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One of the potentially attractive applications of
nuclear fusion is to breed fissile fuel for use in
fission reactors. This thesis examines a novel non-

power producing fusion reactor based on the spherical

torus concept with a catalyzed deuterium-deuterium fuel

a8

cycle and aqueous self-cooled blanket for use as a

v

fissile breeder.
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The breeding of fissile fuel is accomplished by ko
A
dissolving a uranium salt, uranyl nitrite, in heavy R

LS .
water which flows through the first wall and blanket 2?:}f

I
providing both cooling and fissile breeding. The need ﬁf”

for tritium breeding is eliminated by the use of a
catalyzed D-D fuel cycle.

Analysis of this novel reactor concept indicates a
fissile breeding ratio of 1.34 [Pu®**/source neutronl
using a 15 [cm] beryllium moderator and 7 mol% uranyl

nitrite in the heavy water. A typical reactor using
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this blanket can produce more than 8000 [kg/yrl of
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plutonium at a cost of about $52 per gram. This
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indicates the potential for a reactor which can
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1. INTRODUCTION 2=

<
A

2
" -
W

S

:z There are only a few energy sources that can be

considered inexhaustible in the practical sense.

KX Included in these are solar, nuclear fusion, and
2
) nuclear fission given the technology to convert the
-,
) vast resources of fertile isotopes to fissile isotopes. .
. The Liquid Metal Fast Breeder Reactor (LMFBR) is one Eff
. . .\'.
k.o possibility for such technology. The fusion-fission :iﬁ
. SN
B~ et
oS hybrid breeder is another possibility with higher é:c
i Eucu
. performance potential but also with a higher }E§
X Y
N technological risk. It is the purpose of this thesis R:}
- )
I’ 'I .l
. . . : . et
™ to examine a fusion-fission hybrid breeder based on N
~ T
' three unique and potentially beneficial concepts: the ;f?
- SN
‘S \-:\4
5 spherical torus, the catalyzed deuterium-deuterium fuel zxg
o \".-4‘
,f cycle, and the aqueous self-cooled blanket. AR
< This study differs from previous studies in that: f??
. A
d N
:( (1) a deuterium fuel cycle is used to eliminate the T
Y e
b A
N need to breed tritium; (2) a compact tokamak (spherical e
pyl . . b
-~ torus) is used as a confinement scheme; (3) and an N
‘é: aqueous self-cooled blanket is utilized to provide _35
o ,_.:\.
2 neutron moderation, to suppress fissioning, and to ease Yat.
Fa
i removal and processing of the fissile material. N
A
L4 )
. . : . 'y ™
j Additionally, uranium (U?®) will be the fertile }Qe
L
» \
ol
f material employed and a denatured uranium-plutonium ;ff
¢ j"—"._‘
I'J .-l.-.
2 ! e
. Tord
-
o-' n*
o ;r:4
. d
A o
~ oo
“~ c\:‘
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2 ?E\
B 8y
(X light-water reactor fuel cycle will be considered in &2;:
Iy Ials
: >
A the analysis. P
2 ::_':‘:.\
<. An overview of previous work, as well as a summary A
r
of the deuterium-deuterium fuel cycle, the spherical &g{
i . h\"\
'§ torus, and the aqueous self-cooled blanket, will be $§?~
> :’\‘:&
K provided in this chapter. The scope and methods of i}?“
W analysis will then be defined and a brief synopsis of ff'
"~y ’ RAKNS
:j the remainder of the paper will be provided. jff{
“ e
‘ l*‘
o 1.1. Previous Concepts
) ::.
“~
> Prior to describing the reactor concept proposed
here, i1t is beneficial to review some of the previously
7
5 proposed hybrid designs. Each of the designs
d
)
ﬁ illustrated has its own advantages and disadvantages as
4
a fissile fuel and power producer. Two of the
- e
; illustrated designs proposed by Lawrence Livermore t
> 4
\ National Laboratory (LLNL) are current designs and -x
N -,
A continue to be studied and upgraded. The remainder are o
<,
'i conceptual designs with only limited analysis having
2,
h' been performed. The differences among the previous
concepts and that proposed here will be examined on the
f basis of three major features: fuel cycle; reactor
»
Ld

embodiment or confinement scheme; and blanket design or
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concept. It is worth noting that the design proposed
here is the only one which does not generate

electricity.

1.1.1. Fuel Cycles

Of the three designs examined in review of
previous concepts (1,2,3], all except the Molten-Salt
Fueled D-D Hybrid proposed by Oak Ridge National
Laboratory (ORNL) (1) use a deuterium=-tritium (D-T)
fuel cycle and must, therefore, breed tritium. The
Molten-Salt D-D Hybrid utilizes a semi-catalyzed
deuterium-deuterium fuel cycle where the tritium and
helium-3 produced are allowed to remain in the plasma,
but are not purposely recycled back into the plasma.
This differs from the design proposed here where all of
the tritium and 90% of the helium-3 are recycled back

into the plasma.

1.1.2. Confinement Schemeg

Just as most of the current designs utilize the D-
T fuel cycle, most of these designs consider some form
of tandem mirror as the plasma confinement scheme. The

Molten-Salt Fueled D-D Hybrid [1] does not specifically
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describe any confinement scheme, but does utilize the

)
32 cost model from WILDCAT, which is based on tokamak
34
e confinement.
5'!
N 1.1.3. Blapket Copncepts
b The blanket concept for each of the reactor
o designs are given in detail in the following
7 .
~ subsections, and the concepts are compared in Table 1- ;ﬁa
) RS
K A
“ 1. All reactors assume a thorium-uranium breeding ;gg
e cycle, whereas the design presented herein uses a Ef?
Fd Y
-$ -
C uranium-plutonium breeding cycle to capitalize on the fi?
¥, LA A
A
! higher solubility of uranium salts. Comparison of the gﬁ:
) BT
y two breeding cycles is given in Chapter 6. fﬁ&.
o
N N '.;c
Yy :*\ '
u! Molten-Salt Fueled D-D Hybrid (7] ol
~ W
> The molten-salt fueled D-D hybrid blanket is tib
o RO
5 composed of a molten fluoride salt, 71 mol% NaF, 2 mol% qﬁs
| ‘n‘u L}
. BeFa:, 27 mol% ThF., flowing through a stainless steel
: i
5 structure and out to a reprocessing station. The major Qﬁ}
~ RO
5 cooling and heat removal are accomplished by a 2.5 [cn] s ﬁ
: water cooled first wall, with the remainder of the heat r'y
v e
o removal being accomplished by heat exchange with the J:ﬁ
e :.J\:_
: molten salt. Lithium is not required in this systenm {j?
A g 3
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" Table 1-1: Comparison of Previous Hybrid Reactor v,
“ Designs
)
R
tH Heliun-Cooled Liquid-Metal-Cool ed
, Nolten Salt Fission-Suppressed Molten-Salt-Fueled Fld
O, Fusion Breeder Fusion Breeder D-D Hybrid Reactor ';’\f-j
N (2] {31 (1] PN
-\ u' -} .1
N PR
: .. MWl 3000 2600 1386 e
fusion CARN
P> .
) P . [MHel 1380 1990 926 e
electric T
: 2 RN
| ; RESAS
':: P““ load [MH/n"] 2 1.7 not given :\
Tritium Breeding Ratio, T [#/neutron] 1.0 1.06 N/A .
Fissile Breeding Ratio, F (#/neutron] 0.6 0.84 0.7
-
& T
A Blanket Multiplication, M [Eblnkt/En] 1.6 2.4 1.3 .
:2 Fissile Production [kg/yr] 6380 6660 6808 oy
@ 80% Capacity P
” Lo v'—;-i
e Blanket Coolant He Li (liquig) vater ".‘,jy::
AY RN
. Structure 55316 $5-316 55316 b
.::\’-\.
Neutron Multiplier Be Pebbles Be Spheres Be {(in breeder) ;"'_ "
b Breeder Molten Salt: Th (metal) Molten Salt: R
o LiF 70 molX Naf 71 moll s
Y, BeF . 12 nol¥ BeF2 2 moll ).f
v ThF, 18 molX ThF, 27 ol RN
4 4 ':.“‘.'.‘
Total Cost (N$] 4,867 6,300 11,400 ":_‘
\) (Direct & Indirect) .-'_':'{.
L} KR A
. '.\1.‘1
P NN
. Z-;::::I
- bR QY
- .
>
s
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because the deuterium-deuterium fuel cycle does not

necessitate tritium breeding.

Helium~Cooled Molten-Salt Fusion Breeder (2]

The helium-cooled molten-salt fusion breeder is
currently under investigation by R. W. Moir and
associates at Lawrence Livermore National Laboratory.
The breeding material utilized is a mixture of 70 mol%
LiF, 12 mol% BeF: and 18 mol% ThF.. This molten salt
breeding material is circulated through the blanket to
an online processing system where the tritium and
uranium are removed (see Figures 1-1 and 1-2).

Fission is suppressed by using beryllium spheres

as a neutron multiplier (Figure 1-2) and minimizing the

fissile content in the blanket. The beryllium spheres

are approximately 1| cm In diameter and flow through the

blanket. A yearly replacement rate of about 20% is
used to prevent swelling and cracking. The entire

blanket is cooled with high pressure (5 [MPal) heliun.
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4 Figure 1-1: One module of a hellium=-cooled molten-salt E‘
g blanket. Hellium under 5-MPa pressure flows from the rear ’,';'
most ring header to the apex of each pod, then radially *-_‘
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Liquid-Metal~Cooled Tandem-Mirror Fission-Suppressed
Fusion Breeder [3]

The liquid-metal-cooled tandem-mirror fission- W
suppressed fusion breeder, also proposed by Lawrence

Livermore National Laboratory, is shown in Figure 1-3.

N

It uses liquid lithium as coolant and tritium breeding

<
," A

0
s .

material. Uranium is bred from thorium in the form of

2

snap rings on 3 [(cm] diameter beryllium spheres. The

'\;-r'»_{_';
s _¢_8
AR

total volume of thorium on each sphere is 15 vol%. The

‘e %

Pre

YRS ARNW LS NNk
'.'s'ls v
A N

s
-/

spheres circulate through the blanket and out to a pool gﬁ
b

prior to reprocessing. The thorium snap rings are then fﬁ}f
S0

removed and the uranium extracted. Swelling of the Cii
- "‘F. .-

beryllium is expected to be around 0.3% (A V/VI] over

2 IR S
e s,
!
f“i 5
&

N the operating cycle. §%
ﬁ ey,
3 3

LA
»5"‘2 (XN

F"

i 1.2. Summary of Systems

,-t --:: :'\
5 The systems used in the D-D Spherical Torus Hybrid RSN
- R
E Breeder will be examined and compared to those of the :%}g
e N

