1.8672-7 

Choke coil shield 
Steel shield 
B.C shield 
Pb shield 

Total 

7.3229-2 + 2.26% 
1.2498-7 + 29.3% 
2.4027-9 + 80.1% 
7.3229-2 

4.5173-1 *_ 2.29% 
1.3163-7 i 34.6% 
6.3297-8 _+ 29.6% 
4.5173-8 

5.2496-1 
2.5661-7 
6.5700-8 
5.2496-1 

Copper choke coil 
Coil case 
Coil winding 

Total 

1,1434-3 ;+ 6.28% 
2.0223-3 +_ 5.05% 
3.1657-3 

4.5239-3 + 6.13% 
2.0665-3 ^ 9.06% 
6.5904 

5.6673-3 
4.0888-3 
9.7561-3 
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Table 4-12. (Continued.) 

(MeV/DTn) 

Neutron Camraa Total 

Superconductor choke coil 
Coil case 
Coil winding 

Total 

2.2060-6 + 30.1% 
1.5796-6 +_ 26.1% 
3.7856-6 

8.7658-5+27.8% 8.9864-5 
2.7122-5 +_ 20.0% 2.8702-5 
1.1478-4 1.1857-4 

C coils shield 
Steel shield 
B,C shield 4 

Total 

3.9440-2 +_ 2.26% 
1.7490-3 +_4.36% 
4.1189-2 

1.6293-1 +_ 2.58% 2.0237-1 
1.6874-3 + 11.2% 3.436-3 
1.6462-1 2.0580-1 

C coils 
Coil cases 
Coil winding 

Total 

2.3006-5 +_ 7.87% 
1.7444-4 _+ 5.78% 
1.9745-4 

4.9066-4 +_ 3.92% 5.1366-4 
1.6501-3 + 4.91% 1.8245-3 
2.1408-3 2.3382-3 

End cell biological shield 
Water shield 
B.C shield 
4 Pb shield 

Total 

9.1126-4 +_ 7.33% 
2.4537-10 +_ 38.6% 
3.1575-12 _+ 58.5% 
9.1126-4 

1.1430-5 +_ 33.5% 9.2269-' 
1.1064-6 + 78.4% 1.0166-6 
4.0372^7 + 55.6% 4.0372-7 
1.2850-5 9.2411-4 

Power Parameters 

Total 0T neutron power (MW) 
Of neutron power in the end cell (HW) 
Neutron wall loading at first wall (MW/m ) 
Neutron leakage from central cell (n/DTn) 

542. 55 
5. .54 
1. 95 

6.5C 1 X 10 -4 
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Table 4-12. (Continued.) 

Powqr Distribution 

MeV/DTn MW 

Blanket 
Central cell coil shield 
Central cell coil 
Central cell biological shield 

16.96 
1.10 
1.84-5 
1.87-7 

654.86 
42.47 
7.10-4 
7.22-6 

Choke coil shield 
Copper choke coil 
Superconductor choke coil 

5-25-1 
9.76-3 
1.18-4 

20.27 
3.76-1 
4.56-3 

C coils shield 
C coils 
End cell biological shield 

2.06-1 
2.34-3 
9.24-4 

7.95 
9.04-2 
3.56-r.' 
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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 ratio, 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 cm of shield 
instead of 35 cm except where a feu spots reduce the energy deposition £n the 
C coils to about 26.4 kW. The point with minimum space for shielding has a 
7-7 mW/cm maximum nucle.ir heating rate in the coil case (a 2-cm coil case 
thickness was used in the 3D analysis), which is an allowable l»»vel for the C 
coil design. 

MATERIALS 

The projected operating .lifetime of FPD is 2.5 effective full power years, 
1 _ 2 

with a first wall neutron loading near 1 MU/m", This exposure of 2.5 tow/y/m 
or less raises questions about the potential life-limiting effects of 
radiation on component material. Although no complete analysis of component 
lifetime has been conducted, a few of the issues of potential concern are 
outlined here. 

i Because FPD must breed tritium, and a MARS-like blanket" has been 
assumed, the operating conditions for the first wall and blanket structural 
material are reactor relevant. The use of the Ci'Po Dreecfing 6fanfcet will 
require temperatures in the range of 300 to 400 C, 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 He in steels. 
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Table 4-13, Energy deposited in the C coils as a 
function of shield thickness for steel and tungsten 
type shields. 

Shield thickness Power deposited in tha C coils (kW) 
(cm) Steel shield Tungsten shield 

35 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 corapatibiiity, strength, ductility and 
fabricability of this alloy should be adequate for the FPD application. For 

2 th^ lifetime of 2.5 MW-y/m , the alloy is not expected to swell3 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 
th*s DBTT could be shifted above 100°C by FPD conditions. The available 
experimental results suggest that the 9 Cr-1 Mo steel under study for fusion 
reactor application would be a better choice than HT-9 due to the lower 
post-irradiation DBTT. Continuing efforts of the materials program can be 
expected to qualify one of the steels, or a modified steel in the-Cr-Mo 
family, for service at FPD conditions. Progress of these efforts should be 
monitored, 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-like first wall and blanket of FPD. 
The data base for irradiation effects on austenitic steel is much larger than 
on ferritic/raartensitic steels, and the DBTT enbrittlement does not occur in 
these steels. The austenitic steels would also offer some simplification in 
fabrication, but somewhat poorer thermal properties, relative to KT-9. The 
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compatibility limits of the austenitic stainless steels with liquid LiPb are 
inferior to the ferritic/roartensitic steels, but would be adequate for a 
reduced temperature, MAKS-like blanket. 

The U.S. Fusion Reactor Materials Program has work in progress Co develop 
low activation steels. The goal is to produce both austenitic and ferritin/ 
martensitic grades with new compositions that w; 1 allow simplified disposal 
of spent reactor components under the Class C category of 10CFR61. There are 
two families of steels under study: austenitic steels with Mn replacing Ki 
and with low levels of Mo, N, Mb and Cu, and ferritic/martensitic steels with 
W and/or V replacing Mo and with low levels of Ni, N, Nb, 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. 

Another class of critical components in FPD is the magnet materials. 
For the central cell superconducting magnets, the organic insulation is the 
critical component, and the shield must he designed to provide adequate 
protection of this insulation. The radiation limits on the insulation is 

9 poorly established, and is probably belon 10 rar' for epoxy-glass insulation 
and below 10 rad for polyimide-glass insulation. Ongoing research will 
refine thuse 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 
7ife-1 uniting reactor component that must be designed for simple replacement. 

2 Analysis of the lifetime of this magnet is provided in the 'HARS study. 
Areas of uncertainty in these estimates lie in the effects of radiation on the 
ctTamic Vfnva\attfT anfi on tne copper alloy conductor. Active research on "DtJtVi 
materials will allow refined lifetime fluence estimates and may provide 
superior candidate materials in time for the FPD project. 

Ceramic reactor components in addition to the 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 combinations), 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 MBT systems. These electric systems also 
include the instrumentation and control systems. 

AC POWER SYSTEM 

The ac power system includes all the switch gear, transformers, and 
distribution feedars of FPD. In 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 inverters for the direct conversion system. Referring to Table 4-14, 
the total recycle power needed by FPD-I is 280 .IW, The total electrical power 
output is 40 MW from direct converters and 135 MW from the turbine generator. 
Engineering Q , 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-I power distribution system. 
Mnemonics used in the diagram are identified in Table 4-15. Medium voltage 
power is provided at 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-I electrical power generation and loads. 

Electrical power (MW) 

Power generation or load description Input Output 

Central cell neutral beam injectors 

Central cell ICRH power 

Plug cell neutral beam injectors 

Anchor cell ICRH 

Anchor and plug cell drift pumps 

Plug cell ECKH 

Resistive coil power 

Cryogenic system power 

Cooling system and vacuum system power 

Superconducting coil power systems 

Fuel processing and tritium cleanup 

Direct converters 

'turbine-generator 

Total swith axicell) 

0 

95 

5 

7 

28 

60 

40 

25 

12 

1 

7 

280 

40 

135 

175 
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1 ble 4-15. Mnemonic definitions. 

Mnemonic Description 

DPRF Drift pump rf F°we^ 

ADU Atmospheric detritiation unit power 

WCP Water cooling pump power 

LMP Liquid mecal pump power 

UPS Unintprruptible power supply 

CFP Condensate feed pump power 

CCt Condenser cooling pump power 

SCC Suvarconducting coil power 

NPS Number of power supplies 

PBVOLT Power supply voltage 

PSKA Power supply current ikA) 

BUSLM Bus length Cm) 

NBKRS Number of dc circuit breakers 

SDR Number cf dump resistors 

EDRMJ Maximum energy dissipated in a dump resistor (MJ) 

PDRMW Maximum power to a 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 kV 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 
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. Ceil 

1 currents were based on typical currents used in the MARS magnets. 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 
substantially less than for FPD-II. Energy requirements were calculated for 
the central cell and axicell coils. For end cell magnets, the energy 
requirements were extrapolated from similar data for MARS. / 

TRITIUM SYSTEMS 

The features of a fusion reactor like FPD-I that are important for the 
design of the tritium systems are: (l) 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 fueling options—positive neutral beams and i. 

pellets. The overall efficiency of positive neutral beams ranges from 0.2 to j 
0.3; therefore, the total tritium input ranges from 22 to 33 g/hour or 7 to I 
10 kg during a burn cycle of 300 hours. The fueling rate for pellet fuelers j 
may range from 3 to 10 pellets/s with ̂ 100% waste at each of these rates. I 
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Table 4-16. The FPD-I1 magnet power conversion data-

Magnet group NPS a PSVOLT PSKA BUSLM NEKRS NDR EDRMJ PDRMW 

Central cell-7 1 30 6 150 5 16 175 2.2 

Choke insert-2 1 1 +220 100 0 0 0 0 

Choke bkgrd-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 4 8 120 2.0 

Transition 2-2 2 12 7.0 160 4 8 75 1.8 

Recircularite-2 2 12 7.0 1B0 4 8 75 1.8 

For mnemonic definitions 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 cell 
and other processing areas are determined, These are shown in Table 4-18. A 
system with an inventory of 200 g could be used to handle both options. 

The units supplied in the processing area include uranium storage beds, a 
fuel cleanup unit, a cryogenic distillation unit, a waste gas recovery system, 
a solid waste disposal system plus all controls, monitors, analytical 
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. 
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Table 4-17. Tritium and deuterium mass flow rates for FPD-I, 

Input parameters Value 

Burn time (h) 300 (12.5 d) 
Plant availability 0.25 
Power (MW) 360 
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 burn 0.17 

Processing variables Value 

Tritium burnup (g/h) 
Deuterium burnup (g/h) 

Tritium to plasma (g/h) 
Deuterium to plasma (g/h) 

2.3 
1.5 

6.0 
4.A 

Fueling options Beams3 ?elletsb 

Tritium waste (g/h) 
Total tritium input (g/h) 

(kg/d) 
(kg/cycle) 
(kg/y) 

Deuterium waste (g/h) 
Deuterium end cell (g/h) 
Total deuterium input (g/h) 

(kg/d) 
(kg/cycle) 
(kg/y) 

1 5 . 4 + 2 6 . 5 6 . 6 •* 3 1 . 5 
22 + 33 1 3 . 2 •* 3 8 . 1 
0 . 5 + 0 . 8 0 . 3 + 0 . 9 
6 . 6 + 9 , 9 4 . 0 •+ 1 1 . 4 
48 + 72 2 9 . 2 + 8 3 . 2 
1 0 . 3 + 1 7 . 8 4 . 4 ->- 21 
2 . 6 + 3 . 8 2 . 6 ->• 3 . 8 
1 7 . 4 + 2 5 . 9 1 1 . 4 + 2 9 . 2 
0 . 4 + 0 . 6 0 . 3 -*• 0 . 7 
5 . 2 + 7 . 8 3 . 4 * 8 . 8 
38 + 57 25 + 64 

a Beam efficiencies (+) 20-30%, (-) 7-10%. 
Waste will range from 1002 to 3002. The maximum assumes a rate oi 
10 pellets/s rather than 3 pellets/s (base case). 
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Table 4-18. Tritium inventories (g) in FPD-I. 

Option Beams Pellet 

Location 
Structure8 <30 <30 
Beam pump 2.5 + 4.2 — 
Surge tank 2.5 + 4.2 — 
Pellet fueler ~ 10 
Blanket 1 3 
Blanket recovery 3 1 
Total test cell 39 + 42 44 
Storage 44 + 66 26 + 76 
Pellet preparation — 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 

a Dissolved tritium in all components. 
Cycled 1/6 every 10 minutes. 

c Two hours of fueling. 

The blanket system is assumed to supply all tritium burned Ĉ 5 kg/year) 
and all tritium lost to decay, released 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 cO.lZ 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 blanket includes a 
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 auxiliary equipment, 
dump tanks, etc. This equipment is located in the hot cell. 
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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 

4 3 4 "5 4 3 4 3 
"\-5 x 10 m , T-2 x 10 m , 1,1.6 x 10 m , and -v.3.2 x 10 m . A throughput 
rate of 0.5 vol%/min is needed to achieve cleanup in 5 days. This corresponds 

3 3 3 3 
to 250 m /min, 100 m /tnin, 80 m /min, and 160 m /min, respectively. 

A tritiated water recovery unit is provided. It serves to remove tritium 
from any water system that becomes contaminated, and it is also used to 
concentrate the tritiated water collected by the different ATR systems. Water 
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 10 . 

MAINTENANCE REQUIREMENTS AND OPERATING AVAILABILITY 

MAINTENANCE REQUIREMENTS 

The maintenance requirements for FPD-I are based on the earlier work done 
Tor the Technology Demonstration Facility (TDF)1 and the MFTF-n+T 
facility. These requirements were used to guide the development of the 
FPD-I configuration in the arjas of shield design, component location, and 
access. The primary thrust of these requirements is that contact operations 
are permitted on 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 activation to 0.5 mrem/hour one day after shutdown. This is 
in accordance with DOE Order 5480.1, Châ '-er XI, "Requirements for Radiation 
Protection," 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' :.nely 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 
performtd 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 
lifting- In addition, reasonable access on the device and within the reactor 
cell is provided to accommodate lifting fixtures and remote equipment. An 
example oE this access is the overhead access into tbe end cell to vertically 
remove C coils or the choke coil set as independent modules. The end cell 
access cover is estimated to weight 85 tonnes (without water) the C coils weigh 
<85 tonnes, and the choke coil set weighs 130 tonnes (without shielding). 
Each ef these components weighs less than the main crane capacity of 250 
tonnes- Table 4-19 is a listing of ma ior component weights. 

Table 4-19. Major component weights 
for FPD. 

Component Weight 
(tonnes) 

Central cell module A 155 

Central cell module J 110 

End cell access cover 235a 

Central cell solenoids 40 

Halo scraper/direct converter 10 

Transition coil (Tl) 78 

Transition coil (T2) 56 

Recircularizing coil 15 

Choke coil set (without shield) 129 

Anchor coil (Al, A2) 56 

Plug coil (P], P2) 66 

aFl»D I; the cover for FPD 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) vith air-lock interfaces will allow full viewing of the 
components internal to the plasma chamber, without the requirement of 
venting. A more detailed discission can lie found in Ref. 15. 

Several other maintenance requirements are noteworthy, even though they 
dc> not impact the configuration design: (1) personnel and maintenance 
equipment are not permitted in Che 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 maintenance operations that do not require venting 
the plasma chamber, 

OPERATING AVAILABILITY 

T!K. operating life for FPD is ten years with an availability objective of 
25%, defined as a percentage of total calendar time. If the operations plan 
used for MFTF-ct+T is assumed for FPD, the annual allocation of time i s as 
shown in Table 4-20. 

Table 4-20. Time allocation for FPD. 

Allocation % of Total Hours 

Average operating time of the device 25 2190 

Scheduled downtime; 2 weeks/month, 23 1920 
5 days/week, 2 shifts/day 

Potentially available but not operating 52 45503 

(PABNO); all remaining calendar time 

aThis time is available for device operation or maintenance. 

We assume that the operating time for the device occurs within a 5-to^6-day 
week with also two working shifts similar to that of scheduled downtime. We 
also assume that the scheduled downtime averages two weeks per month hut may 
occur at irregular intervals, depending upon the mean time between failure 
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(MTBF) and mean time to replacement (MTTR) of components. All remaining time 
(PABNO) consists of the third daily shift and weekends and is approximately 
one-half of Che calendar year. The PABNO 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. 

Component Replacements 

Several major components have been identified as requiring scheduled 
replacements. These components are listed in Table 4-21 along with estimates 

15 of their MTBF and the total number of replacements required, assuming 
2190 hours/year of device operations. All others are considered to be 
lifetime components, but with varying degrees of risk. Onlv those replacements 

Table 4-21. Replacement scheme for components. 

MTBFa No. of 
Component (hour) replacements 

Choice c o i l s 2200 8-10 

Ion sources 900 20-24 

Ion dumps 1800 10-12 

Cryopanels 4400 5 

Windows 1600 12-14 

aMean time between failures. 

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

The coils are designed to accommodate 120 uarmup/cooldown cycles over the 
ten year life of the device, and Batzer et al. estimates that each cycle 
requires six weeks of downtime. 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 be made by assuming that the scheduled downtime plus the PABNO 
Lira'' is available for cycling if some maintenance activities can be 
accomplished in parallel. In addition, we assume that plasma chamber 
detritiation and reconditioning also occur simultaneously; therefore, 6470 
hours are potentially available for an upper limit of six thermal cycles per 
year. 

PLANT FACILITIES 

The plant for FPD-I includes.features common to any experimental fusion 
facility as well as features unique to mirror fusion. The various elements of 
the plant are designed and arranged to achieve a smoothly functioning and 
economic arrangement. Much of the conceptual design effort is focused 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 within the 
Lawrence Livermore National Laboratory (LLNL) complex at LivermorOj 
California, shown in Pig. 4-31. This figure shows the relative location of 
FPD with respect to other LLNL facilities. Good access, ease of construction, 
and utilization of Hffl facilities to tfrr? (a&ximtm pcscticsl extent vete 
considered in identifying the FPD location. 

PLANT ARRANGEMENT 

The relative location of all najor buildings and facilities are shown in 
Fig. 4-32. This layout represents a compact arrangement to minimize buildings 
and systems costs, which are affected by the choice of layout. Coraraon 
building walls and floor mat, short piping and ducting, and common, vse of 
support systems are examples of cost-reducing measures used in th$ plant 
arrangement. An additional feature 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 two 
grades are 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. 

Some of the supporting structures are not shown in Figs. 4-30 and 4-31 
because corresponding existing LLNL facilities are adequate for these purposes 
(e.g., control building). 

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

Reactor Vaul_t_ 

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

A unique feature of the reactor building shown in Fig. 4-33 is the 
overhead transporter concept. In this concept, the main crane (500 tonne) is 
located in the transporter, which is external to the reactor building. The 
external transporter leaves the reactor building much shorter Chan 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 (75 tonne) inside the transporter removes the T-shapcd roof 
beams to allow the lifting of the reactor module with the help of the -irger 
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 F3ssageway) is made gas-t ight to reduce the 
leakage of tr i t ium into the environment. Moreover, a sufcatmospheric pfe sure 
will be maintained in this space. 

Other Major Buildings 

Other major buildings and structures that are provided for FPD-I plant 
include: hot cell, tritium vault, heat exchanger and radwaste vault, power 
supply and cryogenics building; fabrication, assembly ant 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-I transports heat froi.' the reactor 
(blanket, reflector, direct converter, halo scraper) to the steam generator. 
Total thermal power is 422 MW. A steam turbine power conversion systetf 
generates 164 MW gross electric power. The'heat rejection system rejects 
258 MW through a mechanical draft wet cooling tower (Fig. 4-34). An additional 
80 MW is rejected from the auxiliary cooling systems. 

In addition to the major system described s'oove, a large number of Jt ler 
mechanical systems are needed to suppprt the operation of FPD-I. Some o' 
tliê e systems are: 

• Auxiliary cooling system, 
• Emergency cooling system, 
• Radwaste handling system, 
• Liquid metal (LiPb) processing system, 
• Water supply systems, 
• Air supply systems, 
• Gas systems, 
• Heating, ventilation, and air cnditioning systems, 
» Radiation monitoring system, 
• Fire protection system, 
• Plant security system. 
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5.0 FPD-II 

TH£ FPD-II CONFIGURATION OVERVIEW 

The second option for the fusion Power Demonstration, FPD-II, has a 
central cell length of 96-m measured from the centerline of one choke coil to 
the other. This increased length together with an improved end plug design 
increases the fusion power to ABO HVI. Without a deuterium-tritium (DT) 
axicell for nuclear testing, this ignited plasma concept would be capable of 
supplying 1*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-II 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-I that use the 
semicontinuous solenoid concept, and end cells configured similar to those in 
FPD-I. 

The DT-axicell arrangement, although based on the Mirror Fusion Test 
Facility o.+T (MFTF-a+T^ configuration, was developed for the more 
demanding FPD-II goal. This goal requires more test area at significantly 
higher wall loading. The mechanical arrangement of FP^-II features a 2-m-]ong 
nuclear-test module (vs 1-tn-long for FPu-l) to which 4-5 MW/m of neutron 
power can be 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 background coils (CSl), two 
copper choke coils (CCCl), one copper field-enhancing coil CCSO), 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 be removed; then the CCCl coil and surrounding shield are 
transported in the axial direction to clear the nuclear shield in the bore of 
the CS] coils. Finally, the CSl coil is removed vertically through the magnet 
hatch. 
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The axicell vacuum vessel is a cylindrical structure with externa] 
stiffeners and two top-located access hatches (Fig, 5~h), Because the test 
module may be subject to frequent removal, it is furnished with a separate 
hatch. This large magnet hatch is also 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 

2 shutdown for a 5 MW/m wall loading. 
For the FPD-I1 design, the central cell is configured (Fig. 5-4) ufing 

eight fu'1-length modules and two half-length modules that are mated to the 
choke coils in a manner similar to tne FPD-I design. 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 be permanently axially connected to the 
DT-axicell background coils. This connection is necessary because, like the 
choke coil area, large axial forces also exist between these coils as in the 
choke coil region. This minor modification can be easily incorporated in the 
design. 

The central cell module for FPD-II 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 a wai_er shield is not employed; 
instead, a single-walled externally ring-stiffened shell is provided in a 
manner reminiscent of the Mirror Fusion Tost Facility-B (MFTF-B) (Fig. 5-5). 

The end cell configuration is also similar to that of F?D-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 tbe integration of this subsystem; therefore, it is unnecessary to 
incorporate a four-loop antenna. Third, the point 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 FPp-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 portion of the access not directly in the throat of 
the C coils. Fourth, reduced sloshing-ior-beam power requirements tcgether 
uith improved target poynt to coil geometry for PPD-11 (the angle to che z 
axis being relaxed to permit 90 injection) allowed us to design a much 
improved mechanical arrangement (Fig. 5-6), The four sources are in a fan 
arrangement, two in-Hne 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 arrayed 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 refrigeration 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 components. 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 vertical 
lifting approach through a dedicated hatch. This allows for ease of 
installation, is compatible with the overall device maintenance/installation 
philosophy, shortens the reactor building, and improves our ability to replace 
subsystems or upgrade to a new concept, if necessary or desirable. 

The FPD-II configuration is 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 ou- studies on the impact of a much 

n 
higher (4-5 vs 2 MW/m ) wall loading on the nuclear test-station concept. 
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AXICELL 

POSITIVE-ION-BASED NEUTRAL-BEAM SYSTEM 

The primary purpose 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 the orthogonal 
^lane to allow injection from both sides of the axicell with clearance from 
beam t'umps. 

The D and T beamlines differ because: (1) the neutralization efficiency 
has an inverse mas? 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. .rat ion 

2 1 
Facility (TDF) and MFTF-a+T central-cell beamline design concepts. 
The average energy for these devices can be specified in two ways; Cl) D and 
T species both having an averdge energy of 80 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 was 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 beomline 
configuration, and the key system parameters; blowups of the axicell and ths» 
beamlines are shown in Figs. 5-7 and 5-8. Individual source currenrs for the 
D and T beamlines are 71.0 A and 59.3 A, respectively. The D system 
configuration is identical to MFTF-a+T with four sources in the beamline t 
(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/1 redundant). Consequently, the T-ion bending 
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Table 5-]. Axicell beamline requirements. 

Requirements Value 

Delivered power (MW) 24.86 
Avsraged ion energy (keV) 80 
Delivered current (A) 310.8 
Injection angle (from i to z-axis) (deg) 15 

Table 5-2. Axicell beamline configurations for TDF and METF-aKT. 

Beam energy (keV) 
Delivered power (MW) 
Full energy (MW) 
Half energy (MW) 
Third energy (MW) 

Line power (MW) 
Injector efficiency (%) 
Diameter 
Vacuum vessel (m) 
Beam!ine (m) 

Length (m) 
Number of sources 
(operating/redundant) 
Beam footprint at plasma axis (cm ) 
Total cryogen requirements 

D-beamline T-beamline 

2. 

LH 3 ..{./hour) 
LH 2 (fc/hour) 

SO 120 
9.39 15.39 
7.13 13.04 
1.74 2.07 
0.54 0.28 
23 38.25' 
40.5 41.1 

3.25 4.0 
3.95 A.$ 
11.5 11.5 
3/1 4/1 

8.3 x 8.3 8.3 x 8.3 

75 75 
304 304 
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Table 5-3. Axicell beamline source for Oak Ridge National 
laboratory (ORNL) long-pulse three-grid accelerator with 
circular apertures. 

D-beamline T-beamline 

Source current (A) 71.0 59.3 
Species mix 0.82/0.14/0.04 0.88/0.01/0.02 
Cross section (cm ) 16 x 40 16 x 40 
Divergence (deg) 0.5 x 0.5 0.5 x 0.5 

Table 5-4, *.xit«.1\ t«a«i\ivie mraVTallien £OT a \rmr~ 
conductance, tapered, water-cooled rectangular duct. 

Target thickness (95% equiHbr;um 

neutral izat ion) (cm2) 7.68 x 1 0 ^ 

Length (m) 1.5 

Cross section 
a\ x bi (cm2) 16 x 44 

32 x b2 (cm ) 16 x 35 

Table 5-5. Axicell beamline dri£t duct (a tapered, 
water-cooled, rectangular duct) . 

P-beartiline T-beamline 

Length (m) 2.24 2.24 
Cross section 

a x b (cm2) 60 x 35 , 90 y 35 
a 2 x b 2 (cm'') 35 x 19 43 x 19 

5-12 

file:///rmr~


CENTRAL CELL NEUTRAL 
8EAM INJECTORS 

NBI DUMP 

CRYOPUMP 

JUULH-i-M 

SUPERCONDUCTING 
, AX1CELL COILS 
'•(CS4) \ 

COPPER 
CHOKE 
COILS (CCO 

SOLENOID 
•i i ' i i^COILS (S1-S5) 

%^^J -SHIELD 

COPPER 
BACKGROUND 
FIELD COIL 
(CSO) 

L 1 . I J D 
TEST MODULE 

'iHHfihhH 
' FUSION 

CHAMBER 

Figure 5-7. The centra l -ce l l reactor- l ike insert in MFTF-ra+T. 

5-13 



BEAM 
DUMP 

SHIELD 

SHIELD 
DOOR 

TRANSFER 
CELL 

ft i i H i i i i 'i 
4 6 | 10 

NEUTRAL BEAM 
INJECTOR 

METERS 

Figure 5-8. Elevation through the central cell. *. 

5-14 



CR\OPANEL 

SOURCES 

Figure 5 - 9 . BeamHne l a y o u t . 



ION SOURCE 

ION DUMP 

CRYOPANEL 

BAFFLE 

ION SHIELD 

MAGNET 

NEUTRON SHIELD 

CRYOPANEL 

COLLIMATOR 

NEUTRALIZER 

Figure 5 - ] 0 . Arrangement of beamlin<2 components. 

5-16 



magnet requires an extra slot; plus the drift duct, the vacuum vessel, and th° 
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 circuitry; sources in 
a beamline also have a common power supply. Each ion bending magnet has its 
own small power unit (i.e., <50 kW) . Very high powers must be dissipated in 
the ion dumps; we mav need to directly convert a portion of this power to 
extend what may he an unacceptably short lifetime of the ion dump. Finally, 
the efficiency for the entire axicell neutral-beam system is 40.72; the system 
pulls 61,25 HW of line power, 

DT AXICE1.I MAGNETS 

The axicell magnet system consists of five circular coils—three 
copper coils and two superconducting coils. These five coils provide 
axial field for this region and satisfy the other system requirements 

System Function Summary 

The DT axicell i-s a test section that has a uniform neutron wall loading 
over the length of the test module. This axicell confines the plasma under 
ignition conditions with relatively high <C> - ,, • ° 7 nxicell 

Requirement Summary 

The length if the DT axicoll is 5 m, defined by 15-T peaks in the mirror 
field to satisfy the physics requirements ot the FPD machine. Key physics 
requirements are 5-T magnetic field on axis at z = 0 in the test space; 
"V/15-T choke field at the ends of the a>.icell (z = 2_2-5) for ion confinement. 

The sizes and locations of magnets must be compatible witii various 
ccnfigurational constraints. Th<j<;e constraints include ade<|'- •: access for 
the heating system (neutral ueams); access to the test space; aid enough clear 
bore to accommodate the nlasma and plasma halo. 
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Magnet Layout 

The configuration of the axicel1 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 I'ne copper choke coils (CCC1), 
the peak field is 15 T at z = ±2.5 m. 

The peak fields at the windings of choke coils and CSO coil are 15 and 
5 T, respectively. These coils empl':" internally-cooled copper plates. The 
main design constraint on these coils is removal of the resistive and nuclear 
heat loads. These coils are designed to withstand the radial and axial loads 
of normal FPD operation. The CSO coil is removed, along with the tftst module 
for access to the test space. 

The CS1 background field coils are superconducting. The peak field at 
the winding is 12 T. The winding layout and key design parameters for these 
coils are given in Table 5~7. Thes.̂  CS1 coils are similar to the coils 
required in the DT cell of the MFTF-Ot+T. A Nb Sn force-cooled conductor 
(shown in Fig. 5-14, similar tc the conductor used in the Westinghouse l̂ arge 
Coil Project (LCP) coil, is utilized in these coils. The winding is pancake 
wound (three to four conductors are wound in parallel). The splices, outlet 
LHe manifolding, and leads are located at the outer porimeter of the coil. 
The LHe inlet is provided at the inner surface of the winding with no splices 
made at this location. With this winding concept and cooling scheme, the 

2 winding current density of T/200D A/cm is feasible. These coils are 
discha ged with a center-tap for keeping the dump voltage at 1/1500 V and for 
limiting peak winding temperature rise to i<200 K. 

Conclusion 

The design of normal copper coils and superconducting coils needed for a 
DT axicel] is feasible. Some development work is required for the Nb,Sn 
force-cooled conductor. This task has also been identified as needed in the 
'I'okamak fusion Core Experiment (TFCX) project. 
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Table 5~6. Key design parameters for the axicell magnets. 

Mean Mean Winding 
axial radial Axial Radial current Peak 
position posi tion build build density HA- field 

Coil (m) Cm) Az(m) AR(m) (A/cm2) turns (T) 

CCC1 + 1.50 0.50 0.90 0.38 2450 8.38 15 

CSO 0.00 1.20 1.00 0.09 2400 2.16 5 

esi O.J5 2.50 1.15 1.15 2000 26.45 12 

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

Parameter Value 

Electromagnetic 
Operating current (kA) 12 

2 Winding current density (A/cm ) 2000 
Geometric 
Total number of turns 2204 
Number of pancakes 46 
Number of turns/pancake 48 
Coil length (cm) 108.2 
Coil depth (cm) 112.9 

Cryogenic 
LHe inlet temperature (K) 4.0 
LHe inlet pressure (atn) 5 
I.He outlet temperature (K) 5.0 
LHe outlet pressure (atnO 3 
Peak nuclear heating rate (mW/cm ) <1 
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SHIELDING AND VACUUM CONTAINMENT 

The DT axicell is located symmetrically at about z = 0, as shown in 
Fig. 5-15. The c; Jrical axicell is B.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 uith the axicell. The major axicell components described in this 
section are the vacuum vessel and the shielding. 

Vacuum Vessel 

The. vacuum vessel is a single-walled, externally stiffened structure with 
two top-located hatches (fig. 5-16), The str-all hatch is an integral part of 
tlie test module. The test module consists of the hatch cover, test module, 
field-enhancing coil (CSO), shielding, and support structure. The test module 
is supported fre ii the large magnet hatch (Fig- 5-17). The magnet-hatch size 
allows for removal of all <~;li»r components. The typical hatch vacuum seal is 
shown in Fig. 5-17. 

The test module can be removed vertically, together with the CSO coil, 
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 iranslation of the shielding/choke-coil (CCC1) module so that 
the test module can be removed vertically. The CCCl coil is supported by the 
surrounding nuclear shield. To remove a background coil (CS1), all of tir.« 
adjacent shielding in the coil bore must first be removed; i-.hen, the innercoil 
cold structure can be disconnected, which allows vertical removal of tVie coil. 

Nuclear Shield 

The nuclear shield thickness in the axicell is an equivalent of 97 cm, 
taking credit for the coils 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 (6Q% steel, 
40% H 20), 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 results 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 4 C 

SUPPORT STRUCTURE 

Two support legs, each located under the CS1 coil, are provided to 
transmit all loads to reinforced concrete piers. 

CENTRAL CELL 

CENTRAL CELL MAGNETS 

The central cell magnet system consists of eight full-size and two 
half-size solenoidal modules- Each module has correction coils incegral with 
solenoid winding for reducing magnetic-field ripple caused by axial separation 
between adjacent modules. A DT axicell (discussed earlier in this section) is 
located at raid-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 centra] 
cell is 92 m. Effective lengths of the full and half-size modules are B.7 m 
and 5.85 m, respectively. Axial gap between adjacent modules is 1 m. 

SHIELDING AND VACUUM CONTAINMENT 

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 modules are without an individual 
vacuum vessel. The B-module vacuum vessel is integrated into the end cell to 
provide sufficient end cell length to incorporate access hatches and end 
transitions. Each central cell module consists of (outward from plasma) a 
Li Pb„, (LiPb) blanket/reflector, shield, solenoid coil, space-frame 
support structure; and vacuum vessel. The A modules are 8.7-m long and the B 
modules are 6.85-m long. Each A module can be independently, vertically 
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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. Figur? 5-18 
shows a typical A-module configuration. 

The central-cell module design enables a hiiilritip assembly sequence, 
Fig. 5-19. The assembly .^quence staTts 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 from the shield. 
Enough space is allowed between the components for thermal growth. Figure 
5-20 shows a more detailed module-to-module seal concept. 

Vacuum Vessel 

A typical central-cell vacuum vessel is cylindrical (7.0-m ii.side 
diameter), with external T-shaped ring stiffeners (Fig. 5-18). The ring 
stiffeners are connected by longitudinal stiffeners. The vacjum vessel reacts 
to 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 cm. This shield consists of 53 cm of steel/water and 
5 cm of B.C. The steel/water shield is a mixture of 60% iteel and 40% HO. 
The steel shield consists of the container that is filled with one size of 
steel balls (approximately 60%). The remaining volume, "\A07,, is filled with 
H O . The 5-cm E,C shield is mounted on the outside of the steel/H^O 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 B^C), the same composition 
as the remainder of the shield. 
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SUPPORT STRUCTURE 

Each of the A modules has two sets of support legs. The support legs 
transmit all of the module loads to r.: iforced-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. All the C-type coils have 
essentially the same configuration, dimensions, current density, operating 
current, and peak fields. The Tl coil has a unique separation of the winding 
pack into thirds in its minor radius region toward the choke coil. The 
recircularizing coil is the last coil in the end cell and the configuration is 
similar to MFTF-a+T. 

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 provide 
machine plugging and magnetohydrodynamic (HHD) stability. 

Requirement Summary 

On-Axis Field. The axial-field profile in the end cf:ll region is shown in 
Fig. 5-21. The peak field on the C-coil conductor is ]0 T, and the maximum 
centerline field is 7.5 T at z = +51 and 56 m. The minimum end-plug field is 
2.5 T at z = 57 m. In addition to these on-axis field requirements, the 
plasma leaving the end-plug regions must be circular to lccimmodate a circular 
direct converter. 

Access and Clearance Requirements. Access between and location of end cell 
magnets must be compatible with the plasma heating systems. These systems 
are: 475-kW negative-ion neutral-beam injector at z = +36.62 m, '1-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 Hfe 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 12J000 charging/discharging cycles at operating temperature. 

Maintainability. The end cell magnets are to be designed for the life of the 
machine; however, realistic magnet replacement schemes must be identified 
during conctptual 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 
densities, and fields associated with this configuration are shown in 
Table 5-8. This coil-set concept meets the requirements stated earlier in 
this section. 

The conductor selected for the C coil is a modified LCP Nb.Sn forced-
flow conductor. The modifications assumed in this application address the 

2 need for higher current density (̂ 4,500 A/cm ) and removal of up to 3 5 mW/cm of nuclear heating. The modifications assumed to achieve these 
objectives are as follows: 

Current Density 
• Using an incoloy conduit material, 
• Reacting at 700 C after winding, 
• After reacting, Epoxy impregnation. 

Nuclear Heating Removal 
• . Using larger helium cross-sectional area, 
• Havinp 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 (model coil set—C83). 