F designs presented in the previous section. This

.3 DY
% examination will be divided into the areas of the NI
4 A
‘ deuterium-deuterium fuel cycle, the spherical torus, i

o
¥

and the aqueous self~-cooled blanket. In each case, the

2
2

hY

benefits of using such a system will be presented.
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Figure 1-3: Reference liquid-metal-cooled, fission-
suppressed, tandem-airror fusion-hybrid blanket
features direct cooling of a bed of beryllium-thorium
pebbles ([31].
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.2.1. Catalvzed D-D Fyel Cvcle R,
! 1.2.1 3
: N
: The catalyzed deuterium-deuterium fuel cycle k';
b} .U‘ 4
l utilizes only deuterium, ?H, as the input fuel, thereby g
oA
; eliminating the requirements for tritium breeding. The Qﬁhﬁ
’ LN
; tritium and helium=-3 produced by the deuterium- ﬁ;f
? !\‘."\J'
i deuterium reactions are recycled into the reaction .
'R;_:.'a:.
. chamber and also react with deuteriun. 2;;;
:- ’-\.‘ ."-
3 This fuel cycle has the advantages of an almost :ﬁﬁ;n
NN
i unlimited supply of fuel, no requirement for tritium E"f;
FIRY
., LILNAY
: breeding, and a lower neutron wall loading than the ﬁiﬁf
. e
. deuterium-tritium fuel cycle. Disadvantages to this ﬁ;ﬁ:
: .\ 'n .
. fuel cycle include: maintaining the plasma at a higher T
o
) e
. relative temperature (30 (keV] versus 10 [keV] for a D- AL
s ?”\
; T plasma); a lower power output than a D-T systea for a ;\t Y
!
! given reactor size and magnetic field; and the addition F
] "-"."
F of hydrogen, 'H,, removal requirements in the exhaust r::;
. tos 4
. and impurity control system. It is hoped that a higher :t?{,
N

neutron density (fluence) can therefore be obtained,

Po
o
¥
.

thereby increasing fissile production.
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The neutrons produced by the D-D reaction are born

with an average energy of 2.45 (MeV], those from the D-
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© 9,
i T reaction at 14.1 (MeVl, and those from the T-T Skfh
'l! ..I' -
j reaction at 5.04 (MeV] each. All neutrons will need to §;§
w Y *'1‘,
f be thermalized in the first wall/moderator region of ﬁ bt
. the blanket to increase the conversion efficiency and &Nf.
Ld
: N
é decrease the fission rate. Loy
’ AR
» A
i NI
0 N
i Critical Issues T
) Ceve
o A
:.‘ -::.f::
\ If the D-D fuel cycle is to be employed rather kgg
i than the D-T fuel cycle, the confinement and plasma %fﬁj
‘ N
j heating requirements will be more stringent. Comparing ?di'
-, the Wildcat (4] and Starfire (5] values for <n%>, 2.7 5&2«
Foets
x 10?2 (s/m®] and 2.9 x 10? [(s/m?] respectively, it R
N
can be seen that the D-D system requires an order of 'iﬁi
AN
ragnitude better confinement than the D-T systenm. s&::‘
>
These values are based on an operating temperature of A
N
about 30 [keV] for the D-D system, which appears to be Hﬁjt
.:_\ o
optimum from power balance calculations. 3;3:-
Py Sl B
The higher operating temperature necessitates high REAEN

efficiency plasma heating systems, as well as good

2Ly

confinement. Additional requirements for efficient N

[T 4

"

impurity control are also necessary to minimize the

W
¢
Sy

radiated energy.
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’ 1.2.2. Spherical Torus Reactor Copcept S
: NS
1y u.:-.::s
, The fusion core adopted for this study is based on Sevend
A
I a concept proposed by Y-K. M. Peng (6). Figure 1-4 -
AR
5 illustrates the cross-sectional design of a proposed 3§{}
D‘ \-:\-"
ﬁ spherical torus, including placement of the toroidal 2§Q?
’ AN
and poloidal field coils. The concept utilizes a small ; -
k aspect ratio torus and normal toroidal field coils to :flfj
5 achieve a compact reactor. Compactness is enhanced by ;f:fﬁ
» SN
N SN
i leaving only a cooled normal conductor in the center of E“ -
R
’ the device to carry current for the toroidal field ‘:ﬁy:
¢ RRESAN
; coils. The result is a device with a very low aspect e
. RN
.‘ f‘ 'y »
l ratio, normally between 1.5 and 2.0, high beta, and EF{.
AN
N relatively low field requirements. The device does not ;ﬁg{-
. .1' ,:~'.:v:
employ an ohmic-heating solenoid, therefore requiring ;3?}:
NI
[ A

non-inductive current drive techniques. Generally, a

simple set of dipole coils is employed for the poloidal :?§::
field system and a natural plasma elongation as Egéi
indicated by MHD analysis [7], is assumed. %{&&f
The spherical torus offers several potential ifg;
advantages for the catalyzed D-D hybrid system. Eigg_

Because of its small size and low aspect ratio, the :EF
neutron flux at first wall is much higher than that of §E&§
a conventional tokamak of equivalent total power. This E§§§'
N
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offers the potential of more cost effective breeding in ..

>

N the blanket due to the need for less inventory of Egg
i fertile material and less overall structure. This AN\

should lead to a lower cost per fissile atom and,

T
‘“I;};

N '--. L3
@; therefore, a lower cost of electricity for the total -?i:
Fa T
P system. This will be further investigated later in -2;:
"N g
B this study. -

, W
!: The magnet requirements are reduced in the fé&

O

* spherical torus due to compact size and the Efﬁ
Wy

= paramagnetic effect. This lowers cost in terms of e <
PR A

3
,5 reduced resistive losses and capital expenditure for ?3;
- N
o the coils and power supplies, assuming resistive coils Zf;é
Ey - :J.:.._:.
- are used. ;jw
Z 008
¥ NN
o N
' 1.2.3. Agueous Self-Cooled Blanket ™

:'*:‘.‘:w

il

. The blanket adopted for this study was proposed by Eﬁﬁ
. SN

. D. Steiner and associates at Rensselaer Polytechnic RO

.:.\:.\

Institute (8). The concept is unique in that the HQ{

K-, breeding and coolant functions of the blanket are ?if
o RO
.. combined into one single component. Breeding is H:R
~ ALY
ﬂ achieved by neutron interactions with compounds BN
| ol |

- dissolved in the coolant. Neutron multiplication is Egﬂ

. DOA
», g
E. provided by the first wall and blanket structural .',\.E:

-"- N

U ., %
Y materials and by the heavy water coolant. ~'j\
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Due to the elimination of additional neutron

multipliers in the blanket, structural materials with

L S A
"

{5 low neutron absorption must be chosen. Zircaloy was .§£§

A chosen as the structural material because of its low ; :

; absorption cross-section and extensive fission reactor :

3 database.

5 By employing the aqueous self-cooled blanket

72 concept, the amount of structural material in the

: blanket can be reduced to approximately 5%. A

f‘ simplified on-line plutonium extraction process can be 5;;

{% employed because the uranium is already in aqueous &3;

4; solution. i.

i 1.3. Scope and Method of Apalvsis

4 4

-4 The basic systems of the proposed fusion hybrid ?3;

'; breeder reactor were evaluated during this research. 33;

Ei The evaluation included modeling of the plasma and 3£€i

; reaction rates; plasma power balance and particle ;“:

'E confinement; magnet systems design, materials, and gé;!

1 power losses; impurity control; first wall, blanket, N
and shield design and neutronic analysis; and reactor

:} cost and cost of the bred fissile material.

;E Plasma modeling and reaction rate determination is

x
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detailed in Chapter 2. A parametric design space study

W T ¢

Lpv g

“» -
XA
[ o

?
s

was conducted limiting the plasma current and minimum

At
t e )
{‘-
PAR

fusion power. The computer code listed in Appendix B

3-
v,

was used for this part of the study.
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Yol Al el
- a ~ a* %
h
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The plasma power balance for the design space

. .)-
v a

‘,.
L
*

determined above was calculated using the methods given

[4
"s

in Chapter 3. A particular particle confinement

5

A b

v
R

scaling ﬁas not used, rather, a comparison of presently

ey
Nl
SANAS

available scalings was conducted.
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Design and losses of the toroidal field, poloidal
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. \1
pl

& Ay 4
l‘ l.

field, and current drive systems is elucidated in

AW

Chapter 4. Detailed loss and design analysis is

N . A,
) Jeras
~

’ :J"u;'-; v

&

performed for the normal coil option, but a

iagw

ol ul b d
J)‘k;..’}}l
s

T
?5431”

superconducting option is also considered in a brief

and qualitative manner. The physics of the oscillating

< e,
?3;?f'f
LA S

field current drive is given briefly and the resultant

L]
a

SoLTAA
i

WA
P4

[N
.

equations for power requirements stated.
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Impurity control options are considered
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qualitatively in Chapter 5. Limiter and divertor

LN R
R
\)
LS
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systems for the spherical torus are considered and then

-
'l
A

-
",
‘.)

compared. A detailed analysis of both options is beling

conducted independently of this study and additional

iﬁﬁﬁf
s’

?“
(2P |

consideration of Impurity control is beyond this

Y
P

study’s scope.
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Blanket design and neutronics were given detailed

analysis, which is presented in Chapter 6. Neutronics

analysis was performed using the discrete neutron

’ transport code ONEDANT (9] on the Magnetic Fusion ggﬂu
{ Engineering (MFE) Computer System. Stress analysis of §§£§
' the first wall and blanket was considered beyond the Egg
\ scope of this study and not performed here. Lifetinme %::S
4 analysis of the first wall blanket shield (FBS) module 5?'22\.
E‘ was based on previous work done for WILDCAT and other Saéi
" studies. Eifi
: Cost analysis is based on the cost model [10] used ;Eg%

in the reversed field pinch compact reactor ;Eii

(RFPCR/TITAN) study with fissile costing based on &;;:

methods used in the previous design studies indicated Eagg

h)
-.’x‘,lrn

in the previous subsection. The equations used and

e

*
»

power flow model considered are given in Chapter 7. E%gﬁ
PP

In Chapter 8, the results of this design study are {ti}

e

£\

presented and compared with those of the previous

A
' W s
BV
l‘:'

studies. Conclusions and future work required are

“u
» N A
)
PN '
.
AN
e -

summarized in Chapter 9. i
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% 2. DETERMINATION OF PLASMA REACTION RATES X
A 2
(1)
’.:: The steady~state reaction rates for the catalyzed g
fvt '
deuterium-deuterium (D-D) fuel cycle in the spherical r
3 N
A n‘ -
&; torus will be derived in this chapter. To accomplish :ﬂ?
83 e
': this, the particle and temperature profiles will be }ﬁ:
e | ada
’ developed, as well as an expression for the power .
“ density. Then, the total average particle density and -2§
s Teld
-, : . : N
& plasma beta for the spherical torus will be determined. §$
] '
% s
- Additionally, the topic of paramagnetism will be P
& N
D (%
- discussed. ~{}
N NN
v O
O With this background, the reactions of interest will o0

s
"

- be presented, the rate equations will be deveioped, and e
| 7
o oA
2. finally the steady state densities for these equations G:j
.}‘- :.-._.'
¢ will be determined. These equations are then benchmarked ;?:
e
tat,

r

against the results presented in WILDCAT (4] and

']
+

R . LA
. parametric design space results from this study are f;j
..‘ '\ L}
By SN
s presented. ’bﬁ
N s
i 2.1. Profiles and Power Density W
Y e \__\.
Pt \-'.‘n
A

'& Based on the approaches used by STARFIRE [5], a :&3
‘oM a¥a!
commercial D-T tokamak study, and WILDCAT (4], a EA

al

;L . . s . )
i commercial D-D tokamak study, a cylindrical profile model Y
5‘ \::\:
N was assumed for the temperature and particle profiles. N
L]