Coils 
Zm 
(tn) 

R • / major/ R • minor 
(m) 

Az 
(tn) 

AR 
(m) (A/cm2) 

Coil 
current 
(MA) 

Peak 
field 
(T) 

T2 64.85 1.2/0.6 0.81 0.27 4553 10.0 9.73 
P2 60.98 1.7/0.6 0.81 0.2V 4530 9.96 9.95 
PI 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 
Tl 50.88 1.7/0.6 0.81 - •*• t 4530 9.96 10.00 

Figure 5-23 shows the cross section of a typical C coil in the r:nd cell 
system. We selected the inner plate thickness of 5 cm to provide space for 
30 cm (per side) of nuclear radiation shielding and an LN„ cold wall in the 
bore of the magnets. The other plate thicknesses along 'it1 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 force;. 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 .nth the forced-flou- 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. 
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Conclusions 

Trie end coil system concept is achievable using the force-cooled conductor 
concept proposed by the Massachusetts Institute of Technology. This 
force-cooled conductor is also specified for TFCX; research and development 
tasks have been identified for qualifying this conductor for operating at ]0 T, 

Structural/design considerations in the end-cell C coils represent a 
significant, but believable, extrapolation from MFTF-A and HFTF-B experience. 
Finally, the low-field recirculari2ing coil is well withir the limits of 
current superconducting coil technology. 

END-CELL PLASMA HEATING SYSTEMS 

Four end-cell plasma heating systems perform various functions in FPD-II: 
an anchor ICEH system creates high beta; a high-energy negative-ion-based 
neutral beam (KlNB) system and two electron-cyclotron resonant heating CECRH) 
systems form the thermal barrier and central-cell ion-confining potential in 
the plug. End-cell heating requirements for FPD-II are listed in Table 5-9; 
where the table contains two sets of data, ch - fir,t set corresponds to the 
nonaxicell case, and the second set to the axicell case. 

The key differences between the FPD-I heating requirements (see Sect 4) 
and the FPJVII 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-II because Che 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 louir betas decrease the complexity of the rf systems 
because the frequency shift during startup cecreases. The higher heating 
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Table 5-9- The end-ceH heating requirements for FPD-II. (When there are two sets 
of power and current requirements, the first value corresponds to the nonaxicell 
case and the second value, in parenthesis, to the axicell case.) 

Anchor 
ICRH 

Sloshing 
t?INB 

Potential-
peak 
ECRH 

Thermal-
barrier 
ECRH 

Heat locations - a 1 a b 
-z . (m) axis 

Absorbed power (MW) 
+54.25 & +56.6 
0.26 (0.21) 

+.58.78 
1.37 (0.47) 

+61.63 
0.35 (0.19) 

160.5 
11.09 (10.57) 

Trapping fraction 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 6 — 84.0 x 10 9 70.0 x )0 9 

Heating frequency (Hz) 71.0 x IO6 ~ 68.0 x 10 9 52.0 x 10 9 

Delivered current (A) ~ 9.91 (4.99) — — 
Beam energy (keV) — 475 (325) — — 
Injection angle(deg) —— 90 —— 

frequencies in FPD-II also improve ECRH optics (lower-beam divergences) and 
offer versatility in the anchor-ICRH-launeher design (e.g., waveguides). The 
trapping fraction of the NINB increases because of the inclusion of roultistep 
ionization processes and alphas. On the other hand, trapping fractions for 
the ICRH system and the thermal barrier ECRH system are lowered in FPD-II 
because of uncertainty in wave physics. The ICRH change has little adverse 
effect because the power level is low; the ECRH trapping fraction is decreased 
t'. 0.70. This decrease adds ^A MW and thus one more gyrotron to each 
transport 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 MW; 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 neutral beam 
system is sized for the nonaxicell 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 ECRU system delivers 7.5 MW at 52 GHz into each plug 
at point b, z = ̂ 60.5 m. As in the FPD-I device, 1->IW 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 requirement for 
the potential-peak system at point a (115 kW per plug), a waveguide trans­
mission system is more compact and more practical to use than a quasi-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-]l and 4-12. The FPD-Il ECRH 
configuration is shown in Fig. 5-24 and the quasi-optical transport system 
parameters for the 52-GHz system are listed in Table 5-10. Two transport 
modules are located in the pl'ig regions, each with five operating beams and 
one redundant launcher. Because 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 200-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., SF, or window-
coolant leaks into the plasma chamber), a vacuum waveguide was chosen for 
FPD-1I, but power handling capabilities and arcing issues in a radiation 
ei. 'ironment still need to be quantified. 

The ECRH-system power flow and key system parameters are summarized in 
Fig. 5- ?G. 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 

5-41 
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Table 5~10. Thermal barrier quasi-optical 
system parameters. 

Type Offset-conicrl horn/ 
paraboloid reflector 

Conical angle (deg) 17 
Cone height, h (cm) 56.45 
Paraboloid focal length, f (cm) 30.19 
Mirror diameter, D (cm) 54,0 m 
Initial beam diameter, D_ (cm) 41.65 
Distance to point b, X„ (m) 8.5 
Beam diameter at point 

b, D(XQ) (cm) 15.0 
Distance to magnets, X (m) 7.25 
Maximum beam diameter in magnet 

region, D(X) (cm) 19.0 
Number of transport systems/end 2 
Number of beam launchers/ 6 (5 operating/ 
transport system 1 redundant) 

Launcher transmission 
efficiency (Z) 96 
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eleven parallel protection and regulation networks. Each network supplies a 
gyrotron and consists of a crowbar protection circuit, a modulator/regulator 
series tube, and a disconnect ground switch. The l-MW gyrotrons are assumed 
to operate at a lower efficiency than the 200-kW tubes because of possible 
mode competition in the larger collector cavities that are expected for the 
higher power. The total ECRH-line requirement is 48.6 MK 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-II anchor results in a higher heating frequency, 71 MHz, than 
the 54 MHz that was required in previous studies (e.g., Mirror Advanced 
Reactor Study (MARS), MFTF-a+T, and FPD-I); because of this higher 
frequency, waveguides become a viable alternative to an antenna launcher. 

Although the coupling physics of a waveguide launcher in the ICRH 
frequency range is not quantified yet, its engineering benefits in fusion-
reactoi applications, when compared with loop antennas, have been espoused for 
a number of years and include: 

1. Removes much of tfcs launcher from the harsh plasma-edge environment 
and thus prolongs the launcher's lifetime; 

2. Is easier to maintain; 
3. Has more power-handling capability. 

An antenna launcher was used in the FPD-1 configuration because at 5^ MHz the 
waveguides were too large without the fourth jr fifth harmonic heating. Here, 
the ,>30% increase in frequency allows use of single-ridged waveguides of 
widths <1.0 m at the second deuterium harmonic and o£0 cm for the third 
harmonic. Figure 5-27 contains a schematic of a single-ridged guide and 
dimensions for several harmonics for a 15-9. waveguide impedance. 

5-46 



Harmonic heat 
[mzl 

a 

[cm] [cm] 

S 

Tern] 

d 

[en] 
I 

[era] 

2 

3 
4 

71 .1 
106.7 
142.2 

95 .2 
63.4 
47 .e 

21.4 
14 .3 
1Q.7 

71 .4 

4 7 .6 
35 .7 

1.61 
1.07 
0 .8 

4 .29 
2 .86 
3 . !0 

Figure 5-27. Ridged-waveguide harmonic heating alternatives. 
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The remainder of the anchor ICRH system is considered of standard design 
and is shown in Fig. 5-28. A summary of the entire system follows: 

• Configuration: two launchers per anchor 
{1 operating/1 redundant) 

• Launcher: single-ridged waveguide 
Waveguide power: 350 kW 
Efficiency: 97% 

• Transmission system: mainly 6-1/S in. 
Coaxial + step transformer and two stub tuning systems 
Efficiency: 82.4% 
Coolant loops 

No. 1: Launcher back to stub tuner No. 2 
7 gpm while operating 
4 gpm while dormant 

No. 2: Remainder—4 gpm while operating 
• Transmitter: multistage 

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 anttnna system, the third 
stub is replaced by a 50-J? •+• 15-fl coaxial-step-impedance transformer. The 
power source is a multistage amplifier chain and at 71 MHz the F.itnac 
X-2170/8973 tetrode is the appropriate final power amplifier. Even though 
this system has a relatively low power requirement, the waveguide anc' tetrode 
are both capable of handling 1 MW so that for little additional cot. , ihe 
purchase of 1.5-MW power supply offers a margin of surplus capability :n the 

5-48 



95.2 cm 

• Directional coupler 
+ arc detector 
(-0.13 dB) 

Directional coupler 
• arc detector 
(-0.13 dB) 

-c50-ii. 6-1/8" coax (0.023 da; 
•".6-ft, 6-1/8" coax 
(Includes linpedance 
transfomer and elbow) 
(-0.011 dB) 

Hall(s) between • 
amplifier hall and 
reactor vault 

3 elbows 
(-0.02 dB) 

(C) 
30 tU Solid 

state 
anp 

ill 4 m FPA 436 W Solid 
state 
anp 

ill Tetrode 

7 VI 5.75 kW l 0 kV 674 kH 

Driver 
plate 

PS 

fPA 
plate 
PS 

13.6 IcV 
738 kU 

—<rt 
6.25 fcW 732 I u 

3* 
GO Hz 
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event that wave-coupling and ion-trapping efficiencies are lower than 
assumed. The total line power for the system during axicell operation is 
l.AB MW corresponding to a 47.5% system efficiency. Without the axicell, the 
line power increases to 1.85 WW. 

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. 

• Configuration: 
One beamline per plug; 
Four sources per beamline (3 operating/1 redundant); 
Sources arranged in a 2 x 2 array. 

• 4.0-A Lawrence Berkeley Laboratory type self-extraction source at 
2 —4 75 kV, 2 x 68 cm ribbon beam; 

RF plasma generator in magnetic multipole bucket containment; 
Forced cesium dilTusion through converter plate; 
Small transverse magnetic fields to divert electrons; 
Standard 80-kV single-slot pre-accelerator; 
Gas efficiency: 12%+ total gas flow (3 sources): 8.8 T t/s. 

• Transverse field focusing (TFF) transport and high-voltage 
accelerator: 

80-kV TFF-transport section [low energy beam transport (LEBT)] at 
2 -395 kV with multistage differential pumping •» 9.0 m 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 +25 to +50 kV; 
Divergence: 0.45 x 1 ; 
Pressure 1 x 10 Torr. 
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• Gas jet neutralizer with a Paulsen-type plug nozzle: 
15 -2 Optimum gas thickness: 6.5 x 10 cm ; 

-4 Average pressure in pump chamber: 5 x 10 Torr; 
Approximate dimensions; 2 x 1.75 x 1.75 m; 

2 Cryopanels: 15 m . 
• Ion maguet/dump region: 

Pressure 1.0 x 10 Torr; 
2 2.0 m cryopumps. 

The beam] ine configuration has much in common with the FPD-I NINB system 
described in Sec. 4, in particular, 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-Ion Development Program's goal of 6 A/m (Ref. 4) leading to 

2 a slightly larger source (2 x 68 cm ), but a factor of t-"i increase in 
source current (4 A). The gas load per source also doubles to 2.9 "" Jt/s; 

2 fhe cryopanel area requirements in Che LEBT section are 7.5 m with 50Z LEBT 
grid transmissiwity and 7.0% recycling factor. 

The key departure from past designs is the use of a gas-jet neutralizer 
in FPD-I1. This concept incorporates a Poulsen-type nozzle that was 
previously used to minimize flow of alkali vapor metal along negative-ion 
beamlines. 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 of advantages when compared v/ith 
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 
miint^in). 

2. The gas curtain separates the ion beam from the neutral-beam region. 
3. The jets help pump the beamline. 
4. The jets prevent the gas in the pumping chamber from freely flowing 

back into 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 jet neutralizar concept. The cryopump chamber is 
quite large, but can be outside the main be.imline vacuum and magnetic 

2 shielding envelope. The cryopanel area in the pump chamber is 15 m . 
Figure 5-30 is the current and power flow of a beamiine and 

Fig, 5-31 is the beamiine in the -2nd cell configuration. The current 
efficiency is 41.252, whereas the power efficiency is 45.36%; the difference 
occurs because most the current is lost at low energies. The line power 
requirement for the entire system is thei: 10.4 MW. 

To operate the beamlines during axicell operation, the following changes 
in the beamiine are required: (!) 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 iwo stage" of the TFF high-voltage accelerator are 
converted to nonaccelerating TFF transport sections, and the acceleration 
potential in the HEBT is raised 10 kV. The system line power required during 
this phase is 3.5 MW. 

DRIFT PUMPING 

Requirements 

Table 5-11 summarizes the FPD-TI drift pumping system requirements. Each 
of the parameters is described in Sec. 4. Note that the plug cell lias two 
populations: one for the so-called "cold" ions and another for the "sloshing" 
ions. The combination of reduced bandwidth (10X as compared with 66%) and 
fewer frequencies (%45 compared with 110) makes the implementation much more 
attractive than that of the FPD-I. 

Another parameter, which eases the design problem, is the large (>10:l) 
reduction in flux for the transition; this results in a reduction in coil 
current and therefore power amplifier size. 

Configuration 

The same besic concept is planned here as in the FPD-I and MFTF-a+T. 
There are 13 channels for the transition and 46 (22 cold and 24 sloshing) 
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Table 5-11. The FPD-II drift-pump requirements.3 

Transition 
cell Parameter 

Plug cell 
Cold Sloshing 

106.63 Center frequency (kHz) 
37,3 flf/f bandwidth (%) 

39.78 if bandwidth (kHz) 
13 No. of frequencies 
0,00538 Perturbation flux (Wb) 

827.6 1328.9 
10 10 
82.76 132.89 
41 48 
0.00349 0.00349 

Assumptions: * MARS-like coil 
- hairpin shape 
- scaled 

• Eddy current loading 
- scaled from MFTF-a+T 

channels for the plug Ctill. We plan to have 2 tones per channel to cover the 
Cotal of 89 (41 + 48) frequencies for the plug. For further details, refer to 
Sec. 4 or the MFTF-a+T study report 1 

Performance 

Table 5-12 shows the resul t s of the performance analysis . The coil 

currents were estimated to be: 

and 

I = 1.3 kA t rans i t ion 
c 

= 0.9 kA plug. 
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Table 5-12. Performance. 

Transition 
Parameter 

Plus cell 
cell Parameter Cold Sloshing 

Coil: 
4 Inductance (}jH) L 4 
8.3 Resistance (mR) 23.0 42.3 
303 Inherent Q 901 789 
1 .8 Load resistance (mO) 5.2 9.5 
24b Loaded Q 72" 645 
15.0 Power CkW; 17,6 32.2 
3.4 Power, I (kW) 

c 

Transmi tter: 

3.9 7.2 

13 No. of channels 21 24 
10.2 i-ower output (kW) 7.5 9.3 
0.54 Channel bandwidth % 0.4B 0.42 
I Tones/channel 2 n 

13.7 Transmission and matchinp 
efficiency 13.6 1 /. 2 

16.7 Prime pcwer (kW) 12.3 ..8 

Again, "he analysis procedure is the same as used in the M F T F - a + T study. 
Because the flux requirement is modest, the power r'quirement is small compared 
with FPD-I. The details of the design are summarized in Table 5-1'' The 
values are given in microfarads and microhenries for the capacit mri 
inductors, respectively. For this design, the plug system suppli ' spectrum 
capable of covering the 10% bandwidth. Hence any form of modulation (noise, 
cw sweep, or tone) can be used. The efficiencies, in terms of wat of prime 
power to amperes of circulating current, ar.- 4 5 , 65, and 86 for the transition, 
plug (c o l d ) , and plug (sloshing) systems, respectively. This is goo 
efficiency compared with the MFTF-tt+T, where the ratio was 170. 
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Table 5-13. Component values. 

Transition 
Plug 

Component3 Transition Cold Sloshing 

CjCuF) 0.00096 n.0023 0.000907 
i:2(gF) 0.00016 0.00002 0.000010 
CjCuF) 0.01150 0.00039 0.000239 
<T>F> 1.00033 0,00160 0.001012 
I-̂ VIH) 16 8 8 
L2(pH) 14,060 2,030 1,400 
l-3(pH) 228.9 97.1 60.1 
L 4 ( U H ; 090.8 23.1 14.3 
Tube 4CX5000R 4CX5000R 4CX5000R 

Refer 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 has 46 channels driving a single pair of 
coils. Further reductions in bandwidth are desirable. It would be worthwhile 
to investigate limitations on Che Q if Che drifc pump coil because the coil 
lijuits che intrinsic bandwidth. Refer to Sec- 4 for other fuCure efforts. 

HALO SCRAPER/DIRECT CONVERTER 

We designed a halo pump and direct converter for FPD-II for which design 
parameters are mon fully described than tiiose for FPD-I. The true cross-
sectional shape of the plasma determines the shape of the various elements in 
the FPD-II direct converter. We also considered the effect of the chanpect 
magnets set (A-1B to C-53) on the design of the FPO-II direct converter. 
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Design Assumptions 

To minimize costs, the FPD-II direct converter produces only low-grade 
throw-away thermal energy. The return water-coolant temperatur" is set at 
80 C (inlet temperature is 30 ';). u e assume that the plasma cross-
sectional shape does not change with changes in the machine operating power 
level. This assumption simplifies the design process until we can determine 
from our studies the effects on the direct converter of plasma shape and power 
distribution resulting from variations in machine operating power. \ 

Design Description 

The FPD-II direct-conv i.-ter design is based on the C-53 magnet set. A 
recent iteration of the magnet design resulted in the C-83 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 modification 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 recircularizing 
solenoid, the amount of recivcularization 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 solenoid to obtain a regular shape for the leading 
edge of the halo scraper and the interface between the halo scraper and tht 
halo dump. Figure 5-32 shows the plasma shape with a modified recircularizing 
coil. 

To minimize the direct-converter cost, the elements of the converter are 
spread axially. The halo-scraper assembly is positioned close to the 
recircularizing solenoid, but allows enough space for adequate diffusion of 
the neutral particles and does not exceed the peak power density of a 
.lirconium-copper halo scraper. Good spacing between the halo assembly and the 
collector assembly is necessary to allow independent assembly and disassembly. 
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Figure 5-32. The C-53 magnet set plasma shape in the area of the PPD-11 
direct converter. 

To simplify machining, the actively cooled elements in the halo scraper are 
defined as conical surfaces. These surfaces allow constant width jooling 
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 ti'.e inner collector 
to be simplified). 

The separate assemblies of the halo and the collector are mounted from 
the vacuum vessel. The assemblies can be ramoved separately (Fig. 5-33). The 
plug for the halo scraper is sized to permit removal of the recircularizing 
solenoid. 

The power distribution to the various elements of :he direct converter is 
^hown in Table 5-14. Table 5-15 lists the details of the cooled surfaces for 
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Figure 5-33. The FPD-II direct converter. 

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

Thermal 
(MW) 

Electric 
(MW) 

Halo dump 19.0 0.0 
Halo scraper 7.2 0.0 
Outer collector 4.3 4.2 
Inner collector 21.4 37.0 

Total 51.9 41.2 
Total power = 93.1 MW 
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Table 5-15- Di rec t c o n v e r t e r thermal des ign . 

Inn^r Outer Halo Halo 
c o l l e - i j r c o l l e c t o r s c r a p e r dump 

2 
Heat f lu* (des ign ) (MW,'m ) 

Coolant flow rate (gnm) 

Coolant pressure (psi) 
Coolant pumping power (kW) 
Coolant velocity W s } 
Surface temperature, coppcrCC) 
Surface temperature, TZM (°C) 
Coolant channels 

Width x depth (cm) 0.7 x 0.: 1.3 x 0.3 0.7 x 0.4 1.16 x 0.A 
Number of sectors 3 8 8 8 
Channels per sector 112 70 112 112 
Channels per channel path 1 7 4 4 

1.78 0.62 1.49 2.07 

810 163 990 990 

620 620 620 620 

h7 20.5 76 76 

l.Z %.% 1ft fc 

127 124 148 195 

236 162 239 321 

the water-cooled zirconium 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 greater than the zirconium-copper design. 
Figure 5-3& depicts the coolant channels for the halo scraper—the coolant 
channels for the other elements o£ the direct converter are similar. 
Table 5-15 gives the channel dimensions. 

Heliuin was considered as a coolant, but was not selected for three main 
reasons: 

1. High pumping power required, 
2. High capital cost of the pumping equipment, 
3. Tritium extraction system required. 
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HALO SCRAPER SEGMENT 

SCRAPER ANGLE TO PLASMA - 2&> 

MATERIAL • ZIP.COWIUH COPPER 
NO. OF SEGMENTS » 6 
SEGMENT HEADER PIPE SIZE = 7.6 CM 
HEADER PIPE SIZE • 20.0 CM 
WATER COOLING 

ASMA FACE 

SECTION AA 

Figure 5-34. The FPD-II direct converter/h^l" scraper coolant channels-

Costs 

Table 5-16 summarizes the costs of the two direct converter options 
considered for FPD-II with a comparison to MARS. 

SHIELDING AND VACUUM CONTAINMENT 

The end cell region, Fig. 5-J5, is a double-walled vacuum-vessel/ 
biological shield that contains the end cell coils, direct converter, and halo 
scraper. The vessel 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 a large 
magnet-aceess natch. The configuration in Fig. 5-35, 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 (ECRU) rf systems, and the drift pumping coils. 
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VACUUM VESSEL/BIOLOGICAL SHIELD 

The end-cell vacuum vessel consists of two concentric, cylindrical 
shells forming an annular volume for the water shielding. The inner and outer 
shells are connected by radial bulkheads, as shown in Fig- 5-35. The inner 
and outer shell spacing is 0.6 ra, based on biological shield requirements. 
Figure 5-36 shows the magnet cold^structure support box integrated intq the 
cylindrical vacuum vessel- The removable top hatches are framed by a beam 
structure. Both the magnet hatch and vacuum vessel have longitudinal 
stiffenera connecting the two shells and the bulkheads. The hatches arc-
sealed with a single-convolution, welded bellows. 

MACKS I SHIELE 

In addition to the biological shield, the end cell also has a 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-II, FPD-II, 
TZM 
(MS) a 

TZM 
CM*) 

Copper 
(HJ) 

Piping and supports 1.63 0.52 0.26 
Halo 4.73 1.46 0.29 
Collector 4±_<L 1.22 0.24 

Total 9.76 3.20 0.79 

Millions of dollars. 
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Figure 5-35. The FPD- II end-cell contigurotion. 



VACUUM BOUNDARY 

BIOLOGICAL 
WATER SHIELD 

MAGNET HATCH 

SUPPORT LEGS 

VACUUM SEAL 

LONGITUDINAL 
STIFFENERS 

CONCRETE PIERS 
SUPPORT FOR 

MAGNET COLO STRUCTURE 

Figure 5-3$. The FKD-11 end-cell vacuum vessel. 
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steel/water shield (80% steel, 20% HjO) and 5-cm B^C shield. The steel/H 0 
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 B C shield. The B,C shield composition by 
volume is 20% steei for the container vessel, 20% H,0 coolant, and 60% BAC, 
uith a density of 0.7. The shield is located at the plasma periphery! 
(Fig. 5-35). In 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 eel) in the vertical and lateral directions, but allows 
axial motion for thermal expansion. 

C-COIL NUCLEONICS: OtJE-DIMENSIONAl. ESTIMATE 

INTRODUCTION 

The shielding needed to limit 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 procedure 
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 
allowed radiation exposures in the superconducting coils at the following 
values: 
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• 10 lads in the insulation. 
• 1 0 1 8 n/cm (E > 0 .1 MeV) in NbTi ( fo r a 20% drop in 

n r 

critical current, 70% of which is annealable at room temperature). 
18 9 

• 4 x 10 n/cm (E > 0.1 MeV) in Nb,Sn. 
n 3 

In LLNL-FPD-84-48 (see the Appendix), we revised the following fast 
(E > 0.1 MeV) neutron-fluence limits to allow for more design flexibility: 

20 21 2 
• 10 to 10 n/cm range for NbTi with an accompanying 25% 

lower critical current. 
19 2 

• 1 to 4 x 10 n/cm range for Nb-Sn, believed achievable. 

These higher limits are speculative. 
Because of the time and expense involved in detailed 3-D analysis of the 

end cell, we developed the following 1-D method to assess various configur­
ations: 

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

2. Calculate 14-MeV neutron energy currents (will loading) in 1~D slab 
or cylindrical geometry using coil and plasma georaeTies, 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. 

5. 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 
calculated in 1-0 slab geometry using both the ONEDANT code and a 30-neutron 
plus 12-gamrna 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 
3 University of Wisconsin for the MARS project. 

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) + II 0 (10 v/o) + boric acid Cl v/o) + FE 1422 ClO v/o) followed by 
a thin zone (Vi cm) where TiH« replaces the W. This shield was devised in 
a preliminary optimiKation 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 thickness at a wall loading of 1.0 HW/m are given in Figs. 5-38 and 
5-39. The total heating calculation includes both the coil and its case: 
approximately 362 occurs 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 i where source strength and geometry combine 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-II as an example. Figure 5-40 has both a 0 and a 90° cut through C83 
showing C-coil winding packs and the hot and halo plasma boundaries (inner and 
outer lines, respectively) as they thread through the end-cell coils. 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 cre^gth combine to give four points where relatively high 
coil-radiation levels may occur in the C-coils. Starting at the innermost 
C-coil (Tl at z = 50 m) and working 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 10 n/s) and an approximately 4-cm 
half-thickness plasma fan (see Fig. 5-42 for >lowup of the geometry) combine 

2 to give a 1-D wall loading on the coil of 0.023 MW/m . The space between 
the coil and the halo plasma is approximately 40 cm (Fig. 5-42). Subtracting 
15 cm for the coil case and insulation leaves 25 cm for shielding. With 25 cm 
of shielding and a wall loading of 0.023 >1w/m , peak local 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 5-38. Neutron flux and heating vs shield thickness. 
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Figure 5-39. Insulator dose rates and Cu-dpa vs shield thickness. 
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Figure 5-40. The FPD end-cell configuration C-83. 
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Figure 5-42. End c e l l (C-83) con f igu ra t i on (z = 52 to 56 m). 
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• Peak h e a t i n g (P) = 2 .5 mW/cm . 

• Peak f lux [A (E > 0 .1 MeV)l = 1.3 x 1 0 1 8 n/cn> 2 *yr. 
q • 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 corners of the minor radia turns of the anchor coils 
fz = 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 10 n/m«s 
(Fig. 5-43); therefore, the wall loading at the coil at these two points is 

2 0.014 MW/m . The space available for shielding is 30 cm. The lower wall 
loading plus 5 cm more shielding at these points, compared with the first 
point, result in heating and damage rates 70/S less than at the first point. 

The fourth point at which a local maximum in coil radiation levels occurs 
is on the centerline of the first plug C-coil at z = 58.6 m. Here volumetric 

11 3 source strength has a sharp peak of 5 x 10 n/cin *s (Fig. 5-41) and the 
space for shielding is only approximately 23 cm (Fig. 5-44). Using i 1-D slab 

2 model, the wall loading at this point is 0.056 MW/m . This wall loading 
coupled with space for only 2'S cm o£ shielding, results in the peak 1-D 
heating and damage rates listed below. 

• Peak heating = 8.4 mW/cm . 
• d> (E > 0.1 MeV) = 4.5 x 10 1 n/cm2'yr. 

" 9 
• Rad dose to insulator = 9.5 x 10 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. Nevertheless, 
based on this analysis, we predict this point to have the highest radiation 
levels in '' :s C-coil set. 

In aauition to local peak heating and damage rates in the coil, total 
neutron-induced heating in the entire C-coil set and the cryogenic cases is 
also important because of the cost of cryo-refrigeration. To estimate this 

5-76 



pac/uyu) jndjoe 

5-77 



FPD MODEL C93 
GRID 9, T- 90.000 

4.C I * 1 r 

OS[ + 6:5E C 06/25/84 
(GTLtO.0,0,0,0,0) 

56.0 56.5 57.0 57.5 £ 8 > 0 68.5 59.0 59.'< 60.0 

Figure 5-44. End cell (C-83) conf iguration (z = 5'6 to 60 ra). 
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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 shiejd thicknesses in each region. For this case 
(C83), the first region is taken to extend from z = 52 m to z = 54 m. The 
source in this region is 4.1 x 10 n/s and the shielding space is 25 cm-
The attenuation factor with a 25-cm shield is 0.023 (Fig. 5-38); therefore, 
total coil plus case heating is 2.2 l-.W. The second region is from z = 56.7 
to z - 58.7, and by the same methods, heating is 4.4 kW. Thus, the total of 
both regions 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 
regions where coil heating will also occur. To accommodate this additional 
heating in a crude way, total C-coil heating is assumed to be twice the 
two-region 1-T> result. Therefore, the total heating in the C83 C-coil set is 
estimated to be 26 kW. This energy is assumed to split—with approximately 
36% in the windings and approximately 6418 in the Ca^e—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-II configuration). The results of these series 
of 1-D analyses are summarised in Table 5-17. 

Note that both the A18 and CBS peak neutron flux levels will exceed the 
original limits for NbTi (1 x JO 1 8 n/cra2) and Nb3Sn (4 x ID 1 8 n/cm2) 
before 5 full power years of operation are reached, but that they are well 

20 21 below the revised, more speculative limits of 1Q to 10 for NbTi and 
19 within the i to 4 x 10 range for Nb-Sn. The insulator dose limit of 

10 rads is not reached in either case. 
We emphasize that these l-t> 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 involved. 

PROPOSED END CELL DESIGN AND OPTIMIZATION PROCEDURE 

The proposed end cell design and optimization procedure follows: 

1. Specify design objectives and criteria. 
1. Assume (or modify) coil set parameters and checfc 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 neutron fluxa 

(n/cm2 FPYC Coil Ha o thickness heating3 heating 
(mW/cm3) 

neutron fluxa 

(n/cm2 FPYC 

set at choke coil (kW) 
heating 
(mW/cm3) En > 0.1 MeV) 

A18 5 cm 5.2 2.5 1.2 18 x 10 
18 

C31 
2 P « 
2 P « 

6.2 
19 

7.5 
190 

3.6 
1.2 

x 10 
,r,20 x 10 
18 C51 - 5 era 32 3.2 1.8 x 10 

2 P~ 42 8.] 4,5 X I O 1 8 

Zb\ a 
5 cm ^ ?>.a "}>.! x « 1 7 

C83 
2 P 
2 o a 

14 
26 

1.7 
8.4 

7.8 
4.5 

x 1 0 1 7 

x l O 1 6 

At hot spot in winding. 
^64% winding; ̂ 36% c^se. 
Full power years. 

4. 
5. 

6. 
7. 
8. 
9. 
10. 

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 coils 
with W and Fe shields. 
Check coil radiation levels. If okay, proceed to step 7. 
Estimate 3-D calculation ci coil heating and damage. 
Check coil radiation levels. If still okay, proceed to step 9-
Design and then estimate end cell cost, including refrigeration. 
Modify and iterate coil set configuration or objectives, where 
possible, to minimize cost. 
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Details 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 I 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 2 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 coil set ar.d plasma geometries and the neutron source 
distributions from Steps 2, 3 and 4 are used to perform an initial 1-D 
estimate for peak heating the radiation fluxas 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 5 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 "/ 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 coil/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/General Dynamics (GD)]. 

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 PEHMEATION 

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 
surface are reached by implantation of the energetic tritium. The tritium 
diffuses to either the plasma-side surface, 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 concentration 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 FFD. We included the impact of pulsed 
operation in this study, however, predictions assuming continuous burn roughly 
agree with those using pulsed operation. He 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 coolant system is 

3 only 52 kCi. By estimating the water volume in this coolant system at 12 m , 
the end-of-life tritium concentration in the coolant, assuming no processing, 

3 . 3 
is A.3 kCi/m , This is well below the 16 kCi/m 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 in direct 
converter/halo scraper components. 

Tritium 

Component 
Maximum 

permeation rate 
Total tritium 
in coolanta 

inventory 
in 

structure 

Ci/day Ci Ci 
Halo scraper 14 2.7 x. 10 4 7.3 x 10 3 

Outer collector 2.4 4.0 x 10 3 1.4 x 10 3 

Inner collector 12 2.1 x 10 4 6.7 x l'O3 

Total 28 5.2 x 10 4 1.5 x 10 4 

Assumes no removal by processing but does account for radioactive 
decay. 

MATERIALS 

A significant difference, in selecting materials for FPD-II, compared 
with FPD-I, is the higher neutron wall load in the axicell. The neutron wall 

2 loading of 5 MW/m and lifetime operation at an integrated wall load of 
12.5 MW»y/m impose challenging requirements on the first wall and blanket 
structural material of FPB-II. In steel material this exposure will produce a 
displacement damage level of approximately 130 dpa snd 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 irradiation level on the 
properties of candidate structural materials, therefore, the design murf allow 
for axicell replacement during the operating life of the reactor. However, 
there is some data to indicate that either a ferritic/martensitic steel or an 

2 austenitic stainless steel may be adequate for service to 12.5 MW'y/m in 
a MARS-like blanket module. 
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Some data suggest that the ferritic/msrtensitic 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 
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, ar-) can be accommodated in design. The shift in the ductile-to-
brittle transition temperature (DBTT) that results from irradiation of 
ferritic steels is a concern. Available data hint that the ferritic steel 
9 Cr-1 Mo might be a better choice than HT-9 (12 Cr-1 Mo) because the lower 
initial DBTT can result in a DBTT 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 
beei developed for swelling resistance and these steels may prove adequate for 

2 service to 12 MW"y/m . 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 undtr conditions that are anticipated for n.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 a 
structural alloy for the axicell should be reviewed regularly, to ensure that 
the best candidate material is used. 

Most other material issues in the FPD-I1 configuration are similar to 
FPD-I (see Sec. 4). 

ELECTRICAL SYSTEMS 

The electrical systems include the electric plant equipment of the ac 
power system, the power conversion for the confinement magnets, the power 
conversion for the microwave 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 Che switch gear, transformers, and 
distribution of power to the electrical loads 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 total rtcycle power needed for FPD-II is 128 HW 
without the axicell and 243 MW with the axicell. The totpl 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 generation 
and loads. 

Electric power (MW) 
Power generation or Input Output 
load description 

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 drift pumps 2(2) 
Plug-cell ECRH 50(50) 
Resistive coil power 23(78) 
Cryogenic system power 25(25) 
Cooling system and vacuum 
system poue-- 10(10) 

Superconducting-coil power systems 3(3) 
Fuel processing and tritium cleanup '/(7) 
Direct converters 40 
Turbine generator 205 

Total (with axicell) 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 line. With the axicell, the power 
generated is nearly equal to the power consumed. 

A small 30-MV*A substation provides better regulated power to the 
4.16-kV loads. The 4.16-kV substations may selectively receive power from 
either the 230- or 115-kV substations. The 4.16-kV substations provide power 
to eight 2-MW load-control centers. Two 4.16-kV diesel generators provide 
backup POT er to selected 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-distribution 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-II were located at the same 
site, both machines could be operated from the sane 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 at the 230/13.8-kV transformers, but the only main transformer 
circuit breakers are on the high-voltage side. Faults that nay 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, consists of a three-
winding transformer that 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 19 shown in 
Fig. 5-47. 
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Figure 5-46. Simplified block diagram of the FPD-II power-distribution system. 
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Figure 5-47. One-line diagram of the FPD-I1 power-distribution system. 
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Table 5-20 . Mnemonic d e f i n i t i o n s . 

Mnemonic Description 

DPRF Drift pump rf power 
ADU Atmospheric detritiation unit power 
WCP Water cooling pump power 
LMP Liquid metal pump power 
UPS Uninterruptible power supply 
CFP Condensate feed pump power 
CCP 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 
EDKMJ Maximum energy dissipated in a dump resistor (MJ) 
PDRMW Maximum power to a dump resistor (MW) 

ELECTRICAL POKER CONVERSION SYSTEMS 

The electrical power-conversion systems include the following: 

1. All the power supplies for the magnets, and power injectioT 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-II 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 to the 
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.3 

Type Magnet group SPS PSVOLT PSKA BUSLH NBKRS NDR EDRHJ PDRMW 

A Central cell-8 1 20 60 200 5 16 150 30 

B Central cell-2 1 1C 60 120 2 4 55 15 

D,E Choke insert-2 1 +120 100 150 0 0 0 0 

C Choke background-2 2 30 9 100 4 8 390 4.4 

B Transition-1-2 2 12 25 100 4 8 60 12 

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 

R Axicell choke-2 1 +190 130 100 0 0 0 0 

C Axicell background-2 2 30 12 100 4 8 500 12 

E Axicell eenter-1 1 165 80 100 0 0 0 0 

For mnemonic definitions see Table 5-20. 
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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 
S main solenoid coils connected in series. There are five large dc circuit 
breakers for interrupting the 60-kA coil current if quench conditions are 
detected. Che pneumatically operated slow-dump switch SD-SW has very low 
voltage across it because of the low-resistant-shunt slow-dump resistor R . 
"The busing cross section is ten tiir.es higher than that used in the MARS 

3 Study. Figures 5-49 and 3-50 show the type B and C power conversion 
systems 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 
energy) that they must have a center tap and separate dump resistors to 
protect them if a quench occurs-

Figures 5-51 and 5-52 depict pauet supply cmj,s.ti;uc.ticKi. tax the. resistive 
coils, which require substantial power at high current and moderate voltages. 
For the lower power coils, such as the axicell center coil and main solenoid 
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 power axicell choke coils, the direct connection to the 13.8-kV 
line via the auto transformer (shown in Fig. 5-52) may be more flexible or 
cost effective. In either case, tie very large currents require large cross-
section busing as shown in the figures. Copper busing will reduce the cross 
section by 50%, but is generally more expensive than aluminum. Joining the 
slabs together, however, may favor 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 to 
smooth and condition the dc signal and protect sensitive elements of the unit 
(e.g., the thyristor valves). The larger ac-dc converter units are as follows: 

• 38-MW, 126-kV, 300-A unit for the axicell tritium heamline (I); 
• 25-MW, 83-kV, 300-A units for the ECRH systems (1)\ 

m 23-MWj 83-kV, 277-A unit for the axicell deuterium beamline (1). 
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The two 1CRH 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 kV. 