Y

N This yields the following equations as a function of r, il
' T
2 I
" 19 oo
e .‘.\__
by o~
L] ‘ol
.
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5 the distance from the center of the plasma: ;..I‘_,_.'
. BN
‘ ~ :$::
N n(r) = n (1 + ad{1 = (r/aj)?l (2.1.1] e
B l;:‘;:
- ~ N
N TCr) = T (1 + ard(1 - (r/ad?) [2.1.2] N
’ R
“ S A
: where, %
4- .'-::f\.
i n o= J' n(p) av/v [(2.1.3] e
L] v ~.. }-
» LSS
> s
\ - ol
- T = TCPY AV/V {2.1.4] e
) v ::‘\2
e and n is the average particle density, T is the average :ng
S .".q**
o plasma temperature, o, and xr are constants to be :'.-;::
A ~ NN
b~ determined by experimental or theoretical means, and a is ;-\.}\j
- :‘~J.~..q
- the effective minor radius, given by: L,
N a = [acos(0 +d sin® + X a sin ©1%° 4o [2.1.5] s
N e
-b.'n.\
where a is the minor radius and @ is the angle between .'2
:::.':'_:
r and the midplane of the plasma, as illustrated in ::
r RS
- Figure 2-1. For this analysis, the values chosen in ,-’-‘."-.
i e,
N WILDCAT (41, S
A\ 1 ..‘
s % = or = 0.7 N
- P
‘-: are used. Average particle densities and temperatures :.‘_-;.‘_{
- r: .'_\;
> are found by integrating the profiles over the volume of ;\'
N :{‘;«
the plasma. :‘
[\ '_f—7:
h} QN
L] A
- -.",.
: -
- ;
Jl
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~ Figure 2-1: Geometry of plasma model.
-~
< The plasma boundary can be defined by:
:
' R =R, + a cos(® + d sin®) (2.1.6]
) Z =X a sin® (2.1.71
2
where R, is the major radius, a is the minor radius, X is
5 the elongation, and d is the D-shapeness, which is
*
- assumed tc be the same as WILDCAT. The plasma volume is
B then given by:
v =‘IdV = 4uX I [R + P cos(® + d sin®)] x
v v
(cos(® + d sin@) P cos6(P sin(® + d sind)1dpde ‘o
> [2.1.8] I
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where P is the radial distance from the center of the
plasma.
From Dolan [11], the following expression for the

reaction rate parameter <(ov)> is obtained:
Covd> = 10¢expla,T™ + 3 + asT + a.T® + asT*l [2.1.9]

where r, and a, through as are constants dependent on the
reaction species.

As will be shown in the next subsection, profile
factors for each reaction must be determined. These
profile factors are defined by:

=_ILJM’(WV)‘ dav [2.1.10]
ni2{oviter V

fo!

The fusion power for each reaction is then given by:

P: = nina{oviiaEd LtV [2.1.111

where i is the reaction, (wv)‘@T is the reaction rate
parameter at the average plasma temperature, n:. and n:
are the volume average particle densities and, in cases

where the reacting particles are identical n, = na./2;

.

Er is the energy released per event in [MJ]; and V is :&f:
e
the plasma volume. The total fusion power is just the t£§:
~ -'_. .‘_-

/

sum of the individual powers.
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2.2. Modeling of the Soherical Torus Behavior A

Plasma elongation, X, as previously stated, is A
assumed to occur naturally in the spherical torus, with
no need for additional shaping fields. Based on free-
boundary MHD equilibrium calculations, Peng and Strickler
(7] report K as a function of aspect ratio, A = R/a.

These calculations are shown graphically in figure 2-2

and have been fitted by the following relation:

X = 2.277 - 0.1949 A,

which is valid over the range 1.4%£ A £ 3.0.

The equilibrium toroidal plasma current is

X approximated by the formula (61]:
.
_ S5a Beo Cp C{+4X)2
Lo (MA) = B . (1-€)2 [2.2.1]
"r"}\
e
N
where B:.. is the vacuum toroidal field on axis, € = 1/A, RIANER
, Ry
g. is the safety factor on axis, and Ci = 1.22 - 0.68€. AN
h The beta limit is based on experimental indications :jﬁ%ﬁ
N PR
y {7) and is approximated by: RN
h o
) A
- 9.033 [, (MA] sl
B =5 (ml B, (T (2.2.21 RN
i P e
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Figure 2-2: Variations of R, a, X, B, and
Paramagnetism for a 2000 [(MWCt)] Tokamak restricted by
Troyon limit (7].
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and by definition is:
PR TTAR {1
B, (2.2.3]

where <(p> is the plasma pressure, and a is the plasma

minor radius.

2.2.1. Paramagnetism

The vacuum toroidal field in the presence of the
plasma can be either diminished (diamagnetism), or
enhanced (paramagnetism). Paramagnetism occurs when the
magnetic field associated with the poloidal component of
the plasma current is in the same direction as the
applied toroidal field. Due to the small aspect ratio
and highly pitched magnetic field of the spherical torus,
its equilibria exhibit a high degree of paramagnetisnm.
Figure 2-2 shows the calculated paramagnetism factor,

f« = Bis/Bw, as a function of the aspect ratio.

The impact of strong paramagnetism on the plasma
pressure balance is uncertain because equation 2.2.2 is
based on empirical data and theoretical situations for
which B differed little from B... This leads to a range

of possibilities as to where B: should be used as opposed

tO Bto.
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Rewriting equation 2.2.2 and 2.2.3 indicating the
field in 2.2.2 as B, and in 2.1.3 as Bz, and combining

equations, we obtain the plasma pressure, {(p)>, in the

form:

A N Ry RN TR TS B W T, W A~ TSRV, —r_— Wy

(p> = BeB _ 0,033 BF L, [2.2.4] g
2, 2p. a B: PINVY:

,
ry

The anticipated effect of paramagnetism differs depending AN

on what B: and B: are assumed to be. The four possible ot

L]
e
Y
R

»
"

W e e
»

cases are given below:

L diin ]
.

Lo
5
’

a

1. B, = Bz = Bio,

A
/I;'{
8% % )

VLY SN
o &4 4 4

then <{p> « I, Bio /a2, this is the standard case:;

,

S %%

‘de
n
Yb

ﬁfﬂv

2. B| = Bz = Bg,

’ T
,5 -'::.':-"
[ then <p> a« I, fa B /a; NN
J RSN
: R
| 3. B, = By and Bz = B, [ S
' RSN
r then <p> « I, f.?B.. /a; SOy
‘ .-‘J':'
] ,-...,:.(..
’ R
i 4. B:. = B:. and B. = Bees ‘.\-_"-JT'
» then <p> a I, Bue /3 fu. RO
: '.::“\'.:t
X ::\:}.:f-.
: In our analysis of the plasma parameters we will use QSEK
3 o, WA
] case 2, B, =B: =B., which represents a moderately |28

g -)-.‘.\
. optimistic case. For this study the following curve fit :ﬁ:-::'
:
: to the results of Figure 2-2 was used for the f?ﬂ::
v
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paramagnetism factor f.:

t
\ fo = =-19.297 - 111.69 A + 406.53 A2 - 477.56 A®
]
i + 265.6 A* - 71.93 A% + 7.66 A* (2.2.5]
i This fit is valid over the range 1.4 £ A £ 2.3.
I 2.2.2. Total Average Density

The total volume average density is calculated using

the volume average pressure and the volume average

o MDA B ¥ ¥ v _",

temperature. The maximum value of the volume average

pressure is given by equation 4.1.2 with Bz = Bifa:

= Ba £a2 Bio?
<aT> 2p. [(2.2.6]

« s F IR » & 0 R

where n is the total plasma density. In the calculation

procedure, Bs«, ., and f. are specified. Using the

+HER £

profile equations, <(nT> can also be written as:

__Jgiuxz_lxxl_dl
(nT> = v (2.2.7]

Thus, the total volume average density, ;, is given by:

Cgyder V (2.2.8]
[1+0wl{1+0r]T I (1-Cp/ad?les gy
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where T, the average plasma temperature, is specified.

L -

For convenience in further equations, the average density

..
Y

A
»
&

will be written as n, omitting the bar.

%
A,:‘\:'- )
"' 5

2.3. Steady State Densities Dy

The reactions occurring in the catalyzed D-D fuel

-l 4

L4 :f.
{"t'.

cycle are given in equations 2.3.1 through 2.3.5 along .
with the energy produced by each reaction [11]. i{xj
N
A
D+ D ->%He +n + 3.27 (2.3.11] AN
bl
D+D->T+p + 4.03 {2.3.2] N
'_x':\‘
- -\.. -
D+ T=->*e +n + 17.59 (2.3.3] ii
3:_7-1":\-
D + He -> *“He + p + 18.3 (2.3.4] :_-‘_-',:'.
NN
A
l‘}l...'
T+ T=->*He +n +n + 11.3 (2.3.5] RN
The cross sections for the above reactions are shown Q:}}
.':\"_\-"'
in Figure 2-3 over the temperature range of interest in 'Giﬁi
ARG
this study. VRS
The rate equations for these reactions are given Qﬁiﬁ.
NN
below. All densities are volume average densities. qtﬁkj
N
POAAY
dor _ no? : o
= foor<®Voor = Nrnofor{@Vdor = Ef  Cavdy (2.3.6]
dt 2 2 AT
f\“\v'\
AT
RS
«.:_'..'.
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2 [
< g'%‘ = nzL foo3{TVOp0a - NoNafpal@eVdps - N3R,
X (2.3.71
5
w
1} 2
:': dna = NoNafps{OViea + Nolirfor{ovipr + anrr( vy - RaNe
KT dt 2
[2.3.8]
N .
“L g'%" = ;2“- foor{OVDIpor + NoNafos{OVdpa - Nn,R,
) [2.3.91
I‘l R :.5 ot
- where R/ is the removal coefficient of species i, given RSN
- \.'_\'_:s"
> by: N

A I

‘ »

5
Pre

- . . . el
.- R, = number of j particles removed per unijt time .’-‘;_}j':;
B number of i particles present ' AR ¢
o Sl
S Cala
3 i
' The steady state density of each species is then _-»;:3
:: determined by setting the rate equations equal to zero. f_{‘;‘:
\f '::"si
XA The following results are obtained: it
M Y
or . " S
f No 2f0r{OVIpr + (nv/No) fr1OVI+r + 2Ry/no ’)'.‘
2. (2.3.101 o
:.' \ .
s Ba . s
No - 2f03{O0V>0s + 2R:/ny =X
o
3 {2.3.111] .":::;C:J
: V)
v s
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Da _ Dofs 1$@VOpor + 20a2fsa<€VOsa
Do sz

[2.3.13]
To calculate no we invoke charge balance and

equation 2.2.8 for the total density to obtain:

fe = TR
2 + Z(n. + n.) + 3(n. + n.) + L,(2 + 1)

[2.3.14]
where z, and n, are the charge and density of impurity
species assumed to be present in the plasma. The total
average particle density is determined as previously
described and then np is determined by iteration of

equations 2.3.10 - 2.3.14,

2.4. Benchmark of the Code

It is desirable to assess the validity of the
methods and equations used in the code prior to its

- application. To this end, the code (see Appendix B) was

The results of this benchmark are given in Table 2-2.
It appears that the code accurately reproduces the

WILDCAT results. The difference in densities for

Helium 4 are noted but should have little effect on the

performance and reliability of the code.

At Y v e O IR L S ~

benchmarked against the WILDCAT (4] parameters, Table 2-1.
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Table 2-1: WILDCAT Reference Parameters
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Major Radius, R (m]
Aspect Ratio, A
Peak Toroidal Field, Bwc [(TI
Number of TF Coils
Plasma Beta, 8
Plasma Current, I,
Temperature ([keV]
Average Electron
Average Ion
Average Densities [m-3]
Proton
Deuterium
Tritium
Helium 3
Helium 4
Electron

8.58

3.25
14.35
12

0.11
29.9
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Table 2-2: Benchmark Results - Steady State Particle

Densities
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PARTICCE WILDCAT
D 1.7 g 10?
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p 1.2 x 10
e 2.5 x 107
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2.5. Iypical Results and Examples

Typical results of the plasma parameter design space
analysis are shown in Table 2-3. The parameters listed
in the table are the major radius (R), minor radius
(r), aspect ratio (A), plasma elongation (K), magnetic
field on axis (B:s), plasma beta, plasma current (I,),
fusion power (Pi.), and total density (niws). The
numbers given in the left-hand column are reference
numbers and apply to the same cases throughout the
thesis and Appendix A. It is interesting to note that
in all cases where the aspect ratio was below 1.9,
either the plasma current was higher than
technologically reasonable (>75 {MAl) or the fusion
power was lower than economically beneficial (<600
[MW]). Cases meeting the criteria were found with
aspect ratios between 1.9 and 2.3 and major radii
between 5.0 and 8.0. All results given here are for an

average temperature of 30 (keV]).
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‘ Table 2-3: Plasma Parameter Design Space

2

23

3 # R a2 A kappa Bt beta Ip P fusion mtot v

i:,. [n] (al [ [NA) (MN]  [e-31 (a3l

¥, 10 2.5 33 23 1.8 1.0 0.1 631 1139 1.336+20 2803

‘ 102 720 3.0 23 1.8 7.0 0.1 358.9 926 1.53E+420 2279

E 103 65 2.8 2.3 1.8 1.0 0.1 547 742 1,33E420 1825

12 14 8.0 35 23 1.8 635 0.1 62.5 1026 1.32E+20 3401

ot 15 7.5 3.3 23 1.8 635 0.1 58.6 B46 1.32E+20 2803

. 106 7.0 30 23 1.8 65 0.1 54.7 687 1.32E420 2279

A 107 7.5 3.4 2.2 1.8 635 0.1 671 1203 1.50E+420 3093

j'/ 108 -7.0 3.2 2.2 .8 635 0.1 626 978 1.50E+20 2515

o 19 65 3.0 2.2 (.8 65 0.1 958.1 783 1.50E+20 2013

< 110 6.0 2.7 2.2 1.8 635 01 336 616 1,50E+20 1584

$ i1 65 31 21 1.9 63 0.4 6.1 1185 1.74E420 2231

- 12 6.0 2.9 2.1 1.9 65 0.1 62,0 932 1.74E420 1754

~ 113 55 2.6 2.1 1.9 635 0.1 356.8 718 1.74E+420 1351

N 114 8.0 3.5 2.3 1.8 6.0 0.1 397.7 744 1.126420 3401

iy 115 8.0 3.6 2.2 1.8 6,0 0.1 66.0 1058 1,2BE+20 3754

e e 7.5 3.4 2.2 1.8 60 0.1 619 872 1.28E420 3093

b 1 7.0 3.2 2.2 1.8 60 0,1 357.8 709 1,28E420 2515

- 18 7.0 3.3 2.ti 1.9 6.0 0.1 66,7 1072 1.49E+20 2786

a3 119 6.5 3.1 2.1 1.9 6.0 0.1 62.0 858 1.49E+20 2231

:' 120 6.0 2.9 2.1 1.9 60 0.1 912 675 1.49E420 1754

2 124 60 3.0 20 1.9 60 0.1 66,9 1021 1.73E420 1952

s 22 55 2.8 2.0 {9 60 0.1 1.3 786 1.73e420 1504

Y 12 8.0 3.6 2.2 1B 5.5 0.1 BOS 746 1.07E420 3754
14 8.0 3.8 2.1 1.9 5.3 0.1 699 1128 1.25E+20 4138

. 19 1.5 3.6 2.1 1.9 595 0.1 65.6 929 1.25E+20 3426

:- 126 7.0 3.3 21 .9 55 0.1 6l.2 735 1,25E+420 2786

’ 127 65 3.1 2.1 1.9 59 0.1 396.8 605 1.25E+420 223!

f; 128 635 313 2.0 1.9 S5 0.1 66.4 914 1.46E+20 2482

’ 19 60 3.0 20 1.9 55 0.1 613 719 1,4B6E+20 1952

i 130 5§ 29 L9 L9 55 0.1 667 839 1.71E+20 1681

™~ 131 50 26 1.9 1.9 55 0.1 80.7 646 1.71E+20 1263
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2.6. Conclualona

The steady-state reaction rates for a catalyzed D-D
Spherical Torus reactor have been developed and verified
against reported values. A reactor design space has been
found in the compact spherical torus regime with
acceptable plasma currents and fusion power. The issues
of magnet requirements, current drive, and plasma
temperature maintenance must still be addressed before
this design space can be considered viable. These issues

will be addressed in subsequent chapters.
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: 3. PLASMA POWER BALANCE
l

Y It is necessary to address the plasma power balance,
B
R in other words, the plasma energy losses and gains, in

A order to determine an operating temperature and the E\
3 "_:.‘,,
'j requirements for additional plasma heating. Additional- ;;

’,
%

ly, the amount of energy transported from the plasma by

Y

charged particles is important when considering the

|

’
‘-'\_\'

impurity control systenm.

AR

- S

Ses sl
ACNEY
0 . }‘- ..

s
»

7% In steady-state a simple power balance for self-
"‘ .

sustaining plasma is obtained from:

" P?tue + Paux = Pioss = Praa + Pue

—
where P<*w. is the fusion power of the charged daughter
'~
' products (which can be calculated using the procedure
‘AR
.
(X outlined in the previous chapter), P.. is the
auxiliary heating power, P., is the transport loss

o

d
,j associated with the charged particles leaving the
:: plasma, and P,.« is the power lost to the first wall
e due to all types of radiation. )
1.5 "
A et
Ry In this chapter the terms of the power balance will RO
1 '.-1‘\.
A be examined in detail. Various confinement scaling laws NN

. B

x will also be examined and, finally, the results of this TR
x .;_»
N analysis will be presented. Eb(.
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8.1. Auxiliary Power

: The auxiliary power is the additional power required :-_E\E
:, to sustain the plasma temperature at steady-state. This ;':ﬁ.
» power can be provided by a number of different sources: EQE,
E current drive power, resistive losses in the plasma, and §E§i;
i additional power injected into the plasma. In using the Eﬁi;
i power balance equation for figures of merit the auxilliary R
S: power will be separated into the following, ‘t\:’,’
: o
i Pawsx = Pus + Po + fooPoo (3.1.11 :‘
> RN
é where P.« is the additional power required to maintain E:EE\
Eﬁ the plasma temperature, P, is the power due to resistive S&;i
i losses in the plasma, fo is the fraction of current ;ji;
: drive power remaining in the plasma, and Pec is the power Eﬁggi

required to drive the plasma current, as described in a &gﬁ

subsequent section of this thesis. The fraction of ;¢:*

current drive power remaining in the plasma, fcw, is E?%'
ﬁ: assumed to be approximately unity for the oscillating §i9

P
e,

field current drive and this value will be used

L

T N

throughout the remainder of this paper.

L
[

The plasma energy gain factor, Q, is defined as:
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This @ will be used as a figure of merit in this study i
ff to determine the desired operating temperature and also S,
i N
fé to compare the various scaling laws. A large value of é
." )
\ @ is desired because this minimizes the power that must -
;: be added to the plasma. .
:i' 7
“ n
\ '
3.2. Badjation [Losses
N .
% The radiation losses from the plasma are associated .
. with the electrons and are due mainly to two types of
radiation: bremmstrahlung and cyclotron. Losses due to h
- -
N bremmstrahlung radiation are given by: A
| g
~ 2
ﬁ Pores = 5.35%107% n.2 Zeqr T V [3.2.1]
-~

where n, and T. are the electron density and temperature,

e e,
L)
» T Tw T W

respectively, and Z.. is the effective plasma charge E‘j:

given by: %

N N
P Lo

Zety = L m'z":. :"

) Ne

.'J.’J‘
v

Power losses from the plasma due to cyclotron

'I'l -

l"(

SSSS0,

radiation are given by (11]):

Peye = 6.21%107% K. ne Te Bis? V [l+¥2§ +...1 (3.2.2]

o &-

rasklw
xR

>
iy

.« r

LS

where n, and T, are the electron density and temperature,

r

ay .'n'.""‘. ""
/7,

T R W TN R LW e LW AT
I *

,

R AP T I Y Ve R PR UL TR TR TN SR T T i e S e I NI S S N T e S P e LTI I S S
o > o L o A AN 2 L A 2 AR SR AT

a e N PR AN Y A RS 203, R0 0 51 5 2 S AL SRR S R, R L 3 A8 R SRR AR ek AL

7
NN
LA

-‘-

lll.
WX s

LR 4

AR SANS
Jfﬂsﬁfﬁ_

§ e

Yy

PR A4
[ EiL
b,,,-

LR ]

I}

N '“
IS

e
0

. f‘ 7

A et

I’ 5
20

l.:i’ ',

I')"‘ll"
LA
]

4

4
(4

12

o5

A

Pt
\ 5 4

*"n ’.". . v
. ',}‘}-

e,

Qil‘

-‘l ’
At
S



»
)

- v

U AN s NN . e aT TN TN R .V . F "2 " RS 2 ) P 7 S S FEHEEE 5 A R B,

a0 & AN R sy s LN BT S Ad ARERY 44

¥.@ §_ Vi s

39

Biwe is the magnetic field on axis, and K; is the fraction
of cyclotron radiation absorbed in the first wall,
assuming a cylindrical plasma profile. The factor K. is
a function of T, and the "plasma depth®", D, given by:

D = Bl.l ‘0.8 (I-B)G.W

where a is the effective plasma radius,

A
a = all+Xk2]l* /7 2

and n is the electrical resistivity of the first wall.

T T

[}

a
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CYCLOTRON COEFFICENT, K¢
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a b

Figure 3-1: Fraction of cyclotron radiation lost

from the plasma(a), as a function of temperature and
plasma depth, and electrical resistivities(b) for
various metals as a function of first wall temperature
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Values for K. and n are shown in Figures 3-l1a and 3-1b

a7

respectively.
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3.3. Iransport Losses

3
«
P

e
o

-

Transport losses from the plasma can be written

vy
KW
\:\I%l('l

based on the global energy confinement time as:

b

1

]

PP 3 . 5.0 T IR A AA YA R X XY Y Y R Y R Sy T . Y
r w4
&ﬁ}
s
LI o )

= [ 3 kT + n.KT, = 2 SoKDICI+T./Ty) Zﬂ?
Pu= [ 3 - av = 2 o *V 13.3.1] i
Sk
which can be rewritten using the plasma pressure balance ;43
0 ;:'),-:t'
- as: e
- RN
- .‘.-:.:.'"
' 3 BCfaB1p)? o
o = ~e
i Ptv 2 2”. ~‘ *V [ 3 . 30 2 ] ;‘L{j',
; %
b where %¢ is the global energy confinement time. For this &&;;
\ b,
\ DAY
§ part of the study an elliptical plasma cross section is E;:
§ Al
! used to simplify calculations. This results in a o]
. ™
‘. Rt
; global confinement time given by: -~;
¢ e
¢ ~ Sy
b 2 Dl ]
3 w = g.t (3.3.3) -
" R
-': -\‘:::\:
) ~ . .“'-
- where X« is the total effective diffusivity, and a is the hx}
o ".u' ¥
r effective plasma size, %?'
- "":
, . N
§. a? = a?[2X2/C14K®) ). SRR
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The total effective diffusivity is defined as (12]

Xe = (X, + X.%:‘)[ 1 (3.3.4]

S
1 + TJT,

where X, and X, are the electron and ion thermal

diffusivities given by the various scaling laws.