INSTRUMENTATION AND CONTROL 

We had insufficient time to address the instrumentation and control (I&C) 
issues for FPD-I and FPD-II in other than a precursory 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 ISC, 
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 l&C includes all the data acquisition, local computers, 

and data transfer links to the supervisory level computers. The safety I&C 
includes all sensors, data acquisition, hardware controls, and computers 
needed for safety monitoring and for preventing plant startup and operation 
under adverse conditions. The safety I&C 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. All groups have console 
displays. 

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

The axicell addition requites add.tional ISC 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 I&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 begins or pellet 
fuelers for fueling; (2) the presence of a blanket module with or w'.Liiout a 
power train; and (3) fuel storage requirements; and (4) the fusiofl 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.Z to 0.3; 
therefore! the total tritium inpjt 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/hour or 1.4 to 2.1 kg/cycle. 

The pellet fueler has two advantages over neutral beams. First, since 
t-»ti Vitrarti of trutA-orm iue\ is stored to ensure constant fueling AurinS 
operation, a lower fueling rate results in a lower inventory. Second, 
processing units contain lower tritium inventories at a lower rate-

The tritium inventories in Che test cell and other processing areas at 
the throughput rates cited are shown in Table 5-23. For beam fueling, the 
total inventory is 1*230 to 290 g, Tor pellet fueling, it is 180 to 210 g. 
With an inventory of 250 g, both options could be handled by the same system. 

The units supplied in the processing area include uranium storage beds, a 
fuel claanup 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 (HW) 479 
Current to central cell (kA) 0.249 
Current to end cell (kA) 0.009 
Current to test cell (kA) <0.431a 

Cycles/yr 21.9 
Tritium fraction 0.5 

Processing variables at steady 
state for two options Neutral beam° Pelletc 

Fractional burn 0.13 0.22 
Tritium burnup (g/h) 3.1 3.1 
Deuterium burnup (g/h) 2.0 2.0 

Tritium to plasma (g/h) 12.1 7.0 
"euterium Co plasma (g/h) 8.1 4.7 

Tritium waste (g/h) 28 + 48 7 + 14.() 
Total tritium input (g/h) 40 + 60 14 + 21,0 

(kg/d) 0.97 + 1.5 0.3 + 0,5 
(kg/cycle) 4.0 + 6.1 1.4 •* 2,1 
(kg/yr) 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) 3.1 + 4.6 1.3 + 1.9 
(kg/yr) 67 •* 101 29 + 42 

j|F*r a test cell %3.5 in long. 
bBeam efficiencies (+)20-30Z, (-)7-I0%. 
cWa ste will range from 100% to 300%. The beam case is 3 pellets/s. When 
th«? realtor 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 

a Structure <30 <30 
b Beam pump 4.5 + 7.8 — 

Surge tank 4.5 + 7.8 — 
Pellet fueler — 10 c 

Blanket 3.8 3.8 
Blanket recovery 1 1 
Total test cell/heat exchanger 43 + 50 45 
Storage 80 * 120 28 + 42 
Pellet preparation — 14 + 21 
Fuel cleanup 50 -> 55 43 + 45 
Cryogenic distillation 60 + 65 53 + 55 
Total processing 190 •+ 240 138 -* 163 

Total 233 + 290 183 + 208 

Dissolved tritium in all components. 
Cycled 1/6 every 10 min. 
This inventory is a minimum. For an extruder, the 
inventory is at least 20 g. 
Two 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 
{"̂ 6.7 kg/year) and also all of the tritium lost to decay, to environmental 
releases or to waste in processing. The amount lost to decay (14 g/year) 
depends on the plant inventory (1250 g). The amount lost to waste depends 
Cii 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 ratio of 1.03. 
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The processing system used to remove tritium from the LiPb blanket 
includes a 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 auxiliary equipment, 
dump tanks, etc. This equipment is located in the hot cell. 

Four different atmospheric tritium recovery systems (ATR) are provided 
for the four main tritium areas—test cell, hot cell, tritium 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 

4 3 4 3 4 3 
internal volumes o T^6,l x 10 m , "1.2.4 x 10 m , *\,1.6 x 10 m , and 4 3 T.4.3 x 10 m . A throughput rate of 0.5 vol%/min is needed to achieve 3 . 3 cleanup in 5 days. This corresponds to units of 305 m /min, 120 m /min, 

3 3 . 
80 m /min, and 215 m /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 separatp system as is the hot cell unit. The 
transporter unit is handled by part of the heat exchanger system. The air in 
the large upper building .above the test cell in which the transporter is 
located is cleaned by the 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 may 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 10 . 

The overall tritium system for FPD-II described here is similar to that 
for the FPD-1 design. The tritium mass flow rate for fueling FPD-II 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-II design. The blanket for FPD-II 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 AVAILABILITY 

The maintenance requirements and operating availability for FPD-II 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 (CSO) , and a shield module with integral choke 
coils (CCC1). 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 MFTF-a+T (see Ref. 1 for a more detailed discussion of this 
component and its modular subassemblies). 

PLANT FACILITIES 

We have used the same approach in designing the plant facilities for 
FPD-II 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). In 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 tower 
(Fig. 5-55). The intermediate loop is provided to reduce migration of tritium 
and corrosion products to the environment. 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. 

HOST ANALYSIS 

The total capital costs estimated for the FPD-II device are shown in 
summary form in Table 5-24. This estimate is in millions of mid-1984 dollars 
and has the following qualifications: 
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Figure 5-53. Disassembly of the DT axicall based on the MFTF-a+T design. 
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Table 5-24. FPD-II capital cost summary 
(1984 millions of dollars). 

Direct cost 1,372.3 
Indirect cost 480.3 

Subtotal 1,852.6 
Contingency 555.8 

Total capital cost 2,408.4 

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

• The device will be constructed by a prime contractor who 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 estimate and to ensure that all cost data had a common basis. The FPD-I 
work breakdown structure was initially arranged to correspond to the standard 
mandatory accounts for fusion cost estimates, which is being developed at FEDC 
based on earlier work by Battelle. 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 chat were used to transmit cost data to the FEDC Cost Engineering 
group. Components and subsystems were costed by using supplier quotes, by 
analogy with a similar component or subsystem, or by cost estimating 
relationships chat attempt to predict the cost based on the required 
performance and quantity to be purchased as correlated to historical cost data. 
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The FPD-II cost estimate differs from the FPD-I estimate because of the 
following factors: 

• Better 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 installation costs associated with the 
permanent facilities, systems, and equipment. These costs are defined as 
follows: 

r 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, fabrication, 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 5-25, are those costs that cannot 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—Plant and reactor systems 
engineering, procurement, cost and scheduling, Q/A, and construction 
management. 

• Field Office Engineering and Services Cost—Field office operation, 
job supervision, Q/A, testing, and startup. 

• Owner'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 Mi) 

20 Land and land rights 
21 Structures and site facilities 

211 Site improvements/facilities 
212 Reactor building 
213 Turbine -uil^ing 
214 Reactor maintenance buildings 
215 Tritium building 
216 Electrical equipment buildings 
217 Other buildings and structures 

22 Reactor plant equipment 1183.9 
221 Reactor systems 268.0 

221.1 First wall 0 
221.2 Blanket system 96.4 
221.3 Shielding 89.5 
221.4 Reactor structure 77.1 
221.5 Energy and particle removal/ 

control 5.0 
222 Magnet systems 339.3 

222.1 Central cell solenoids 
222.2 Choke coils 
222.3 Transition coils 
£22.4 Anchor coils 
22.'.5 Plug coils 
222.6 Recircularizer coils 
222.7 Recircularizer solenoids 
222.8 Axicell coils 
222.9 Thermal shielding 

223 Power injection systems 109.9 
223.1 ECRH system 
223.2 ICRH system 
223.3 LHRH system 
223.4 Neutral beam injection system 
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Table 5-25. (Continued.) 

Account Mo. Account title Costs (1984 Mt) 

224 Vacuum systems 073 
224.1 Plasma chamber 0.5 
224.2 External vacuum vessel 0 
224.3 Secondary systems 0 

225 Power conditioning systems 72.7 
225.1 Magnet system power conditioning 39.3 
225.2 Power injection system power 

conditioning 27.3 
225.3 Energy and part ic le removcl/ 

control power conditioning 6.1 
225.4 Energy storage system 0 

226 Heat transport system 105.6 
226.1 Blanket heat transport system 

38.8 
226.2 Shield heat transport system 0.1 
226.3 Cryogenic coding system 35.6 
226.4 Water cooling system 30.7 
226.5 Gas cooling system 0.5 

227 Fuel handling 152.4 
227.1 Fuel injection systems 7.7 
227.2 Fuel processing and purification 19.2 
227.3 Storage and receiving 5.2 
227.4 Atmospheric recovery systems 26.3 
227.5 Water recovery systems 7.7 
227.6 Blanket recovery systems 86.3 

228 Instrumentation/control (I&C) 71.4 
228.1 Process ISC 21.4 
228.2 Safety instrumentation 3.4 
228.3 Diagnostics 27.2 
228.4 Data processing 20.4 
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Table 5-25. (Continued.) 

Account No. Account title Costs (1984 Mj!) 

229 Maintenance equipment 64.0 
229.1 ' Manipulator systems 10.8 
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 Hockup equipment 11.8 
229.6 Miscellaneous tools 3.6 
229.7 Decontamination Equipment 1.1 
229.8 Radvaste treatment/disposjl 3.5 

23 Turbine plant equipment 0 
231 Turbine generators 0 
232 Main steam system 0 
233 Condensing system 0 
234 Feed water heating 0 
235 Other turbine plant equipment 0 
236 Turbine plant ISC 0 

24 Electric plant equipment 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 0 

Containers 
246 Power and control wiring 11.4 

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 0 

26 Heat rejection systems 12.8 
Total direct cost 1372.3 
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Table 5-25. (Continued.) 

Account No. Account title Costs (1984 Mfc) 

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 cost 480.3 
Subtotal 1852.6 
Contingency 555.8 
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 office 
engineering, and 5% each for field office engineering and owner's cost. 

Contingency is an allowance for the uncertainty that exists within the 
conceptual design in quantity, 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% of the direct 
cost. 
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6.0 STUDYINC THE CRITICAL TECHNOLOGY ISSUES 

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

U^ i«to%Tiixe*l iTCTh fne cmts'et that to opttate an ??$ experiment vn the 
late 1990s, ue needed to foster technologic? \ change in several key areas. 
Although the MARS study by LLNL and the fusion power coramunity evaluated the 
techriological growth necessary for full-scale electricity production, we had 
to acij u s t the schedule of tQchology development on FPD because it is a less 
ambitious project than MARS. 

CRITICAL ISSUES MEETINGS 

In 1983, we compiled a list of all 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 
workshop are shown in Table 6-2. 

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

AEter each critical issue meeting we distributed the minutes of the 
meeting with appropriate, comments and summary. The average attendance w^s 
about 30—75% from the FPD project group and 25% consultants from other VOE 
laboratories and university research teams. 
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Table 6-1. Critical issues for FPD. 

System Issue 

Magnets 1. Shielding of end plug coils to minimize size and 
cost 

2. :—II requirements with cost impact 

Neutral beam 
injection 

3. Photodetachment neutralizer 
4. Superconducting magnetic shield 
5. Transvecse-field-focus bea.n transport 
6. Beam dump 

Drift pump coils 

Gyrotions for ECRH 

7. Power supplies 
S. Neutron shield = semiconductor = high magnetic 

permeability 
9. 1-MW tubes by 1995 
10. Mirror quality and aiming 

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

ICRH 14. Antenna or waveguide with horn 

Fuel pellet 
injection 

15. Rail-gun velocity increase 
16. Location relative to choke coil 

Litfuid-metal blanket 17. Corrosion and MHD pressure drop 

Siting 18. Tritium inventory 
19. Component activation 

Repair 20. Design for remote maintenance 
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Table 6-2. Critical issue workshop format. 

Agenda 
1« Present and compare design ideas. 
2. Criticize and/or support. 
3. Agree on design approach for FPD. 
k. Devise test methods and schedule for FPD. 
5^ Assign design responsibility for FPD. 

Objectives 
1. Agree on basic design approach. 
2. Specify design goals. 
3. Define FY84 depth of study. 
A. Who will pursue this study? 
5. What issues will (s)he nddress? 
6. When will the work be complete? 
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CONCLUSIONS 

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

It was the consensus that the weakest area of current knowledge is pallet 
fueling- Present physics calculations indicate the need for pellet velocities 
of tens of kilometers per second. However, 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 roust improve OUT ability to predict 
plasma'Pellet heat-tr«insfer needs as well as fashion experiments to increase 
pellet velocity or add sabots to protect the pellets. 

Iii the Appendix we include the memorandums that discuss in detail out1 

findings concerning these critical issues. 
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7^0SITING AMD SAFETY 

INTRODUCTION 

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 to lar&e, fusion power machines, including the FPD machine. The 
second set comprises general reactor design crit2ria, which, if followed, will 
appreciably mitigate potential problems with siting and rafety. 

GENERAL SITE-SELECTION CRITERIA 

1. Relationship of the facility to population centers and density. No 
conflict should exist between the operation of the fusio.i facility 
during its lifetime and the master plan for development in the 
vicinity. 

2. Electrical power sources. Adequate electrical power should be 
available without requiring new substations and power lines. 

3. Heat disposal. Heat disposal should be readily provided by using 
cooling towers, rivers, lakes, or oceans, and should create little 
or no adverse environmental effects. 

4. Hot cell facility. An area of the site should be dedicated to a 
hot cell facility for processing radioactive materials and parts. 

5. On-site disposal of radioactive waste. If possible, radioactive 
waste should be disposed of on site; therefore, the site must meet 
the NRC Class A requirements for near surface burial as outlined in 
the Code of Federal Regulations, 10CFR61. These waste materials 
include the following: 
a. Operational wastes—machine parts that need regular replacement, 

expended material, protective clothing, rags, sludge, solvents, 
etc. 

b. Decommissioning wastes—all of the above, plus activated machine 
compc. nts. 
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6. Ofi-site disposal of radioactive waste. If radioactive materials 
cannot be disposed of on site, off-site disposal areas must he 
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 radioactive materials. 
7. geismic safety. The seismic safety criteria used in the design must 

be consistent with the local seismic requirements. 
8. Tornado hazards. Tornado hazards must be considered in the design 

of the buildings and the facilities. 
9. Flood hazards. Flood hazards must be taken into account in facility 

design. 
10. Air traffic. Proximity to airports and flight paths may require 

additional precautions against possible effects of airplane crashes. 
11. Fence~line radioactive dose rates. The projected radioactive dose 

rates at the fence line must conform to existing and proposed 
Department of Energy (DOE) and Environmental Protection Agency (EPA) 
regulations. If property buffer zones are needed, it must be 
possible to acquire them. 

12. Radioactive material inventories. Inventories of radioactive 
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. We 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. 

2. Materials for hands-on maintenance. In regions where hands-;?n 
maintenance is highly desirable, materials that will "cool" quickly 
if activated should be used, making general access easier and 
simplifying remote handling when necessary. 
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3. Remote maintenance. Most of FPD requires remote 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 that highly 
activated parts can be easily separated from the rest of the 
machine). 

6. Water contamination. No routine release of radioactivity 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, 

RADIOACTIVITY 

The Lawrence Livermore National Laboratory (LLNL) is regulated in its 
handling of radioactive material by the DOE and tne EPA. The current DOE 
regulations are contained largely in "Requirements for Radiation Protection", 
DOE Order 5480.1, Chapter XI. There are no current EPA regulations governing 
radioactive dose rrtes; however, the EPA has proposed regulations for the 
off-site dose rates ("Clean Air Act, Radiological Emissions Standards", 
Federal Register, April 6, 1983). These regulations apply to routine 
operations, not accident situations. The LLNL exposure limits for on-site 
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 limits are the same as those stated in the NRC 10CFR20 and are the 
recommendations of the National Council on Radiation Protection (NCRP) and the 
International Protection (1CRP). The exposure limits are as follows: 

7-3 



1. Whole 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 V.eV, or x 
or gamma of E greater than 10 keV, shall not exceed 5 rem/qusrtef 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 during routine operations; however, 
the exposure policy of DOE and LLKL is to keep radiation exposures as low as 
reasonably achievable (ALARA). ALARA is subject to many definitions, but 3 
draft on ALARA submitted to DOE by Kathren and Selby of Pacific Northwest 
"Laboratory in April, l$$t) states: 

"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. In general, dose reductions that 
cost less than J2000 per person-rem of dose spared are probably 
always cost-beneficial, while costs in excess of $60,000 per person-
rein 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 -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 5s whole body 0.6 rem/quarter or 1 rem/ 
year). The policy at LLNL is to design tD half the DOE limit—300 mrem/ 
quarter or 500 mrem/year- It is also LLNL 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. In the "Clean Air Act, 
Radiological Emissions Standards", the EPA proposes radiation dose guidelines 
of 10 imfem/year whole body, and 30 mrem/year to any organ for any member of 
the public residing at the site boundary. This dose limit for the general 
public includes radiation doses from all airborne radioactivity. For fusion 
experiments, the limit includes any dose received from released tritium, from 
neutron activation products from the air vn the experimental area, plus any 
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other radiation dose sources that may he connected with the experiment. The 
dose limit does not necessarily inclvde the "sky shine" or radiation 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 'Jirem/year for organs. 

Accident 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 type 3 accident. This is an occurrence that may 

-3 -1 occur infrequently during the lifetime (10 < P < 10 /year). In this draft, 
the off-site dose limit for the type 3 accident is 5 rem. However, at Ll.NL, 
past practice suggests that this limit is too high. For an occurrence that 
might happen as often as 10 /year, 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 rem to a person i/esiding 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 criteria that will probably 
be developed for use in the FPD design. 

OPERAB1L1TY 

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 CDBE) condition. Seismic Category 1 
structures, systems, and components shall be designed to remain 
functions'* during and after the DUR. 