3.3.1. Scaling [aws

Ion Confinement

In nearly all current tokamak experiments the
observed ion confinement time is generally consistent
with the predictions of neoclassical theory for the
entire range of ion collisionality. The magnitude of the
transport rates are within a factor of one to four of the
neoclassical value with the mean being about two. The

ion thermal diffusivity can thus be written
Xi = f. X (3.3.5]

where f, is the enhancement factor, and X:°® is the
neoclassical ion thermal diffusivity as described by
Chang and Hinton (13]. The neoclassical ion thermal

diffusivity for low collisionality is given by:

X = 6.5x1071 Kyt Avs el & (220 (a/5)  (3.3.6)
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f\ where

Wy

LN

B

: Ka* = €0.66 + 1.88 A™® = 1.54 A*)%(1 + 1.5 A-2)

accounts for the effect of finite aspect ratio.

e
s a4

To be absolutely correct a term for the ripple
should be added to equation 3.3.6 if the magnitude of the

toroidal ripple is large, i.e. >1-2% at the plasma edge.

N s

v 4
Q The ripple contribution to the ion diffusivity is of the t
) ' RCACS
] form wted
- whe
I- LT

< X.rissie % §18 T3, RN
'« e
‘:\:‘ NN

- ~
2 where & is the magnitude of the field ripple (peak to ﬁ&:
- ey
. average). For the design space of interest in this study
.

. ripple losses are assumed to be small and have been
o™
- neglected.

A~
\.

N Electron Confinement
.l
»
~
= Various empirical and semi-empirical scaling laws
i
N for the electron confinement time or thermal diffusivity o

RN

m have been proposed for tokamak plasmas with ohmic and .3:{

R \H_\'. :
) strong auxiliary auxiliary heating. Results from almost ;?.
=

all of the experiments conducted indicate that the q&jd

" "

) S
% confinement properties of ohmically heated plasmas are Sﬁﬁ\-
'c. N
.. PNO:
o '.-.'.._a
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: s
degraded when auxiliary heating is applied. The SR
. . \'.‘.:’,
Q auxiliary heated regime has further been shown to have 3%;
: .1'\*}§
: two confinement modes; an L-mode which is characterized ?ﬁ%ﬁ
$§m,‘.l
by very poor confinement, and an H-mode with confinement k i
v, r,v
a PN
. being about twice that of L-mode. The mode in which the Y
J s
. et
. plasma operates (H- or L-) is a complex function of el
hASEN!
- geometry, type and amount of auxiliary heating, and T
¢ e
! plasma and impurity density [14] and as such is beyond :};-
S
¢ )
g the scope of this thesis. In this study it will be ‘g;}-
y N
: assumed that conditions can be created such that .
. .'-_'.:\'
: auxiliary heated plasmas can be modeled using H-mode jﬁ}ﬁ
: .'-:\S‘\j
. scalings. :j3§
y In ohmically heated plasmas the neo-alcator scaling <
- has been shown to provide a reasonable fit to all
> available tokamak data [15]. The expression for the
i thermal diffusivity is
brer
. S
: ~ F:I::-":
Xee = 4.68%10%° -H_%g_a (3.3.7) RO
o LA A
N £tV
N where a is the effective plasma radius as previously afv;
b et
N defined, R is the major radius, and q is the safety e
s
; factor at the plasma edge. };ﬂl
-
S Another scaling law for ohmically heated plasmas was fado
Pl g"i"\-',
. DG e
! proposed by Pfeiffer and Waltz (16] an can be expressed deﬁ
: 2
. }i
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i wee
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as

5.95%10' n.°-’R%‘Z."°-” . (3.3.8]

x..PU

This scaling is very close to Neo-Alcator in non-ignited
devices, but extrapolates to ignited devices with a much
different result.

While the confinement data for ohmic heated plasmas
is fairlf large, the data base for auxiliary heated
plasmas is much smaller, with most of the data being for
neutral beam heating. The scaling studies that have been
carried out are mostly fits to individual sets of data
and may not be valid when extrapolated to the devices
under consideration in this study.

The scaling presented by Garbunov, Mirnov, and
Strelkow, commonly called modified-GMS or Mirnov
scaling, is one exception to this. A simplified form
of this H-mode scaling is given by

Xe®™ = 0.96 ?:- (3.3.9]

where I» is the plasma current [(MA]. Confinement
improves with plasma current and GMS scaling thus
predicts favorable confinement at low aspect ratio.

Goldston and Kaye (17) presented another empirical
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neutral beam scaling, the H-mode form of which is given

by

xhu - 150 63.76 B..l.73 TO.lziioll l°.7l [3.2.101

I '2. ”% Ai- ss

where T is the average electron temperature in keV, I, is
the plasma current (MA]l, B« is the toroidal field on
axis [T], a is the plasma minor radius (m], X is the
elongation, and A is the aspect ratio.

The ASDEX group presented a semi-empirical scaling
based on their auxiliary heated confinement data in H-

mode. This is given as

XeoA®0®* = 5,93 (3.2.111

—ar
I, R A,°"¢

where A, is the effective atomic mass number of the lons.
Without further study and a large data base on
compact high current reactors, one scaling law cannot be
chosen over another. We will therefore endeavor to
compare the effects of the various scalings on the
parameters of interest rather than judging the merits of

the confinement scalings.
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3.4. Iyplcal Reaults and Examoles

The effects of temperature and the various scaling

‘laws on the plasma power gain, @, and the required

auxiliary power are shown in Figures 3-2 and 3-3.
These figures are for a fizxed aspect ratio, major
radius, and magnetic field. The wide variational
effects of the confinement écalings can also be readily

seen from the figures.
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Figure 3-2: Effects of temperature on the plasma 'iw;
power gain for various particle confinement scaling ja
LY

laws.
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Plasrma Temperature Compansion
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Figure 3-3: Effect of temperature on the fusion
power and auxiliary power for various particle
confinement scalings.

Typical results of the charged particle power,
bremmstrahlung losses, auxiliary power, plasma gain,
energy confinement time, and transport power for the
various scaling laws are given in Table 3-1. A
temperature of 30 (keV] is used throughout the table.
Negative numbers in the table for P.. indicate that no
auxiljiary power is needed to sustain the plasma, i.e.
the fusion power is greater than the power loss from
the plasma. In the calculation of P.u, however, the

presence of impurity ions has not been considered.

o

R “.f"t'. - .-' P s ol sl e g "l‘.' L\
AR Aot o S Sy ARG




w v T TN T T T Y T LV I TR TR NN
w NN
v ‘\(\;
A 48 240G
K - N
: ]
" Table 3-1: Typical Results for Power Balance En.ﬁ.i
. Calculations A
ped f‘c;\i
o neo-ALCATOR Pfeiffer-Waltz &MS (Mirnov) ASDEX Goldston-Kaye OhOhe
j- § Paux Qoplasma P aux Qplassa P aux @plaswa P aux @ plasma P aux @ plasma PN
Ay [M8] (P o/ il [MN) [Po/P il [MN] [Po/P il [(MW] [Po/P i) [MN) (P o/P i) .

. Fed
N 101 -92.1  -15.2  707.3 20 44 339 450 <310 142.4 9.9 :?.:a:'
I~ 102 -52.6  -20.7 7226 L6 494 231 -16.1 -70.9  149.5 7.6 N
N 103 -18.4  -49.6 736 1.3 542 168 .5 1201 1522 6.0 e
" 104 -68.3 -18.5 7413 1.7 79.0 6.0 -22,8 -55.4 178.3 7.4 *}*‘t '
w 103 -35.4 -29.5 7314 1.4 80.6 12.9 0.3 3295.5 1197 3.8 BN

106 -6.6 -127.9 736.3 1.1 80.1 10.6 19.3 4.0 177.8 4.8 EF;_J
& 107 -97.4  -15.2 7490 20 336 4.0 -53.7  -27.6 1274 11.6 RSO
by 108 -35.7 -21.6  765.1 1.6 43.4 2.8 -22,7  -33.0 1369 8.8 .:-"\::\
R 109 -19.7 489 744 13 4.6 194 26 3739 1418 6.8 :.:f:-_;}

d 110 11,0 £8.8 777.1 1.0 32.8 14.4 22,6 33.5  142.% 5.3 ALY
~ i -%.8 -160 7628 1.9 -61 -237.2 -58.3 -25.0 78,0  18.7 S he]

112 -43.1 -26.6 783.3 1.9 10.8  106.3 -22.6 -50.7 94,1 12,2 E;ﬁ

.,\_' 13 -2.9 -299.8 7937 1.1 2.7 38.9 5.6 197.0  103.8 8.5 AN
- 114 -15.0  -61.1  780.7 1,2 1123 8.2 18.3 50.0  209.9 4.4 jf_\*
5 115  -67.5  -19.3  788.6 L7 760 17,2 -26.3  -49.7  161.6 7.8 RN
& 16 -33.6 -32.0 798.3 1.4 783 137 2.3 -463.7  170.4 6.3 5
5] \):: )

X neo-ALCATOR  Pfeiffer-Malt  GMS (Mirnov) ASDEX Goldston-Kaye
o $ Pbrem Popart Taue Ptr Taue Ptr Taue Ptr Taue Ptr Taue Ptr

) 4L )] (M1 (s] (W] (s] (W] (s [MW] (s] (MWD (s} (M)

B 10 198.0  414.1 60.3 1240 8.1 923.4 29.1 257.5 43.7 {710 20.9 358.6

. 102 16§.0  336.7 49.4 123.2 6.8 898.4 27.0 225.2 3B.f 159.6 1B.7 325.3
-, 103 128.9 269.6 139.8 122.3 5.6 8723 25.0 1949 32.9 148.2 6.6 292.9

Y 104 1781  369.4 63.6 123.0 B.4 932.6 29.0 270.3 46.5 168.5 21.2 39.7
'1 105 146.8 304.4 52.8 122.3 7.1 909.0 27.1 238.3 40.8 157.9 {9.1 337.4

N 106 119.3  247.5 43.2 121.5 5.9 @884.4 25.2 208.3 35.6 147.4¢ 17.1 306.0
= 107 209.1 43.8 62.0 130.3 8.3 976.6 30.9 261.3 46.4 1740 22.8 355.0
Y 108 170.0  355.1 50.8 129.4 6.9 950.2 28.8 228.5 40.4 162.4 20.4 322.0 o
',', 109 136.1 284.3 40.9 128.5 5.7 922.6 26.6 197.8 34.9 150.8 18.1 290.0 :'.:,.\
N 110 107.1  223.6 32.4 127.6 4.6 B93.7 24.4 1R9.4 29.7 139.2 16.0 259.0 .::\"‘u.:
e 112062 4348 9.4 178 6.8 99%.4 0.6 2225 9.9 170.3 222 306.6 NN
:n' 112 162.2 342.0 39.1 136.7 5.5 965.1 28.1 190.6 34.0 157.2 19.5 273.9 ,

f 13 1249 263.4 30.4 135.6 4.4 932.3 25.6 161.2 28.6 1441 17,0 242.3
- 114 129.0  265.3 55.0 121.3 7.3 917.0 26.B 24B.6 43.1 154.7 19.3 346.2
' 115 183.7 380.2 64.7 129.1 8,5 985.2 30.7 272.5 9.1 170.3 22.9 3642

) 116 15,3 333 536 128.3 7.2 960.2 28.7 240.3 43.1 159.6 207 332.4
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AN S

" The equations governing the plasma power balance o

0 have been derived and the effects of temperature on the " .

1Y SO
: X3
% power requirements determined. An optimum operating (fi'
Y R ).
Y W
i temperature of 30 [keV] has been chosen based on the TaL
{Q effects of plasma gain. A design space exists where ﬁ:
b *,
}‘ plasmas close to ignition have been found. o
LY
P The required auxiliary heating calculated in this
¥
5 study assumes no impurity ions are present in the
3y
%7 plasma, which invariably will not be the case.
»
~.
o Additionally, assuming unity for the fraction of
2 current drive power remaining in the plasma is overly
iy
25
N optimistic. It is apparent that confinement scaling on
o
- the order of Mirnov or ASDEX scaling is desired;
however, this question will only be answered by
R experimentation and careful data analysis.
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4. REACTOR POWER BALANCE

Wi
LE
'n's“l

\
A
LA/

-
i
NS

v,
v

The reactor power balance will be considered in this

'."
0.2
2y

\l

s

chapter as it pertains to losses in the poloidal and

N
<y

toroidal field coils and the current drive system. Due

PEaT
P

to the necessity to maintain high plasma densities and

LS,

¥

.
.

large plasma currents, a considerable amount of power is
required by the current drive and the toroidal and
poloidal field coils. It is necessary to determine the

losses in these systems in order to evaluate the power

and coolant requirements for these systems.

The magnet systems for the D-D Spherical Torus %;5?5
Hybrid Breeder are first considered to be normal ;Eg;;
resistive copper coils with water coolant. A packing Atﬁ%:
fraction of 90% is assumed for both poloidal and i;i?
toroidal field coils. Figure 4-1 illustrates the basic LT 
design and positions of the toroidal and poloidal field 'VT?Z
coils. An important issue in this analysis is whether §§§§Ef
the coil losses can be kept low enough to be E§E§§

economically and technologically feasible.

This chapter is divided into analyses of the major
systems: toroidal field (TF) coils, poloidal field (PF)
coils, and current drive. Superconducting poloidal and

poloidal/toroidal options are then considered as well.
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An analysis of results and conclusions about the TF and

PF systems closes the chapter.

4.1. Ioroijdal Field Cojls

In this design the center conductor post carries the
entire current, I., required to produce the toroidal
magnetic field. 1In each toroidal field coil (TFC) return
leg, a power supply drives the necessary current given by
I./N; this total current meets at the center conductor
post which carries the total current which is then again
distributed to each TFC return leg as I./N. The endplate
conductors allow for more contact area at the endplate-
to-TFC-return-leg junction by virtue of the larger
circumference. This in turn allows a larger number of
TFC return legs, N, and reduced cost of the TFC return
leg conductors, since additional machining of the
return legs (ie. flaring the ends) is not required. An
additional advantage of increasing N is increased
plasma stability due to minimized toroidal ripple.

For the toroidal geometry, it is known that:
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{(4.1.2]
[4.1.4]
(4.1.5]
(4.1.6]

{4.1.1]

WS
N)

[4.1.31]

e
',0,

w~

-

in the TFC return
AN

Lot
,

The resistance of each return
-

.
.

is given by
AT'C
Xa + O0.1a + Wuss + Wrrc

= a + 0.1a + Wues + Wrec

In order to determine the viability of normal coils,

is now undertaken.

Brrc = Wrrc?

Ra'"¢,
Re'f¢ =
Lere

with pcv being the resistivity of copper; the length of
ai
b

with Wue and W being the thickness of the outer

the TFC return leg being:
wl

legs
where
and
and

an analysis of the resistive losses
leg,

and therefore:
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first wall, blanket, and shield, and the thickness of
the toroidal field coils, respectively.
Since each TFC return leg carries I./N, the resistive

losses in each leg are given by:

Pa"c(one leg) = (kaymgre [4.1.7]
for a topal loss in N legs of:

Poe = Ao gyre [4.1.8]

For resistive losses in the end plates which have
the same half thickness as the TFC return legs, the
incremental conductor carries a current of I and has a
resistance of Rq°'*, yielding a resistive loss of
I2R,"'* which, when integrated over the entire end plate
conductor yields:

2
PoftA™® = Lidau (l1n Rowsx = 1n Rce)d (4.1.9])
2wWrrc

where Rer is the radius of the center post and Rpe is

the radius of the disk:

- Mo . (4.1.10]

RDIIK - 2“

Since there are two plates, the total resistive losses
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are given by: { §?

s 2 O O
priates = I;'-a%cu_ (In R - 1n Re) (4.1.11] '
FC

In the analysis of the center conductor post, the ok
maximum allowable center post radius was determined by Zalal

the geometry of the plasma. Specifically:

R = Rer + Wus' + 1.1a [4.1.12] AN

Ly 2" "5 A s A
.
o
»
~
*
.
.

where W..' is the thickness of the inner first wall and

a X)

shield. For a given value of the major and minor radii

A

. from the plasma parameters, Re can be calculated easily. ;§.;

d
Al

P

[

Peng (6] presents an expressicn for Re that is

-
. "l
e
o
L,

."( J

based on the center conductor post current density, Je,

.l »
P XA
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and required Br:

s
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’
e
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SN

Rer = rec + [re® + 2(a + O.1a + Wusdrclo® [4.1.131]
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L
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where,

N
[4

re = L [4.1.14]
ngC

Note that here Peng’s expression for Rc was modified to

conform to the geometry of our design which proposes an

inboard shield, W.'.

The physical radius of the center conductor post,
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Rer, I8 related to the current-carrying radius by:

Rer = Bi- [4.1.15]
L4

where F» is the packing fraction, and Re® is the
required center post radius in the absence of coolant
channels. The value of Re® is used to evaluate the

center conductor post current, Jc as follows:

Je (4.1.161

W(R%p)?

In this analysis, the maximum physically allowable
value of Ree is chosen and compared with a computation of
Ree based on Peng’s equations. For all cases, the chosen
value for R was greater than that given by Peng, which
is taken as a required minimum.

The resistive losses in the center conductor are
easily determined by computing the resistance of the

post:
[4.1.17]

and,

Z &8 2(X + 0.1)a +2Wuse + 2Wrre (4.1.18]
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Then:
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X

A
Yy

Fed st

P =

2
Woc'),= ToJcperZ [4.1.19]
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4.2. Polojdal Field (PF) Compopents
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The role of the poloidal field coils (PFC) is to

1

3

.é provide the necessary vertical field to maintain the Efza
;5 plasma equilibrium, Therefore, the force on the plasma é%é
= from the field created by the PFC must balance the ;;é
& force created by the plasma current. The poloidal 3{?
i field, Bs, will scale directly with the plasma current, E;:

2
'

Ir,. BAn analysis of the position and the field required :f:
R
i based on MHD equilibrium (7] indicates that coils -2&:
AL
- Nt
placed at a distance three times the minor radius from j}ﬁ
W
“ the plasma and a distance equal to the minor radius &
Y a0
,' from the midplane will provide the required force 3}ﬁ
, .;.:_\
4 balance. The current required in each coil is: :A}i
2 nt
Ierc = 0.3 1 [4.2.1) NN
: PFC | 4 ::: ::::
-
: b
e Again, in order to determine the viability of normal Qés
1 gy
' coils, the resistive losses for the coils are calculated E'N
& o)
o from the relation: A
o« :f:l:
: Iﬂb'.
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=k

Po™C = I4wc?Re"C = Lera®foulerc (4.2.2]

Aerrc

s

where Po"° is the ohmic (resistive) losses, Iwec is the

s
e

vy
S
!
S
i current through the coil, R is the resistance of the Enﬁ
3 =7
E coil, peu is the resistivity of the coil material, lee ﬁﬁk
: A
2 is the length of the coil (lec = 6Wa), and Aec is the N
. A
i coil cross sectional area. P
e I
- Al
a0
¢ el
: =
i 4.3. Current Drive >
s
Eﬂ”‘
~ A major part of the overall reactor power balance is Qp;t
4 e
? the power required to drive the plasma current. In this £§3\
- e
study we will use an oscillating field current drive 533
(OFCD OR F-© pumping) for current maintenance at steady E}.'
Ny
state, and another non-inductive system, i.e. neutral beam E;
LY

injection, will be used for ramp-up. The concept of

L)

g oscillating field current drive is currently being :;2
2 applied to the reverse-field pinch (RFP) and spheromak Sg?ﬁ
E configurations [10]. Use of OFCD in tokamaks has been ﬁai
; proposed and efficiencies similar to those in the RFP %éié
ké are expected for the spherical torus (19]. A high E&i:
E efficiency current drive system is important because of F?
a the high plasma currents characteristic of the '?kﬁ
~

spherical torus. An estimate will be made of the power

".l l_
L
o ot

;202

)

drawn for the reactor regime of interest in this study.
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Oscillating field current drive works by imposing an
appropriately phased oscillating field upon the static
fields of both the toroidal and poloidal systems. Most
of the apparent power in this current drive system is
reactive power and the amount of real power consumed is a
complex function of the materials between the magnets and
plasma, the power supply details, and the plasma
currents. A rigorous estimation of this real power would
require a fairly complete conceptual design for each
configuration considered and is beyond the scope of this
study.

The reactive power in the system is the power that
is generated by oscillating the poloidal and toroidal

fields. This reactive power can be estimated by (18]:

Preacrive = Vera (gi) [ Buo*+Bpo*108 (4.3.1]

where Ve is the volume over which this energy is
distributed and may be approximated by that volume
enclosed by the TFC return legs, B.. and B,, are the
toroidal and poloidal fields on axis, p. is the
permeability of free space, w is the frequency of
oscillation, and & is the ratio of static to

oscillating fluxes.
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The volume over which this energy is distributed, e

Vern., may seem to underestimate the energy required to aﬁ.
" oscillate the poloidal field, however, this model
b significantly overstates the power required to a3
oscillate the toroidal field which has been assumed to .

be the paramagnetic field on axis but actually has a e

&

. 1/r dependence in the blanket and shield. It is hoped

» .Tl
A
N

~t that these two estimations tend to offset each other.
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There are limits on the frequency of oscillation,

w, first, so that the plasma appears as a perfect

',
»A-
L)

| NN NN
'5"

conductor, i.e. w»¥y!', where 4 is the characteristic

>

o

Wi S P
A,
Py A

decay time of the toroidal plasma current: and, second,

h ]
‘ats’

to allow for penetration of the oscillating magnetic

field into the plasma interior, ws#:"!, where % is the

tearing time. To minimize the static to oscillating

-

R flux ratio, &, and therefore the adverse effects on 3'5

"‘: .::f"-)
particle confinement, it is desirable to set w at it’s 3;;

E) ) ’.-".‘,

o 1 upper limit, wx%:'. The usual expression for the &ﬁ%

R tearing time, #r, is ,Eﬂﬂ,

1) ;‘?u

:‘ J'.'.h

, = 0.6 0.4 Wi

" Nr = %% %N, (4.3.2] '

i where %4 is the alfven time,

;

o

:S %, = (Pop)os/B, (4.3.3]
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and p is the mass density of the plasma. Now we can

express the ratio of static to oscillating fluxes as:

8§ = wine! = H [4.3.4].

An idea of the relative magnitudes of power for each
configuration can be obtained by assuming that the real
power is some constant fraction of the reactive power for
each device. This should provide a reasonable basis for
comparison because we are comparing devices with
generally the same configuration. There is no
justification for choosing a specific fraction without
detailed studies or empirical data, however, a fraction
of real to reactive power, fc, of 0.15 to 0.25 seems
reasonable and yields total powers somewhat smaller
than those typical for RF current drive systems
currently being studied.

The current drive power can now be estimated by:
Peo % foo Verm (%Q)IB..%B..‘]“’ [4.3.5].

This yields current drive efficiencies of about 0.25
[A/W] for typical A=3 devices with frequencies of 2 Hz

and § % 1.3%. At low aspect ratios the current drive
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efficiency improves to about i1 [A/W] due to the lower
stored energy in the toroidal field, w and & are also

reduced at lower aspect ratios.