2. Ensure ths integrity tind/or operability of those Seismic Category I 
structures, systems, and components that are essential to assure 
shutdown capability, to maintain a safe shutdown condition, and to 
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 j 
DBE Excitation Criteria. I 

4. Evaluate nonseismic Category I structures, systems, and components J 
i on a case-by-case basis* Nonseismic Category I items shall be j 

designed using LLNL's no-hazard-Standard Facility Criteria. Failure j 
of Non-Category 1 items and Category I items must not caus"* failure ' 
of any Category I items in successively higher levels of the DBE 
requirements (i.e., an item in a lower safety classification must 
not cause failure of an item in a higher safety classification). i 

5. Include, but do not limit, hazardous and nonhazardous structures, 
systems and components to building structure, piping, electrical 
conduit, mechanical systems, electrical systems, associated support j 
systems, etc. : 

SEISMIC EXCITATION i 

1. Define the DBE input ground motion for each structure, system or > 
component configuration by specifying the maximum horizontal ground j 

!. 
acceleration (PGA) and the horizontal ground response spectra. The i 
maximum vertical ground acceleration is two-thirds of the maximum i 

j 

f 
^Following the guidelines in 10CFR100, functional can be defined as perfor- J 
mance sufficient to limit the maximum off-site dose to 23 rem. Practice at } 
LLNL, however, has been to strive for lower exposure, even in the event of a < 
DBB. A number that seems consistent with past practice at LLNL is to limit 
the maximum off-site dose to 500 mrem. We suggest that FPD be designed to 
this performance level. ' 
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horizontal ground acceleration. The response values of.the vertical 
ground-response spectra are equal to two-thirds of the response 
values for the horizontal ground-response spectra. The LLNL DB6 
ground-response spectra with a peak ground acceleration is 
normalized to 1.0 g. 

2. Assume that the DBS. 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 simultaneously with the vertical ground motion (two-directional 
excitations). 

3. Include the following two steps in the high-hazard seismic-excitation 
and design requirements. LLNL requires that all high-hazard 
structures, systems, and components (Seismic Ca^gory I items) go 
through a two-step design process. The first step consists of 
evaluation and design in the elastic range oE response, using a 
dynamic-response spectrum analysis with the LLNL ground-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 Uniforiu 
Building Code (UBC) analysis methods in addition to UBC strength 
allowables. Connection evaluation and design accounts for an 
additional load f-.jtor of 1.5; the connection design/evaluation uses 
forces that are 1.5 times greater than those resulting from u.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 0.8 ? applied simultaneously with a vertical PGA 
of +_ 0.53 g. For this design check, the item must remain functional 
during and after the earthquake. 

4. 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 design orocess. The First step consists of 
evaluation and design in the elastic range of respo-.—, using a 
dynamic response spectrum analysis with the LLNL ground-response 
spectra and a corresponding peak ground acceleration (PGA) of 0.25 g 
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(DBE) applied simultaneously with a vertical PGA of +_0.17 g. 
Engineering evaluations ano design are accomplished by using UBC 
analysis methods along with V C strength allowables. Connection 
evaluation and design accounts tci an additional load factor of 1.5; 
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 after the 
arthquake. 
Include the foil; wing 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 additional 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 
components shall be designed to meet the basic performance 
requirements of the UBC. 

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, tb-reby 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-

c. All buildings and structures with significant cross-axis 
coupling and/or torsional response: the design of buildings and 
structures placed within this category shall meet the 
requirements of 5b above. 

SPECIFIC FPD SITING AND SAFETY CONS i ORATIONS 

In addition to the above general requirements, there are specific saffy 
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 prcper 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 ,iew tritium facilities may 
need to consider a "design basis accident" in their plans. The DOE Division 
of Environmental Safety and Health CES&H) is preparing a document describing 
tritium building criteria. As far as legal requirements are concerned, the 
site boundary is 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 
received a whole-body dose that exceeds 20 rem. This whole-body dose can be 
received ac the time of the nuclear occurrence or over a longtr period of 
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time. !n an "Extraordinary Nuclear Occurrence", the NRC establishes the 
conditions for the "waivers o£ defease" proposed for incorporation in 
indemnity agreements, insurance policies, and in contracts furnished as proof 
of financial protection. The NRC 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 [KTO (104 grams of tritium)) in a worut-case 
situation will give rise to 3 rem at the fence line. 

The Tritium Systems Test Assembly tTSTA) project at Los Alamos National 
Laboratory is wrestling with the question of accountability requirements, (set 
by DOE at +0.0] gram). For the 800-gran tritium inventory expected in FPP, 
DOE accountability requirements expect an accuracy of 12,5 ppm. This accuracy 
is considered unachievable because of a number of losses, (e.g., permeation 
into ttie structure and into the water coolant). Personnel at TSTA have not 
found adequate equipment or methods to deal with this question. 

Presently, the FPD facility is projected to have about 800 grams of 
tritium in the entire facility, with about 40 grams vulnerable in FPO itself. 
Houevef, we are investigating alternative schemes for reducing the total 
amount of tritium. One scheme is prompt recycling 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 alon& with make-up tritium from the blanket breeder. Such a 
conceptual system could significantly reduce the size of the tritium handling 
facility and, at the same time, it could reduce th<; total amount of tritium 
circulating. 

MATERIAL ACTIVATION 

Calculations of neutron-induced activation are proceeding, but the re&ults 
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 component!., 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. Other 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; 
t 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/m ) in the long solenoid 
2 section, plus the high wall loading (4 to 5 MW/m ) in the 3-m-long central 

test section, are reduced by tiie rather low-load factor (30X). Hence, for 
activation products with half-lives of several months or more, this scenario 

2 is equivalent to steady-state operation at 0.25-MW/m wall loading for the 
2 long solenoid section and 1.5 MW/m for the central test section. Afterheat 

in the first wall steel immediately after shutdown will be about half that of 
2 3 

Starfire, or about 0.4 W/ctn , but will decay much more rapidly than in 
Srarfire, The copper insert coil will activate, presenting problems both in 
handling and in waste disposal, The activity will be dominated 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 
Lij^Pbgj (LiPb) used as a coolant in the blanket and first wall will 
activate in the neutron flux. Depending on actual residence time in the 
high-neutron-fiux regions and on the operating level and also on the 
availabiJity 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 
L.iPb will entrain corrosion products as it cir;ulates. Some of these 
corrosion products may be already activated before entrainment while others 
will activate as the LiPb circulates through the high-neutron-flux regions of 
FPD, This indicates that remote maintenance should be planned for the LiPb 
loops from the beginning. Accident scenarios involving LiPb should be 
investigated in the future. 
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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 

13 2 strength of 1 x 10 n/cm -s at this location and no additional shielding on 
the coils); the result was a C(]4) production rate of 0.1 microCi/liter/year. 
To determine whether or not this production rate is a problem, we will need to 
study the neutron activation of nitrogen at all points in the cooling loop and 
also 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/m1") and of the test section (5- to 7-MW year/m ) is not likely to 
produce large inventories of very long-lived nuclides; furthermore, we ate 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). If this is the case, a site selection that 
allows on-site disposal of the waste can be extremely important because 
packaging and transportation problems will be minimized. Decommissioning will 
involve all of the techniques developed for dealing with fission reactors. In 
particular, >t will require a custodial period for the FPD facility to allow 
the induced radioactivity 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 radioactive components must be disassembled to allow packaging for 
disposal. This may involve 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 
hiRh-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, maintain and 
decommission. 

7-13 



REFERENCES 

1. R. L. Kathren, J. M. Selby, E. J, Vallario, A Guide to Seducing Radiation 
Exposure to as Low as Reasonably Achievable (ALARA), U.S. Department of 
Energy, Washington, DC (1980). 

2. Starfire — A Commercial Tokamak Fusion Power Plant Study, Argonne 
National Laboratory, Argonne, IL, AH7./FPP-8C-1 (1980). 

7-14 



* > , . 

5 * •* •*f**^\ j . 

' # -

S#ctton8 
TANDEM MIRROR REACTOR SYSTEMS CODE (TMRSC) 

f •y 

' . • • • • . • * . »"•• » f H .̂4™. * ? ' ^ ••"- - * - « v . *v * 



8.0 TANDEM MIRROR REACTOR SYSTEMS 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 Co 

1 2 MARS and FPD, which incorporates the central cell =uii end 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 set, and a 
recircularizing C 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 
(LLN'O. Neutronics, shielding, and tritium modules are being modeled by 
Argonne National Laboratory (AND. Blanket rhermal hydraulics, heat 
transport/power conversion, cryogenics, Jirect converter, and plasma heating 
systems are being provided by TRW. Magnet electrical, ac power, vacuum 
vessel, fueling, maintenance equipment, and instrumentation and control (I&C) 
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 TMRSC 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 magtetics, neutronics, and magnet design parameters. 

In TMRSC, 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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Figure 8-2. Tandem mirror reactor systems code flow diagram. 
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blanket thickness is determined consistent with the desired energy 
multiplication and tritium breeding ratio. The shield thickness is set 
consistent with nuclear response limits in the superconducting solenoidal 
coils. The central-cell solenoidal-coil radius is then determined from the 
summation of the plasma radius, blanket 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 to 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 cell 
magnetic tY-u*. OTI option exists to specify tVifc choVe-coii piasrta radius an<S 
calculate the central-cell plasma radius.) The choke coil (superconducting 
portion plus copper insert portion) is sized, after determining the plasma 
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 allowable current densities. Axial positions of the coils 
are chosen to be consistent with recircularizing the flux in the anchor 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-through 
manner according to the sequence shown in Fig. 8-2. 

MODULE DESCRIPTIONS 

PHYSICS 

The- physics module of TMRSC solves itultiple 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 tut jon-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 THRSC. 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 neutron 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 

Mr.gnetics for the central cell, solenoidal coils, the choke coil, and ;he 
end-cell C coils are determined by the TMRSC magnetics module. Required 
currents are computed based on the magnetic-field profile, the coil radii, and 
the axial location of the coil. The central cell coils may be discrete coils 
or a current 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 circularity 
in the magnetic wells; and (3) zero average geodesic curvature. This module 
runs the EFFI magnetic field code and the TEBASCO (tandem equilibrium and 
stability) code. Allowable value of beta in the central cell, anchor, and 
plug are determined consistent with magtietohydrodynamic (MHD) equilibrium and 
stability. These values of beta are coupled to the plasma physics through an 
external feedback loop. 
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MAGNET 

Central-cell and end-cell magnets are modeled by the magnet module of 
TMRSC. Magnet designs must be consistent with limitations of current density, 
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 [electron-
cyclotron resonai.L 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 roost of the 
ions in the plasma onto the halo, which is kept at ground potential by the two 
outer collectors. Electrons flow axially through the middle of 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 electrons; heat 
deposited by the ions and alphas can be recovered by a thermal cycle. 

The direct converter module of TMRSC 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 also 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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PLASMA 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 also determined by this module. 
Positive-ion heating systems are not currently included in this module but may 
be added later. 

The it systems for drift pumping application are also included in this 
module. The purpose of the drift-pump system is to remove ions by the profess 
of induced radial drifts, which hcve become trapped in the end cells as they 
pass to the potential peaks. There are two coils in each end to pump 
different 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 coil and the anchor coil, the other between t̂ e anchor coil and the 
plug coil). This model is based on the MARS system and produces a perturba­
tion fi^ld normal to the ambient B field. The physics requirements of ion 
pumping speed, frequency, and geometry are used to calculate the required rf 
frequency, the required current in the coils, and the number and width of 
individual driver frequencies. The coil inductance and voltage are computed 
from the Specified coil geometry, and the dissipated pover is determined based 
on the 0 of the circuit* Ohmic losses sx\i total power consumption are also 
calculated by this module. 

VACUUM VESSEL 

A Vacuum vessel exterior to the soleaoidal coils, end-cell C coils, and 
direct converter is sized and costed by tie vacuum-vessel module of TMRSC. 
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AC POWER 

The ac-power-system-code module of TMRSC calculates characteristic design 
and coat data for the electrical power systems needed Co operate the reactor. 
This module identifies and computes the cost for major equipment such as 
circuit brepkers, 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 gear 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 module of TMRSC computes design and cost data for 
the power 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 instrumentation are determined by this module. 

INSTRUMENTATION AND CONTROL (I&C) 

The I&C module of TMRSC determines the costs of process I&C, plasnui 
diagnostic instrumentation, data transmission, data processing, and consoles 
located in the control building. The cost of each I&C process and diagnojtic 
includes both hardware and software. 

In this module, I&C are defined as the supervisory control and data 
system located in :he main control building, plus Che associated data links tc 
local I&C. This module does not include the local process control aid instru~ 
mentation located in the proximity of the reactor vault. 

MAINTENANCE EQUIPi.ENT 

The maintenance equipment module of TMRSC consists of a compiled list of 
reactor cell and hot cell equipment with unit costs. The user chooser the 
appropriate equipment for a particular device configuration from the 
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comprehensive listing. The equipment either scales with reactor parameters or 
is fixed in size and cost. 

FACILITY 

Che 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 effort. 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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A MIRROR MACHINE WITH OCTUPOLE END PLUGS 



August 3, 1984 MFE/RTCD/84-274Oa:0127a 

TO: Distribution 
FROM: John Perkins 
SUBJECT: A Mirror Ignition Machine With Octupole Er-j 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 
based on the MARS configuration. A maj'or goal of the project has been to 
def.ne the minimum length 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 magnet 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 v 8 m and c\ total machine length of 
•̂  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 only -v 63 m compared with ^ 147 m for the MARS-mode. *-
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Table 1. A comparison Gf the FPD ignition machine with MARS and octupole end 
plugs. Both are minimum length machir.cs. (ft more detailed parameter list for 
the octupole-mode is given in Table 2). 

MAftS-node Octupole-mode 

Center cell length3 L (m) 90 30 
End cell magnet length (m) 19.4 8 
Total machine length (m) t 147 •v 63 
Central cell plasma radius r c (m) 0.46 0.45 
Fusion Power (MW) 479 156 
Q 36.7 7.0 
Q d 

e n 9 2 Neutron wall loading {MW/m ) 
i. 2.2 
1.0 

<1 
1.0 

Total ECRH powerc 11.4 21.7 

Effective lengths—physical lengths (choke to choke) are 96 and 35 m, 
respectively. 
6 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. 
Engineering Q; 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, ue require the integration of 
seven major subsystems, namely (1) core-plasma barrier ECRH, (2) core-plasma 
potential peak ECRH, (3) mantle ECRH (4) sloshing ion 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 lengt.i by defining a minimum 
volume end-cell magnet configuration. 
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2. Parmeter Scaling Studies 

Initial parametric scaling studies have been performed on tne octupole 
version of FPD. Here we are interested in the optimum central cell plasma 
radius r and plug beta B_ which result in the snortest length ignition c p 
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 octupole 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. ECRH 
power requirements are comrjted for both the plug core plasma and the outer 
mantle region. 

Requirements on beta profiles across the core ana mantle regions are 
determined oy satisfying line-averaged interchange stability requirements, 
thus requiring details of field curvatures through the central cell and end 
eel Is. 

The following sections present an overview 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 L as a 
function of the central cell plasma radius r for the octupole version of 
FPD; the beta of the plug core plasma <ji > 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 HAR5-mode FPD configuration showed that L 
minimizes for a central cell field of T- 2.D T and we expect this optimum 
field to be essentially independent of end cell type. 

From Fl a. 1 we see that, at any given <8 >, there is an optimum 
F 

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 r c, 
end cell trapping rates drive the system to longer values of L , while at 
smaller >• a lr -er L also results due to reduced alpha particle energy c c 
deposi ;on in the center cell. Now as r increases at constant B , 

? l /? the central cell flux (nr'8 (1-<B >) ) increases accordingly. 
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Mapping this flux through the end-cell magnets with conductor fields 
maintained near maximum desirable values, necessitates larger end-cell 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 ,#tio with larger coil radii requires larger mirror lengths (analogous 
to solenoidal ripple where a constant AB/S is obtained for a constant ratio 
of solenoid radius to solenoid spacing). However, larger end cell mirror 
lengths result in longer end cell trapping lengths (i.e. the length 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 cell 
lengths determined only by end-cell trapping would minimize for very small 
central cell radii. 

Unfortunately, our relatively low E of 2.5 T and high <B > of 60£ imply 
large alpha particle 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 halo outside the plasma is 
plotted as a function of a parameter p which incorporates the dependence of 
r , B and <S > as shown. As will be shown in Sec. 4 later, the optimum c c c 
version of FPD-octuoole has r = 0.45 m. it 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 halol 

4. ECRH Power in the Mantle 

Now from Fig. 1, with <3 > = 0.15 and r = 0.55 m, a minimum length for P c 
ignition of 25 m is theoretically achievable. However, it is also necessary to 
assess the total ECRH requirements ( P E C R f J , o r e + PECRH,mantle^ i n t h e e n d c e l 1 ' 
Although for a given 0 and r , the ECRH power requirements for the core plasma P c 
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 HHD interchange criterion only defines the beta profile through the mantle 
allowing hot electron energy and corresponding density to he selected externally. 

A-6 



•2 
rf \n r 

'I 
rt •J- *« ifl 

2.1 cr c 

J-
In 1/1 
in >« 

0 O O 

"2 
c 

1(43 

T wT 

A-7 

I 



os" r 

T =. 
P= \r^*c J^-^K) 

ZO 

Pig . 3 E F F E C T O P F M > » T E . AUPKA. G-VRO«-AOU 
Or* At-PttA PovoE.«- Los%. T o HAk-O 

A-8 



As an illustration, Fig. A plots the mantle ECKH power as a function of 
the mantle hot electron energy for three values of plug Deta <a > in the core 
plasma; this figure is for the mantle Deta conditions determined by a center 
cell radius of 0.45 m. As expected, a hot electron energy E. z can oe 
selected to Minimize P E C R H m a n t i e ' l o w v a l u e s of £ n ot result in high 
PECRH mantle d u e t D s c a t t e r i n 9 a n d d r a 9 losses while nigh values of E n o t 

also result in higher ECRH power due to synchrotron losses. 
Therefore, for each central cell radius r and each plug beta 

<ts > if> Fig. 1. we can now select a mantle hot electron energy to minimize 
the total end cell ECRH power. This minimized power is shown in Fig. S as a 
function the radius r of the central cell plasma with <& > as a oaraw^ter. 

5. FPD-octupole Baseline Selection 

Selecting the FPD-octupole baseline via Figs. 1 and 5 illustrates tr." 
Catch-i-2 situation, i.e. a low plug Deta <pi > results in a short central cell 
length for ignition in Fig. 1 but requires a high total ECP.H power in the 
end cell in Fig. 5. For example, with r = 0-55 m ana <tf > = 0.15, an 
ignition length of 25 m is obtained. However, this requires A. 6b Mw of ECRH 
power with resulting low system Q (A. 2.7) and ECRH access problems in the 
octupole plug. 

Accordingly, our current baseline employs a central cell radius of 0.4s m 
with <pi > = 0.25. Although this results in a larger minimum ignition length 
of 30 u), the total ECRH power requirements are only t 22 Mw. 

Table 2 provides an extended list of system parameters for tne FPD 
ocutupole. Note that the neutron wall loading is 1 MW m whicn is 
reasonably respectable for blanket and technology testing. Note also that the 
system Q is only 7, an indication that tne system is capable of igniting with 
a short central cell length and, therefore, small total fusion power. 

It snould be noted that, unlike the MARS-mode of FPO, the octupole 
version with these parameters is unlikely to gtsierate net electrical power, 
having 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 Q e less :han two! 
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Table 2. Pre.iminary parameters for FPD-octupole. 