: 4.4. Superconduycting Options

If the losses in the normal resistive coils are too
! great, superconducting coils will have to be considered.
Based on the neutronics analysis conducted,
superconducting poloidal field coils should be able to be

employed without additional shielding.

VT ey

To use superconducting magnets for the toroidal
field coils, additional shielding will be required on the
g inboard side of the plasma and the outboard shield must

be modified. Neutronics analysis indicates that

approximately 50 fcm] of 90 vol% tungsten, 10 vol% heavy
water will provide the necessary attenuation for the

designs of interest in this study.

4.5. Aoalvsis of Results

Parameters for the normal coils, as previously
discussed, and results from the analysis of the normal
coil losses are given by component in Table 4-1.

Losses for the poloidal field coils range from about
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»
A
ib 500 [MW] to over 1200 [MW] for the design space under
jﬁ consideration. The toroidal field coil losses for the
; same design space vary from 3000 [MW] to over 14000
-3 (MW] with most of the loss being in the center post.
3 This results in total losses ranging from 3700 [MW] to
v 15000 [(MW], which yields fissile fuel cost of more than
13 an order of magnitude greater than present costs. 2o
‘i Based on these results, superconducting coils will 3§ :
f be used for both the toroidal and poloidal field coils. rF:_
? The cost analysis has been modified to account for EE\
:3 superconducting coils; however, the shield design must ﬁ* )
ﬁ be modified as previously indicated.
% The current drive powers shown in the table seem
s very reasonable, ranging from less than 15 [MWI] to just
; under 40 [MW] for the cases under consideration. This ;
IS gives efficiencies of up to 5 [(A/WIl, which, if E
iz obtainable, will greatly reduce the cost of operating ?
_: the reactor.
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Table 4-1: Reactor Power Balance Results
‘
‘\': Nagnet Systea
‘B:S $ Rdisk Wtfc Wpfc Ptfc Popfc Pcd P total Zcoil Pcp f:!. )
(a1l (] (a) [WW] [MW] OMN] (MWD (el  (MW] r .-
! »: 104 3.6 1.0 1,0 13100 838 37.2 13940 17.6 10480 ::I:.(.
102 3.4 1.0 1.0 10860 681 36.4 11540 16,7 8690 :.'sj \
j 103 3.1t 1.0 1.0 8878 545 35.6 9424 15.9 717 o]
A 104 3.9 1.0 1.0 13480 877 32.7 14360 1B.4 10770 2ot
105 3.6 1.0 1.0 11300 722 32,1 12020 17.6 9032
! 16 3.4 1.0 1.0 9360 587 31.4 9947 16.7 7493
r 107 - 3.3 L0 1.0 11750 988 3.6 12740 18.3 93%4
., 108 3.2 Lo 1.0 9730 B0O3 30.9 10530 17.4 7787
’ 109 3.0 1.0 1.0 7931 643 30.2 8594 16.5 RIN3
o te 29 1.0 1.0 6399 506 29.5 6901 15.6 5139
= m 29 0 1,0 8272 899 29.8 9N 7.2 6631
o 12 29 1.0 (.0 6645 707 29.1 7392 16.2 5342
" 13 29 Lo 1.0 35243 M5 28.4 5790 15.3 4230
. 14 3.9 L0 1.0 11490 747 27.9 12240 18.4 9174
Ey 13 3.7 1.0 1.0 11960 1022 27.5 12980 19.2 9348
: 16 3.5 1.0 1.0 10010 B42 26.9 10860 1B.3 8004
- 17 3.2 1.0 1,0 8290 684 26,3 8975 11.4  6B3S
f 118 3.0 1.0 1,0 8635 957 260 9592 1B.1 6910
- 19 2.9 1.0 1,0 7048 766 25.4 7814 17.2 3650
- 120 2.9 1.0 1,0 3662 603 24.8 6264 16,2 4531
‘:-_: 120 29 1.0 1.0 389 866 24.4 6761 16,9 4742
'y 122 2.9 1.0 1.0 4650 667 23.8 53317 159 3790
123 3.7 1.0 1.0 10050 859 23.1 10910 19.2 8023
- 14 3.5 1.0 1.0 10480 1201 22.8 11680 20.0 8368
y 128 3.3 1.0 1.0 87T 989 22.3 9760 19.1 7010
5 126 3.0 1.0 1.0 7256 804 21.8 B060 1B.1  3B06
:J 121 2.9 1.0 1.0 5922 644 21.3 6366 17.2 4747
: ’ 128 29 1.0 L0 172 925 2.0 7097 17.9 4934
: 129 29 L0 L0 49 727 20,5 3681 (6.9 3984
130 29 1.0 1.0 4076 B3 19.8 4907 16.6 3288
| 131 29 1.0 1.0 346 624 19.2 3770 15.6 2344 .
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4.6. Conclusions

e The reactor power balance for normal resistive
M copper coils has been examined. A current drive system
based on oscillating poloidal and toroidal fields has

v been presented. Based on excessive resistive losses

{ for the normal coils, a superconducting magnet system

0y has been adopted. E.
Ny RORYy
N Many issues remain to be resolved in the use of RO
J _:.\'
;f superconducting coils. These include refrigeration, ey

N 5
_é placement, and fabrication, and are beyond the scope of ;}
08 N
,; this study. Issues with the oscillating field current :'

“

drive system, such as efficiency and stability, are
currently being addressed and do not bear further

mention.
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5. IMRURLITY CONTROL

The impurity control system in the fusion reactor
must be designed to accomplish the following tasks:
reduce the impurity concentration in the plasma;
decrease the particle flux on the first wall to reduce
first wall sputtering, and; remove the alpha particle
and hydrogen exhaust from the plasma during operation.
The following goals are also desired: reduce heat load
on the limiter or divertor plates to a manageable
level; develop a vacuum system that is simple in design
and minimizes radiation streaming; minimize the
possibility of limiter damage due to plasma
perturbation and disruptions; and design limiter or
divertor plates with an operational lifetime of at
least one year.

A limiter option and a divertor option will be
qualitatively considered in this chapter. Both systems
are currently being examined for the spherical torus in
conjunction with other studies. Therefore, a detailed

analysis will not be conducted here.

S5.1. Limiter

A toroidal belt limiter centered on the midplane

of the outboard wall/blanket/shield was chosen for this
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e 23
: option. The limiter is constructed in removable i:’
;: modules and extends around the entire torus. The i::; ,
3 midplane position was chosen because it has been shown : .T
{20) to be the least likely place for a thermal dump ;‘_7{-7:
from plasma disruption and it helps maintain the E:;:
symmetry of the plasma system. A plenum is located in '5')
the blanket behind the limiter to increase the buildup ;:f}:
of helium and impurities. This "plenum” region is a Q\:’.E
chamber (.4(m] by 1.2(m]) extending around the entire ﬁ\_‘ﬂ:
circumference of the outboard blanket. Twenty-four *\_‘,._'
pumping vents are located at the top and bottom of the "‘;EE
plenum chamber, staggered throughout the blanket to ::‘:.‘
accomplish plenum pumping. The limiter and entrance to f-T
St
the plenum chamber are cooled with water. A detailed h';::
cross sectional view is shown in Figure 5-1. :}\j
Construction materials and coolant schemes will be ;\'
discussed in further detail in a later section. E\‘
The heat flux to the limiter is kept low by :_:.\:..
radiating 75% to 80% of the charged particle power. :-\._{:.
This is accomplished by injecting between .01% and .05% ':\
iodine into the plasma edge region. While a larger :_-.-‘
radiative fraction is possible, it is not desirable E::;
because of the excessive thermal stresses on the first \:3‘_
wall and the decrease in the fusion power. s;;;
gl .
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The distance between the limiter wings and the
first wall is designed such that 40% to 50% of the
alpha particles reaching the limiter are reflected back
into the plasma. The deuterium, tritium, and proton
reflection is even greater than that for the alpha
particles because charge-exchange of these particles
competes with inversion (deionization). These two
processes provide for a high helium pumping probability
and enhanced deuterium and tritium recycling into the

plasma.

5.1.1. Materijal Selection

Given the environment of a fusion reactor,
especially the hostile environment seen by the limiter,
construction materials for the limiter must have
certain attributes. First, the limiter must have a
high value of thermal conductivity to minimize the
temperature change across the material and in turn to
minimize the resultant thermal stress. Also, it must
possess a high yield strength in order to withstand the
inevitable thermal stresses, even at large levels of
radiation damage. Good corrosion resistance properties

are required to minimize internal material loss and to

maintain a good coolant/wall boundary (i.e. reduce
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-

ﬁ degradation in heat transfer coefficients). Finally,
‘ﬁ the limiter must have a low cross section for
l§ activation to reduce maintenance difficulties and )
F
- improve neutron economy in the blanket. 5:x
. AN,
Since the limiter in a D-D system experiences large %ﬁé
od <
W particle flux, it is necessary to have a low charge (2) %
A material on the limiter surface to reduce plasma EE?
. o
< radiative losses from sputtered impurities. For this -3%;
- Ny
54 case, beryllium was chosen due to its low Z and ’ﬁﬁé
Q compatibility with potential structural materials. Y
L9
fL 4
b Structural materials considered for the limiter
%
- and their properties are listed below in Table 5-1.
R HT=9 and PCA are common alloys of stainless steel.
1
3
LS
"
15
¥
» Table 5-1: Candidate Structural Materials for
' the Limiter
.
" MATERIAL K (W/m?) o (x]0*K™') E (MPa) M.P. (°C] ;
% Ny
: Copper 393 17 110 1080 S\' S
Y\ PCA 19.5 17.7 167 1400 Y
A HT-9 29 11.3 175 1420 ;%h
\ VCrTi Alloy 24.2 9.6 120 1880 AL
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5.1.2. Desian [ssues e
'. : 'f_f
: It is impossible to state with any certainty ;ﬂ
; ]
i ) .‘J
5. whether a limiter will provide the necessary exhaust L&
: 3
and impurity removal without some experimental data and A
, o
i an extensive theoretical analysis. Additional analysis féf
o AT
: will be necessary to determine if any of the materials Ij
i listed in Table 5-1 will be able to withstand the high ?3
AN
] =3
! particle fluxes for a reasonable period of time. Both 'ﬁj
. "
3 -
& of these analyses are beyond the scope of this project. ?ﬁ
= ks
P St
. 5.2. Divertor o
» -
s: A divertor impurity control system for the i;
=
‘ spherical torus is being explored as part of the ﬁF
; . / i;
www o
\ N
Y (191 study being conducted by Los Alamos National R:
" Laboratory. Data presented herein is based on two \;
N
o
9 Tokamak Power Systems Studies Project Meetings, held ;ﬁ
LS
w e
G May 15-16, 1985 (at Georgia Institute of Technology) S&
- and August 12-13, 1985 (at Massachusetts Institute of gﬁ
¢ N
‘ﬁ Technology). ?§
< o
- ' h
d Figures 5-2 and 5-3 show the location and design ég
} r'l
9 of the divertor system. The double-null poloidal-field R
' .",.*
i divertor has the advantages of: vertical stability: Qﬁ
¢ |
2 o
e reduced heat loads; a natural fit to the spherical ‘
. ki
" ~7
" 2
N
-
f S
X 2
:f\;\'u:~;\;\fufurafﬁ:u;a:sjsrs \f»’\ “s*u“ai\f\*if\iifilé'ifi‘éfi"iii“if{’{i£”{“£¢{’{“{{-fi’ifi{;“{"{‘i*n’if:"*::
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k) ‘h'.l-
torus’s elongated configuration; divertor coils inside ;E:
L Saved
: the toroidal field coils, resulting in reduced divertor :..:“'.j‘:
{ NN
! coil currents, better flux surface integrity, and more a o
*, h T ~
5 area for divertor channel; and reduced blanket impact. f‘l’,‘:
AN
’ Table 5-2 lists the basic parameters for the divertor t::-_::j
-‘).‘.‘:\‘.
oAy
system. These are for a D-T system and will differ for i
the D-D systenm. :,‘\’ "
3 L& )
WD
. w‘.‘&t‘
_ LD
l'- 3,
i
Table 5-2: Divertor Design Parameters a2 .h
S
roORY
Scrapeoff thickness [m] 0.04 L,
Radiation fraction, fee 0.3 A
: Particle confinement time, %» (s] 2.5 % , X
< Recycle coefficient 0.9
Divertor chamber area [(m?] 185 ‘\
X Transport power, P.. [MW] 391 NS
Plasma density [(m™ ] 1.28 .
Divertor connection length [(ml 21.7 e
y Plasma surface area [m?] 324.4 AN
3 Diffusivity [m?/s) 1 e
. Edge-plasma density (10'm-?] 5~8 RAWY
b Edge-plasma temperature (keV] 1.0-0.4 .'\-,».:_._\_
’ Wall-plasma temperature [eV] 40-33 ELA
P Average divertor heat flux (MW/m?] 1.37 vy
! Divertor efficiency 0.997-0,999 A
Blanket loss 4% AR
' First wall loss 9% RND
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5.2.1. Desjiqn Issyes