General 
Fusion power (MW) 156 
Neutron wall joading (MW/m 2) 1,0 
Q (overall) , 7.0 
Q (core plasma only) 10.5 
Oeng < T 

Required cold fuelling currMt (A) 102 
Overall macnine length (m) -\, 53 

Central Cell 
Effective length (mj 30 
Physical length 3 (m) 35 
B c (T) 1 2.5 
Plasma radius (m) 0.45 
First wall radius (m) 0.67 
<l*r> 0.6 

Choke coil 
Bchoke ( T) 2 4 

Coil inner radius (m) 0.14 
plasma radius (m) 0.116 

End cell 
Total end cell magnet length*1 (m) T- 8 
Core ECRH power, barrier (Mw) 13.8 
Core ECRH power, potential peak (MW) 0.46 
Mantle ECRH power ( M ) 7. A-
Sloshing ion beam energy (keV) 475 
Sloshing ion beam power (MWJ 0.61 
Total heating power (MW) 22.3 
<tJp> 0.25 
^mantle* , , 0-« 
Mantle not electron energy (keV) 750 
End cell trapping current (A) 79.2 

aChoke to choke. 
^Choke coil to outer mirror. 
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Clearly, a net power producing ETK based on the octupoie could be oDtained by 
simply increasing the central cell length in the current design above 3a m 
until the fusion powtr is large enough to give Q = 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 abso.ute minimum length, minimum cost, ignition machine as we have cone 
above, we would fix the fusion power at some reasonably high level wnere we 
would be confident of obtaining [| ^ 1 ano solve for tne corresponding 
length. In this latter case, the optimum central cell field and plasma radius 
would differ from the 2.5 T and 0 ,6 m values above, and the resisting macnine 
would be considerably more expensive than the present minirnum lengtn ignition 
baseline. Such considerations are being applied to the scaling studies for 
MINIMARS now in progress where we require Q > 4. 

Work is continuing on tne FPD-octjpole design in tnre, main areas, namely 
(1) iaiprowH plasma engineering ana magnetics moaeling, (2) integration of 
plasma heating systems in tne octupoie plug and (3) evaluation of system costs. 
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March 13, 1984 MFE/RTCD/84-?404a:0117a 

MEMORANDUM 
LLNL-FPD-84--15 

TO: FPO Distribution i / 
FROM: Dave Dorn <^ZD 
SUBJECT: Yin/Yang Shielding for the FPD 

A series of calculations have been done on shielding for the Yin/Yani, 
coils in the FPD. The actual configuration for a typical calculation is 
detailed in Figure 1. The calculations were done on the LASL code ONEDANT 
in 1-D slab geometry with the data file from Laila El-^-.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 TiH ? substituted for part of the W shield at 
the back. Table 1 shows the numerical results of these calculations. 
Fibres 2-4 show the results of this optimization, in graphical form, for 
shield thicknesss of 15 cm, 30 cm and 45 cm. Coupled with the 14.3 cm 
thickness of case and insulation to the super conducting windings, these 
shields qive total distance to the plasma chamber of 29.3 cm, 44.3 cm and 
59,3 cm for the three. The calculations were done assuming a first wall 
neutron loadinq of IMW/m . 

Broad optima were found at the following splits between W and TihL: 
Shield Thickness W Thickness TiH ? Thickness 

15 cm 11 cm 4 cm 
3D cm 24 cm 6 c l 
45 cm 41 cm 4 cm 

A-15 



Performance indicators for these three cases are tabulated in Tables 2 and 3 
and are plotted in Figures 5 and 6. 

While in this particular configuration, substitution of the U by TiH ? 

clearly reduces the neutron fluence for energies over 0.1 Mev, it does little 
to Mitigate the nuclear heating. In order to investigate the possibility of 
helping in this area, another several calcu-lations were run in which some of 
the tungsten was removed and a comparable thickness of Pb was added at tne back 
ov the shield. Table 4 lists the results. While the total nuclear heating can 
be reduced in this way, other important parameters rise. We will need to con­
sider the entire system performance to determine the optimum shield. 

Finally, Table 5 shows the distribution of nuclear heating in the SC case, 
winding pack, and p^gnet itself for a typical shield (30 cm shield made up uf 
24 cm VI ano 6 cm TiH„). It may be that HeJ can be used for cooling in tne 
case while Hell can be used in the winding pack and SC magnet itself. This 
should appreciably affect the economics of the helium refrigeration system and 
r.ay shift the optimum to a higher nuclear heating level. 
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Table 1. Performance Indicators 
For Shield of W/TiH ? 

Shie ld W/TiH„ 
W 

ht n ht g ht t HT n HT g HT T n f luence 
15 cm 

W/TiH„ 
W 7.6el 4.4e2 5.2e2 2.2e3 7.4e3 9.6e3 5.4e20 

15 cm 13/2 5.9el 4.2e2 4.8e2 1.8e3 7.9e3 9.7e3 3.6e20 
15 cm n/4 5.2el 4.3e2 4.8e2 1.5e3 6.4e3 1.0e4 3.0e20 
15 cm T i H , 6.2el S.9e2 6.5e2 1.7e3 l . l e l 1.3e4 3.5e20 

30 cm W 7.6e0 4.7el 5.4el 2.2e2 7.8e2 1.0e3 5.2el9 

30 cm 27/3 4.9e0 4.5el 5.0el 1.5e2 8.7e2 1.0e3 2.8el9 
30 cm 26/6 4.2e0 4.8el 5.2el 1.2e2 9.4e2 l . l e 3 2.4el9 
30 cm 21/9 4.2e0 5.2el 5.6el l . l e ? 1.0e3 l . l e3 2.3el9 
30 cm T i H z 7.9e0 1.0e2 l . l e 2 2.0e2 1.9e3 2.1e3 4.4el9 

45 cm w 6.9e- l 4.4e0 5.1e0 2.0el 7.2el 9.3el 4 .6e l8 
45 cm 41/4 3.9e- l 4.3e0 4.7e0 1.2el 8.5el 9.7el 2.3el8 
45 cm 36/9 3.5e- l 5,0e0 5.4e0 9.7eO 9.7el l . l e2 2.0el8 

45 cm 31/14 4 ,0e- l 6.0e0 6.4e0 l . l e l 1,1 e2 1.2e2 2.2el8 
45 cm Ti.H 2 l . leO l ,8el 1.9el 2.7el 3.2e2 3.5e2 5.9ei8 

where: ht n is peak SC heating due to neutrons (mW/cm ) 
ht g is peak SC heating due to gammas (mW/cnr) 
ht t is sum of ht n and ht g 
HT n is total SC coil & case heating due to neutrons (mW/cirr) 
HT g is total 5C coil & case heating due to gammas (mW/cm1) 
HT T is sum of HT n and HT g 
n fluence is the neutron fluence in the first crc of SC (n/cm2-FPY) 
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Table 2. - Performance Indicators 
For Optimal Shields 

Shield W/TiH„ 
11/4 

ht n ht g ht t HT n HT g HT T n fluence 
15 cm 

W/TiH„ 
11/4 5.?el 4.3e2 4.8e2 1.5e3 8.4e3 1.0e4 3.0e20 

30 cm 26/6 4.2e0 4.8el S.2el 1.2e2 9.4e2 l.le3 2.4el9 
45 cm 41/4 3.9e-l 4.3e0 4.7e0 l.?e) 8.5el 9.7el 2.3el8 

where: ht n is peak SC heating due to neutrons (mW/cm ) 
ht g is peak SC heating due to gammas (mK/cnrj 
ht t is sum of ht n and ht g 
HT n is total SC coil & case heating due to neutrons (mW/cnrj 
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 first cm of SC (n/cm-FPY) 

Table 3. - Performance Indicators 
Radiation Dose to Polyimide (rads/FPY) and OPA in Cu 

Shield W/TiH, 
11/4 

case pack SC coil DPA in Cu 

)5 cm 

W/TiH, 
11/4 9.5e)J 7.9ell 6.2ell 2-Se-l 

30 cm 24/6 8.9el0 6.0el0 5.5el0 2.4e-2 
45 cm 41/4 8.0e9 5.4e9 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 coil is the dose in the poly in the SC coil 
DPA is the displacements per atom per FPY in Cu in SC coil 
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Table 4. - Performance Indicators (Pb) 
For 30 cm W/TihyPb Shield, (24-Pb)/6 (mW) 

Shield Pb ht n ht g ht t HT n HT g HT T n fluence 
30 cm 0 cm 4.2e0 4.8el 5.2el 1.2e2 9.4e2 l.leS 2.4el9 
30 cm 2 cm 4.9e0 3.9el A.Aet 1.4e? 7.2e2 8.7e2 2.9el9 
30 cm 4 cm 5.8e0 3.8el 4.4el 1.7e2 6.9e2 8.6e2 3.6el9 
30 cm 6 cm 6.9e0 4. lei 4.8el 2.0e2 7.5e2 9.5e2 4.5el9 

where: ht n is peak SC heating due to neutrons (mW/cm ) 
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 (mw/cra ) 
HT g is total SC coil & case heating due to gammas (mW/cm ) 
HT T is sum of HT n and HT g 
n fluence is the neutron fluence in the first cm of SC (n/cm -FPY) 

T-->ble S. - Heating Distribution for 30 cm Shield, 24/6 
Total Heating in SC coil Assembly (mW/cm of coil J 

Component HT n HT g KT T 
Coil Case 1.6el 3.9e2 4.1e2 
Poly 3.5el 2.3el 5.8el 
Winding Case 8.0e0 1.6e2 1.7e2 
Poly 2.2el 1.3e1 3.5el 
SC coil (1 cm) 4.0e0 4.8el 5.2el 
Rest of SC 3.5el 3.1e2 3.5e2 
TOTAL I.2e2 9.4e2 l.le3 

p where: HT n is nuclear heating due to neutrons (mW/cm ) 
HT g is nuclear heating due to gammas (mW/cm ) 
HT T is sum of HT n and HT g 
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NEUTRON FLUENCE DESIGN LIMIT FOR SUPERCONDUCTING MAGNETS 
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MEMORANDUM 

TO: 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 meeling held at tin- 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: 

o Radiation limit to electrical insulation - 1C" rads maximum {at a 
max. compressive stress of 30,000 psi). 

o Radiation limit to superconductor 
for NhTi - lO'iS 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 Nb3$n - 4 x 1 0 ^ fast neutrons/cm^ will result in a 
2 0 5» increase in critical current. A greater fluence then 
causes a fairly rapid decrease in critical current, so use 
4 x 1 0 1 8 neutrons/cm2 as an upper limit. 

A* the February 22nd meeting we discussed adopting a more general 
criteria that trades off fluence and magnet design parameters. 

NbTi - Based on discussions with Mike Guinan, there appears to be 
evidence the degradation of the critical current in NbTi saturates at 
•v. 25% of its initial value in the 6 to 10 x 10^ 8 n/cm fluence range 
(see Fig. 1). Likewise, the resistivity increase in Cu mfy saturate at 
•v 330 nftcm at a fluence of -v 1 0 1 9 n/cm. Mike thinks that the 
conductor fluence limit may result from low cycle fatigue iri the ru, 
occurring at a fluence in the 10 2 0-10 z l range. 
Nb3Sn - Unlike NbTi the drop in Jc in Nb3Sn is not expected to 
saturate. But there is hope the fluence limit can be increased into the 
1-4 x 1 0 1 9 range before J c drops to an unacceptable low value (see 
Fig. 2). Data must be developed to support this hope. 
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LLNL-FPD-84-48 
March 20, 1981 

In summary we should consider increasing the fluence limit in NbTi and 
Nb3Sn while decreasing their cu-rent densities accordingly. There may be an 
c?Mmum in the fluence vs current density tradeoff. This optimum (lowest cost 
system) could be searched for Dy examining a number of coil sets in which the 
minimum available space between the helo plasma and the coil pack varies 
between 30 and 60 cm. Peak conductor and total coil heating should also ne 
included in such a trade study. 

I have collected a number of references on this subject but we need more 
input from fie SC materials community on radiation effects, especially on 
Nb3$n. 

J. D. Lee 
JDL:lc 
Attachments 
2081 z 
References: 
1. C. L. Snead, Jr. and T. Luhman, "Radiation Damage and Stress Effects in 

Superconductors: Materials for High-Field Applications," Brookhaven 
National Laboratory, BNL-33230. 

2. P. Hahn, B. S. Brown, H- W. Weber and M. W. Guinan. "Spallation and 14 
MeV Neutron Irradiation of Stabilized NbTi Superconductors," Argonne 
National Laboratory, IP-II-7 (1983). 

3. M. W. Guinan and H. A. Van Konynenburg, "Fusion Neutron Effects on 
Magnetoresistiviiy of Copper Stabiliser Materials," Lawrence Liverr- re 
National Leooraiory, UCRL-90134 (1983). 

4. C. D. Henning, E. N. C. D.^lder, J. R. Miller and L. J. Perkins, 
"Superconducting (Radiation Hardened) Magnets for Mirror Fusion Devices," 
Lawrence Livermore National Laborato-y, LiCRL-30092 (1983). 

5. F. Nardei, H. W. Weber and R. K. Maix, "Neutron Irradiation of a Broad 
Spectrum of NbTi Superconductors," Cryogenics (April 1981). 

6. H. Attaya, et. al., "Blanket and Shielding Considerations for Advanced 
Tokamak Reactor Concepts," University of Wisconsin, UWFDM-562 (1983). 
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July 9, 1961 

TO: Distribution 

FHOM: William 5. Neef, Jr., L-6*|i) 

SUBJECT: Deport on the Critical Issue Meeting on the Direct Converter 
held at the Fusion Engineering Design Center on June ill, 1981 

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 PFPL, and T. Luzzi and I. Clarkson of GAC. 

B. Barr reported on theoretical work that he and M. Gilmore at LLNL 
are pursuing concerning radial potential profile. The plug voltage is 
assumed "flat" and one gyroradius has been assumed as the radial distance 
for voltage reduction in the halo. The current design has 18 KW 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. 

Dr. Petravic from Princeton is a member of the physics 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 yower can be 
less than 500 watts/cm^ so cooling can be accomplished in a 
straightforward manner. They do observe hot spots and note that, they are 
stationary (ie, they do not "dance around" on the limiter). 

For diverters he distinguished between high recycling regions and low 
recycling regions 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 voltage control, and 2) the water 
cooling of said plates requires complex header configurations. 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 considerable neutron flux. These neutrons 
"beam" from the central cell. Our neutronics analysis has not given 
integrated values for this flux. It will be- available soon. The material 
choice to control tritium permeation will be strongly influenced by the 
activation and disposal problem. Luzzi and Clarkson'a vicwgraph3 arc 
included with this report. 
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Fusion Engineering Design Center on June 1*», 19BU 
July 9, 1964 
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. 

V. S. Neef, Or. 
Advanced Mirror Studies 

17JJ1V 
WSN:tan 

cc: tf/G Package - Barr 
V/G Package - Grumman 
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MEMORANDUM 

TO: D i s t r i b u t i o n LI.NL-FPD-B4-017 

FROM: W. 5. Neef, J r . December 15, 1983 

SUBJECT: Report on the FPD C r i t i c a l Issue Meeting on Dr i f t , Pump Co i l s , 
December 13, 1983 

We thank you fo r your pa r t i c i pa t i on in the D r i f t Pump Workshop, I t was 
requested tha t we send out the names and addresses f o r a l l attendees and you 
w i l l f i n d t ha t attached to t h i s memo. 

-Gop+es-of a l l the viewgraphs-ftresented dw-ing-t-he-ffleoting arc also 
+ne4ude<J f o r - y o u r reference. 

The fo l l ow ing l i s t of c r i t i c a l issues re la ted to d r i f t p:,mping i s the one 
generated dur ing the afternoon por t ion of the meeting. Responsible 
organizat ions and/or ind iv idua ls are l i s t e d as we agreed during the meeting. 

Design f o r FPD D r i f t Pumps 

1. Bi vs Bn physics study. LLNL, Byers 

2. Modeling the geometry fo r eddy current (Turner at ANL) 
c a l c u l a t i o n . Metzler at FEDC 

3. Side-by-side co i l arrangement (z *_ az) 
each w i th fewer d r iv ing frequencies - Metzler at FEDC 
study c o i l current and e f f i c i e n c y . 

4 . Use of f e r r i t e s f o r neutron sh ie ld ing near Neef at LLNL 
DP c o i l (possible to improve antenna Q). 

5. C i r c u i t e f f i c i e n c y and cost f o r the E!̂  
method - as a funct ion of cur rent . Use Metzler at FEDC 
MARS parameters and vary c o i l current 
from 2000 to 20,000 A. 

6. Antenna fa t i gue damping of mechanical Neef at LLNL 
v ib ra t i on ( f o r d r i f t CJ as well as bounces) . 

7. Neutron sh ie ld ing of nearby superconductor. LLNL Neef 5 Lee 
FEOC Gohar 

8. Physics Q e f fec ts - a b i l i t y to heat cold LLNL Perkins 
p a r t i c l e s . 
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9. Charge-exchange particle bombardment 
heating i f coil is exposed. 

10. Choice of shielding material PbO, WC, 
WO3J W in transformer core form, etc. 

11. I t was suggested by Don Smith that we 
look into "kicker" magnets in synchrotrons 
since they use iron cores and are 
geometrically similar. 

LLNL Perkins 

(ORNL Miff in) 
FEDC Metzler 
LLNL Neef 

FEDC Metzler 
LLNL Neef 

A scheduled date for completion of this drift-pump design is mid-March 1984. 

W. S. Neef, J r . 
Advanced Mirror Systems Group 

WSM:lc 
1915z 
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MEMORANDUM 

TO: Distribution LLNL»FPD-84-D16 
FROM: W. S. Neef, Jr. December 15, 1983 
SUBJECT: Results from FPD Critical Issues Meeting on Magnets in Philadelphia 

The Advanced Mirror Studies Group at Livermore thanks you for your 
participation 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 
special 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. 

fou 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 FPD magnet set. 
1. Fraction of the critical current to be used in design: 

- for NbTi use =s 70% 
- for Nb35n monolith use =s 50% 

2. The minimum energy margin was set at 200 millijoules per cc. 
3. The maximum allowable terminal voltage during a dump: 

- 1000 volts for a nagnet cooled by pool boiling 
- 3000 volts for a magnet cooled by forced convection 

4. Maximum internal temperaure during a quench should be 300 K for all 
coils, regardless of whether cooled by pool boiling or forced convection. 

5. Stress limits 
a. Steel structure at 4.2 K or lower; use 100,000 psi design stress 

(assumes 150,000 psi minimum yield point) and fracture toughness of 
20D ksi y/Tn minimum. 

b. Conduit for conductor; use 100,000 psi design stress and fracture 
toughness of 90 psi \/Tn. 
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c. High purity copper; 28,000 psi design stress. 

d. Insulator (polyimide); 30,000 psi compression. 

6. Allowable conductor surface heat f l r x for recovery: 

a. Pool boi l ing - Helium I - 0.3 watts/cm2 

b. Pool boi l ing - Helium I I -

NbTi 1.0 watts/cm2 

ttt>3Sn 2.0 watts/cm2 

c. Forced convection 0.2 watts/cm2 

7. Conductor strain shall be 0.33X maximum for a l l designs. 

8. The question of ins tab i l i t y resulting from coolant vapor lock was f e l t to 
be entirely design specific so no attempt was made to specify any 
parameters. 

y. Radiation l imi t to electr ical insulation - 10" rads maximum. 

10. Radiation limit to superconductor 
- for NbTi - 1 0 1 8 fast neutrons/cm2 will result in a 20X 

decrease in critical current. Annealing at room temperature will 
regain 1Q% of that 2056. 

- for Nb3Sn - 4 x 1 0 i 8 fast neutrons/cm2 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 1 0 1 8 

neutrons/cm2 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 r min = 0.7, 
0.8, 0.9, 1.0). 
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12. For each configuration above calculate a prof i le of nuclear heating vs 
depth into magnet. 

13. Establish an experiment schedule. 

- number of shots 
- number of thermal cycles 
- duration of and time between thermal cycles. 

I f you believe this summary requires correction, please contact me at 
415-422-6747 or FTS 532-6747. 

W. S. Neef, Jr . 
Advanced Mirror Studies Group 

WSN:lc 
1914z 
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January 5, 1984 MFE/RTCD/84-2210a:0109a 

MEMORANDUM 
LLNL-FPD-84-024 

TO: FPD Distribution 
FROM: L. John Perkins CfP-
SUBJECT: FPD 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 objective of defining 
tasks to be undertaken in the next few months. These tasks are documented 
below; suggested participants are listed 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 H ™ and H ) are required before this set can be 
finalized (see also item 10 below). (RBC/MEF/RSD/LJP) 

2. Effect of coil geometry on c. cell ripple, field taper, beta and 
cost. Trade study between sheet type magnets and discrete 
(MARS-like) magnets. Control of ripple from discrete magnets by 
means of Fe inserts. (RHB/LJP/GWH/BMJ) 
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3. Effect of end cell coil geometry on off-axis field distortion. (RHB/BMJ) 

6. Benchmarking of TEBASCO with the new 30 HUD equilibrium code to examine 
spurious flux tube distortions. (RHB) 

5. Continuing effort on the radial transport code TMT with applications to: 
(a) Halo physics (see also 7 below). 
(b) Wall potential control. 
(c) Pellet fueling. (JMG/GWH) 

6. Neutron source in end cell. Generate neutron source distributions for 
various end cell magnet configurations for use in shielding studies. 
(RBC/JDL) 

7. Halo and direct convertor analysis. Generation of particle and power 
flows to direct converter, halo scraper and hale 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) 

8. Startup (time to get serious about this!). Employment of TREQ code to 
address startup issues for FPD. (HER) 

9. Anchor ICRH analysis. 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 distribution (sloshing-ion-

type distribution) rather than present model of midplane-peaked 
distribution. (RBC/MEF/RHB) 
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10. Differential trapping rates of D aiod T in transition region. I ormal 
consideration of D and T transition trapping rates, over and above a 
simple /Bf 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) 

11. Alpha (central cell) and sloshing ion (end-cell) adiabaticity. Effect of 
field profiles, etc. on adiabaticity limits and resulting consequences 
for beta. (LJP/RSO/RBC) 

12. ECRH physics. Inclusion of new (strong ECRH) physics models. Evaluation 
of updated models for synchrotron radiation, reflection, and reabsorption. 
(GWH/RBC) 

* 
13. Replacement of existing DT cross sections with iew LANL evaluations. 

Examination of effects on system parameters. (LJi1) 

14. Work will also continue in the following ancillary areas: 
(a) TMRBAR upgrade ~ modular version with flexible I/O. (MEF) 
(b) TMRBAR-TMG coupling requirements. (RHB/MEF/RBC/LJP) 
(c) Evaluation of smaller TMRs based on novel end-ceil concept. [USD) 

A-4] 



MEMORANDUM 

TO: Distribution LltiL-FPQ-8A-42 
March 5, 1984 

FROM: W. 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. About 1.5(10)21 atoms per second will be required. This could be 
provided by 2.8-mm outside diameter pellets introduced at a rate ot 2.1 per 
second. 

Calculations by Campbell and Gilmore on pellet penetration give 
disturbingly high velocity requirements for MAUS. Their most optimistic 
calculations show the need for about 30 km/sec pellet velocity and some of 
their work shows that 100 km/sec may be marginally sufficient for MARS. This 
compares to current accomplishments for railguns at Livermore of 3 km/sec. 
(The maximum velocity ever achieved by 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 laws gove^ ing pellet 
evaporation in hot plasma seem to he well understood and have been confirmed 
by experimental results (with no •_ ,)Ower 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 III (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 ORf.'L used on the PDX experiment has a "magazine" of 
onl,y four pellets, each 1.5 mm diameter, and has velocity capability of only 
1 km per second. The four pellets can be adjusted as to time interval. The 
gun barrel length is one meter. 

Current gas injectors use hydrogen at 1300 psi and 250 °C released 
through a modified solenoid valve. The press-ure rise behind the pellet occurs 
in about 2 microseconds. The pellets remain cylindrical but appear to have 
"eroded" in diameter about 0.5 mm when they emerge from the barrel and also 
appear to be about 0.5 mm longer than when they were cut off the extrusion. 



LLNL-FPD-84-42 
March 5, 19B4 
Page 2 

Any sl ight misalignment or tube curvature causes pellets to break in half and 
f l y as two shorter cylinders. Milora estimates that to avoid th is breakage 
tube curvatures must have at least a 30-40-meter radius. (This eliminates any 
poss ib i l i ty of avoiding coils or shielding by employing curved tubes.) 

Experiments at the University of I l l i no i s were reviewed by Prof. Kevin 
Kim. They have accelerated plastic pellets to date with a density 15 times 
that of a D-T pel let . A gas injector pre-accelerator followed by ? 20-cm 
railgun achieves plastic pel let velocit ies of 0.15 km per second. Their 
i n i t i a l 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 
pe l le t . 

Ron Hawke of Livermore discussed his railgun results. He mentioned 
several key lessons learned experimentally: 

o .0005 inches run-out is necessary to avoid pel let breakage of 
1.5- to 5-m-long railguns. 

0 Sealing the gas at low velocity in the pre-accelerator is 
d i f f i c u l t . Once at speed the problem is not severe. 

o Any gun capable of 50 km per second is going to have to be 50 
to 100-m long. 

o A sabot is probably going to be necessary to reach 50 km per 
second. 

Ron believes any experimental program to achieve 50-km-per-second railguns 
w i l l cost over $10 mi l l ion (but not as much as $100 mi l l ion . ) 

General conclusions that can be drawn from the meeting: 

o Radial transport scaling is certainly dif ferent than in 
tokamaks. Some experiments in TMX-U or MFTF-B would be most 
helpful in testing the validity of theory. Since MFTF-B wi?3 
have S ^ I O ) " deuterium particles per cc and ion temperature 
of about 15 keV, the most reactor-relevant data would be 
obtained there. Of course no hot alphas would be present. 

o The use of sabots to help achieve high pel let velocit ies should 
be more thoroughly evaluated. We should t r y separation of 
sabot and pe l le t , probably magnetically i f a metal sabot is 
employed. 
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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 B-T load as it 
traverses the plasma diameter. It then enters a "get lost" 
hole in the wall on the far 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. 

t&t 
W. S. Neef, Jr. 
Advanced Mirror Studies 

WSN:lc 
2035z 

*; 
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MEMORANDUM 

T O : Distribution LLNL-FPD-84-47 
March 19, 1984 

FROM: W. S. Neef, J r . 

SUBJECT: Correct ion to the Report on the C r i t i c a l Issues Meeting on P e l l e t 
Injection into FPD 

Professor Kevin Kim of the University of I l l i no i s called my attention to 
an error in the previously distributed meeting report (LLNL-FPD-84-42 dated 
March 5, 1984). On page 2 the information in the second paragraph is 
incorrect. 

He has achieved plast ic pellet velocities of 500 meters per second 
without a gas pre-accelerator. Considering the density rat io of 15:1 between 
plastic and a frozen hydrogen pel let, this is equivalent to achieving a 
hydrogen pellet velocity of 7.5 kilometers 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:lc 
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MEMORANDUM 

TO: 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: 

LLNL TRW 
R. Bulmer J . Boyer 
W. Cummins T. Christianson 
J . Doggett T. Romesser 
J . Lee 
W. Neef IN EL 
J . Yugo 

P. Hsu 
FEDC 

TSSC 
S. Frei je (TRW) 
D. Nelson 0. Erickson 

A competing meeting in Rome on RF issues related to tokamaks (especially 
INTOR) restr icted our attendance. Neither MIT nor the University 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 letter three sets of viewgraphs: 

Set #1 - from FEDC on a + T, FPD, MARS (presented by Freije) 

Set #2 - ECRU on MFTF-B (presented by Yugo) 

Set #3 - ICRH on MFTF-B (presented by Romesser) 

Set #4 - ICRH on TMX-U (presented by Cummins) 

In addition the following comments and/or suggestions were extracted from 
notes taken by me during the'meeting. 
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1. Relativistic electron ray tracing code development is being done at 
Livermore in their Electronics Engineering Department {contact 
J. Vugo for details). Don Batchelor at ORNL is also working on ray 
tracing at high voltage. Since the discriminatory 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. 

2. One-megawatt gyrotrons should be available by 1993 or 1994 on the 
way to 2.5 HW tubes targeted for early in the next century. For FPD 
one megawatt seems reasonable. Both larger and small 
converter-transformers have been built and successfully operated. 

3. Bill Cummins gave his view that vacuum waveguides (no windows) are 
probably okay if pumped at both ends. High voltage gradients will 
give more problems than poor vacuum. 

4. 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 losing main vacuum). 

5. 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? 

6. During plasma startup a wide range of frequencies are expected to be 
needed. The gyrotron cavity "changes shape" at different 
frequencies so electron beam energy recovery may be inefficient 
under some conditions. If we desire (need?) 80* recovery it may 
require a many-stage converter covering a wide voltage range. 

7. 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). 

8. MF7F-8 gyrotrons must have very good mode control to fit various 
plasma operating 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). 
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9. OSHA is requiring many RF detectors at the TFTR facility. Analysis 
of stray microwave signals showed that painted liquid nitrogen 
panels reflect only 30% of incident power, hence they are a good 
"sink" for stray RF power. 

10. Steve Freije reports that the LIS program is driving big gyrotron 
development now. Present accomplishments are 100 kW (CW) at 140 gHz 
for LIS. 
The 60 gHz development program is nearly complete - 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. Our 81% estimate (MARS) perhaps should be 60%. 

11. Mode conversion was discussed. Very long waveguide mode 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. 

12. ICRH future requirements are not expected to be greatly different 
than current operating procedures. We now inject 1.5-2.0 MW for 
short pulses with system efficiency of 54%. Present use cf 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. 

13. Cummins 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" antenna 
conforming to the plasma shape is being built also. The slot length 
is about one meter in the plasma axis direction. It has (1) high 
plasma coupling coefficient, (2) two frequency exitation ranges, (3) 
low impedence, (4) is a low loss coupler, has good vacuum 
characteristics. 
Bill says to watch out for voltage holding problems - sharp corners 
- insulator flashover (the same old stuff, which seems to have been 
forgotten by present, mechanical designers). 
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14. Tom Romesser, during his viewgrauh presentation, mentioned overall 
ICRH efficiency (wall plug to at;jrbed power) around 60%. The 
Faraday shield is one of the prime consumers of "wasted" power. He 
says wall plug to j_on_ efficiency is about 50%. 
Shield heat load is a serious concern primarily because radiation 
from halo plasma and convection from halo 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 gyrotrons will have higher efficiency than conventional ICRH 
driver amplifiers. We badly need tunable systems because we don't 
have room for two or three separate systems at frequencies chosen tc 
fit special plasma conditions (startup, etc.). 

One message came through clearly. Use a "plywood dryer" instead of 
communication system components which are too easily dsmaged. A 
sudden load change was likened 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!" 

15. Often a semiconductor is a better "insulator" than AlgO^. 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. 

16. The weak link in the reliability chain is both ICRH and ECRH power 
tubes. 

17. 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. 

^Jf 
W. S. Neef, Or, 
Advanced Mirror Systems Group 

WSN:1c 
2109z 
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MEMORANDUM 

TO: Distribution LLNL-FPQ-84-56 
April 23, 1984 

FROM: W. S. Neef, ir. 

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 Laboratory hosted a 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 "sloshing" 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 ion production by RF vs 
negative ion beams. About 300 keV ion energy will be required with 
npeak^nmidplajie = 1.4-2.0. The density difference is difficult to achieve 
with P.F heating. He showed that it is also difficult to limit the density ot 
hot electrons and also have a high Q for reactor performance if RF heating is 
used. It is essential that high efficiency 300 keV neutral beams he available 
for optimum plug performance because they put the ions right where you want 
their. 

The Berkeley team of Cooper, Ehlers and Anderson gave excellent status 
reports on the source, accelerator, and transverse field beam transport. 
Attached to this memo are copies of all viewgrapfcs presented. 

Joel Fink, Negion, Inc., is a consultant to both LLNL ard L6L on neutral 
beam studies. He reviewed the three promising methods of converting 
accelerated ions to neutrals. They are 1) gas neutralizes 2) plasma 
neutralizer, and 3) photodetachment neutralizes His viewgraphs are also 
attached to this memo. One conclusion reached was that photodetachtnent can be 
very efficient but also very costly. In addition it has an impressive list of 
technical problems headed by the laser development. Its technical advantages 
are important but the price appears today to be too high. Joel concludes that 
all three approaches should be developed. There is clearly no best or 
cheapest way at this time. 

The design of beam dumps was discussed by Alan Paterson, 16L mechanical 
engineer. I summarize his comments here. 

1. Inclined copper plates can be used for about one second with a flux 
of 2000 w/cm* 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. 
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3. In Europe two unusual designs are operating and bear watching: 
a) rotating targets (Germany), and b) hyper-evapotron (JET at 
Culham). 

In reviewing ray notes taken during our discussions, I f ind some 
disconnected but pertinent comments made during the afternoon discussions. I 
l i s t them here in no particular order as food for thought. 

1. I t may be necessary for LBL to increase their present neutralizer 
clearance around the beam. I t was made quite t ight to res t r ic t 
conductance, thus minimizing pumping requirements both upstream and 
downstream. The beam "edge" is not sharp so we may be restr ic t ing 
beam delivery to the target by the present close clearance. 

2. Filaments have about a 40-minute l i f e in positive ion source 
chambers. This points to a r e l i a b i l i t y problem. Perhaps some sort 
of RF plasma generator might be a more rel iable method—but this 
must be demonstrated by operational 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 d i f f i cu l t y . 

4. Neutron effects on sumariurn-cobalt permanent magnets should be 
investigated. 

5. I t may be d i f f i cu l t to supply coolant to high voltage cryopumps. 
Some pumps may be at 200 to 300 k i lovol ts from ground potential in 
an FPD design. 

6. Will laser windows tolerate neutrons? Even well shielded beam lines 
w i l l have many scattered neutrons in and near a photodetachment 
neutralizer and i ts laser optics. 

As a f inal note, i t has come to our attention that during the week of 
Apri l 9-13 the positive ion source selection committee met at DOE and selected 
the LBL design over the ORNL competition. The f ina l 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/m2 test section in the central 
c e l l . 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. 

<0jl 
W. S. Ncef, J r . 
Advanced Kirror Systems Group 
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January 26, 1984 MFE/RTCD/84-2276a:0111a 

MEMORANDUM 
LLNL-FPD-84-032 

TO: FPD Team -w-
FROM: Grant Logan and Dave Dorn * = = :r^ > 

SUBJECT: FPO Siting and Safety Criteria 

At this stage in the FPD design phase, it seems useful to document our 
criteria or* 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 that they be adopted by the entire 
FPD community as working criteria. If 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. 

INTRODUCTION 

The FPD/ETR Safety Critical Issues meeting was held 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, no 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-9 looked best from the viewpoint of safety 
considerations and is suggested as the material of choice. 
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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 
' 1. 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. 

2. It is desirable that adequate electrical power be available without 
requiring new substations and power lines. 

3. Heat disposal (cooling towers, rivers, lakes, oceans) should be 
readily accomplished with little or no adverse environmental effects, 

4. There should be an area of the site that can be dedicated to a hot 
eel? facility for processing radioactive material and parts. 

5. 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 61. 
a) Operational wastes - machine parts that need regular replacement, 

expended material, protective clothing, rags, sludge, solvents, 
etc. 

b) Decommissioning wastes -
6. In the event that radioactive material cannot be disposeo cr onsite, 

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 radioactivity 

transport, alternate routes must be found. 
7. The seismic safety criteria followed in the design must be consistent 

with the local seismic requirements. 
8. If there are tornado hazards, they must be considered in the design 

of the buildings and the facilities. 
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If there are flood hazards, they too must be taken into account. 
Proximity to airports and airplane flight paths may require 
additional precautions against possible effects of airplane crashes. 
The projected radioactive 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 radioactive materials for a site may be 
forced by special hydrology, unusual leach rates, and unusual nuclide 
migration rates. 

Design Criteria _ 
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 will be possible 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 handling 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 situation. 
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SPECIFIC CRITERIA APPLICABLE IF FPD CONSTRUCTED AT LLNL 

The seismic criteria we intend to follow in constructing the FPD are: 
o No loss of life at 0.5g horizontal acceleration. 
o No collapse of building or major internal structures at 0.5g. 
o 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 0.5g. 
The seismic response spectrum assumed for the LLNL site is shown in Fig. 1. 

As far as regulations on radioactivity, the Lawrence Livermore National 
Labo.-itory, as a Department of Energy research facility does not come under 
tne NRO. We operate under the DOE and the EPA regulations. The current DOE 
regulations are contained largely in "Requirements for Radiation Protection", 
DOE 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'1, 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 
published 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 
more than 10" /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 limits are the same as those stated in 
the NRC 10 CFR 20 and are the reconinendations of the National Council on 
Radiation Protection (NCRP) and the International Council on Radiation 
Protection (ICRP). These are: 
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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 (AURA). ALARA is 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 peception and acceptance of 
risk by individuals and society. In genera), 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. 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, U0E 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 ran/quarter or 1 rem/year. 
The policy at LLNL has been to design to half of this - 300 mrera/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. 

Offsite limits are controlled 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. Thi;; dose limit for the general public 
includes radiation dose from all radioactivity which is air-born. For fusion 
experiments, it 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. It 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 industry. 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 tritium facility 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 RTNS, the 
Laser target facility. Others may also exist. 
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FIGURE \. 

The Seismic Response Spectrum Assumed for the LLNL Site. 
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