There are several issues which need to be

addressed for the divertor option. The first is how
the magnetics of the divertor will change the plasma
shape and particle confinement. Second is what
currents will be required and what will the associated
losses be. Finally, will it be possible to develop a
system to increase radiation in the divertor chamber.
This is necessary to increase divertor plate lifetime
and reduce stresses; however, the impurity

concentration in the plasma must be kept low,.

5.3. Conclusions

A divertor and a limiter impurity control systenm
have been analyzed and the design issues associated
with each have been presented. Sufficient information
does not presently exist to choose one system over the
other; further investigation and experimental data will
be required before either option can be selected.

While the choice of an impurity control system
will have effects on the overall system, the
differences in effects created by choosing one over the
other, assuming the same efficiency, should be minimal.

Costs for the impurity control system are assumed to be
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the same for either option, and are considered as such

in the cost model. A 3% blanket volume reduction is

considered in the neutronics analysis for the impurity
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6. EIRST WALL. BLANKET, SHIELD

Most recent hybrid breeder designs, including this
design, favor the fission suppressed mode in which the
neutrons are moderated and the fertile fuel is
processed to remove the fissile isotopes before there
is a sufficient build-up to present a large fission
hazard. This mode of operation has the advantages of
improved safety due to lower fission product afterheat
and hazard, and a much higher net fissile output per
installed thermal capacity [({1. Neutron multiplication
is accomplished with non-fissioning multipliers such as
beryllium or lead. However, this mode places a
constraint on the design of the system because it
requires a mobile blanket allowing the fissile material
to be removed before the fission reaction rate becomes
too high.

A simple first wall and blanket design, based on
the Aqueous Self-Cooled Blanket (8] is proposed where
the breeder material, in the form of a salt, is
dissolved in heavy water, which acts as the coolant.
This design minimizes the amount of structure, thereby
reducing parasitic absorptions, and maximizes the

breeder material present. This is possible because the

neutron wall loading is less than 0.5 [MW/m?] and
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; electricity production is not desired. Zircaloy has
3 been chosen as the structural material because of its
4 low neutron absorption and large database from use in
;2 fission reactors. This chapter details the designs and
; neutronics analyses of the first wall, blanket, and
- shield.

: 6.1. Desian e
p 2
A The first wall is composed of thin zircaloy tubes ;};,
;‘ with approximately 2 (mm] of beryllium coating on the SE%f
'E plasma side to reduce erosion of the first wall. %isz
‘; Cooling is accomplished by low pressure, low velocity ;;i;
f (approximately 2 [ft?/min] at | atmosphere) breeder :",.;;?.S
N, flowing through the tubes and into the moderator é;;g

‘ region. The breeding material is composed of heavy —
; water, zHZO (D.0), with a small amount of uranium or
- thorium salt dissolved in it. Candidate salts and
-3 their solubilities in water are given in Table 6-1.

? Figure 6-1 illustrates a top view of the first wall and

1 blanket.

5 Two blankets are used to provide fissile breeding.

The first blanket (moderator) provides f‘or neutron

multiplication and moderation and is composed of 85

-v‘

ny vol% beryllium, 5 vol% zircaloy, and 10 vol% breeder.
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vy Table 6~1: Solubilities of Selected Uranium

, and Thorium Salts
, SOLUBILITY

)
4 UCl. 260
W UBr. > 250
» U(NO3). ©
ThCl. > 250
Th(NOs)« > 250
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Figure 6-1: Top view of first wall and blanket.
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N The second blanket is a low velocity, low pressure
¥ . “pool” of breeder with a 5 vol% zircaloy structure.
N Zircaloy baffle plates are employed horizontally in the
W blanket to prevent streaming and to maintain the flow
W of the breeder.

Three types of shielding are used in this reactor.
: Material gomposition for each shield is given in Table
6-2, with the locations being given in Figure 6-2.

Shield material 3 is used to replace the inboard

N

blanket and shield if the superconducting TF coil

g 5 A 4

A5S80S, ) F 22075

option is employed.

Ei

4

i
',

Ve A,
W

¢ v 7 7 -

-
¥4
-

- o -
. "’J&JE"‘:"'}
A A T
\

t 4
kS
Ly e

AR
1103
2088

i rea

1 10N

[ ]

[ ]

1 1w

7 1T
TTes

1 OUMS
110)

w
N

)
L)

RN
‘LA X4

@
‘i‘.-q.‘"
3
3

AL PN,
-~

Figure 6-2: Blanket and shield positions.

AARA ALy
PN Y

'Iy""'-p.--"----o-. ----- " e MR " A" .~ -, - - - S S T,
GG G A A G L, B R L SO A A QYA s X, (RN S (7, SRR OB G, 0 o S R A

LR "_\"\.J\" e
A




" v

PO

" RT yra

81
Table 6-2: Candidate Shielding Materials
RESIGNATION COMPOSITION
Shield 1 Pb 90 volk
Fet+2? 5 vol%
D20 * 5 volk
Shield 2 B«C 85 vol%
Fet422 10 vol%
D0 * 5 vol%
Shield 3 W 90 volX%
DO * 10 volk

* Breeder material may be substituted for D.0O if
advantageous.

6.2. Neutronics

Neutronics analysis was accomplished using the
one-dimensional transport code, ONEDANT [(9]. Cross
section data was compiled and grouped using TRANSX and
the MATXSS llibrary (20]. The reactions of interest are
given in Table 6-3. Cross sections were compiled and
used for all materials present in the first wall,
blanket, and shield as described in the previous
section.

The reactor blanket and shield were initially
modeled as a simple cylinder with the neutron source at

the center, a small void, and then the blanket with a
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9 Table 6-3: Breeding and Competing Reactions

ig

*l::. Parasitic Reactions

~

-~ n o+ A* =) A%t ¢+ 7T
% n + A" => A*' + 2n
Lo n + A* => B** + «

B n + A" -> B*? + 2H

*J x x=1 1
o n+ A* -> B + *H
> )
~ n + A* -> B3 +
\.

s Uranium-Plutonium Cycle
’\
:: n + U2 =) U22* -3 Np2* -> Pu2»

< n+ U2 -> U + v +n
1 n + U -> U2 + 2n
ol
:} n+ U»® -> FP + Xn + r
)

) Thorium-Uranium Cycle
h :' SN
W, n + Th#2 -) Th® -) Pa®? -) [2» EOX
A .‘:\"_-:
X n+ Th®™2 => Th™? + 7 + n i
) :(}‘.:-
i n + Th#*2 -> FP + %Xn + 7 e
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reflector outer boundary. After the optimum design

4

PAANS
Setielr et

5 %

&
v
hY

space was found, a more detailed analysis was conducted

I'.‘
",

’,

in cylindrical geometry using the model shown in Figure
6-3. Table 6-4 illustrates the variation of fissile
breeding, U?*® (n,g) Pu??, and fissioning, U?* (n,f)

FP, with varying fertile material concentrations and
varying moderator thicknesses. The variation of
breeding and fissioning with moderator thickness is
depicted graphically in Figure 6-4, while the
variations with changes in U** concentration are
depicted in Figure 6-5. The reference design case was

chosen as a 15 [cm] moderator and a 7 atom% U2*/D.0

N
-

breeding mixture, in both moderator and pool regions. :
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J Table 6-4: Neutronics Analysis - Design Space
P Optimization

)

]

'."'\ ' -‘

S A

N Region 1: 7% U238, Region 2: 15% U238

MODERATOR (n,qg) (n, f) n-heat
THICKNESS U-238 U-238 (e~12)
fcml [#/fus n] [#/fus n) [W/fus nl

- - e i -
P 2o 2
ok R
P
{?Sﬁﬁi

5.000 1.282
10.000 1.354
15.000 1.361
20.000 1.326
25.000 1.278

.0535 2.724
.0361 2.145
.0237 1.843
.0166 1.131
.0124 1.616

< R

BAs

N R
e a A & 4 ®
QOO O
“,5‘.5’. ';'-..'l.
Yy

Q

ol

ol
¢
"

P
R AN

15 [cm] Moderator: 7% U238

A A

MAIN BLANKET (n,q9) (n,f) n-heat
CONC. U-238 U-238 U-238 (e-12)
latm %1 (#/fus nl [#/fus n)] (W/fus n]

y
»
/ a
KA
1]
1]
% m

,
ANy

v")

20.000 1.368 0.0287 1.977
15.000 1.361 0.0237 1.843
10.000 1.347 0.0182 1.701
7.000 1.331 0.0146 1.615
5.000 1.309 0.0121 1.564
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D—D Spherical Torus Hybrid Breeder

Be/d20/7% u238 MOD, d20/15% u238 BLNKT
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Modergtor Thickness gcm]
(n.g) u-238 + (n,f) u=238 (*10)

Fissile breeding and fissioning

versus moderator thickness.
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D—D Spherical Torus Hybrid Breeder

e

NEUTRONICS: 15{cm] Be/d20/7% u—238 mod
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0 (n,g) u—238 + (n.f) u-238 (*10)

Figure 6-5: Fissile breeding and fissioning versus
uranium concentration in second blanket.
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6.3. Concluaions

A blanket design has been developed that provides
good fissile breeding and a low fissioning rate.
Steady state one-dimensional neutronics analysis was
performed indicating a breeding ratio of 1.33 and a
fissioning rate of 0.015 for 7% (atom) uranium 238 in
heavy water. The fissioning rate listed is only for
A the U?* and additional fissioning will occur in the
plutonium remaining in the breeder after processing.
Additionally, the neutronics analysis indicates a
biologically safe radiation level on the outside edge

of the toroidal field coil during operation.

SN

Stress analysis of the first wall and blanket
remains to be done, as well as a dynamic neutronics
o analysis of the blanket considering fissile and fission

product accumulation.

Ly

a"s ma a2,

| P

AT ..,;., N TR __ - {;; -.\: ;!.1 AL o, {- >, 'rx NP ATAT PR T TRIN T -‘.s.}\;_\_'_-\.__\;,\._’_\".-.',:._.‘.:.\' AR S

RIS .
. =S .
RO S

»
PLA W



*

XX s

Fersr

R A A

LM Ty

' Y

1

L e :’_:.

S I

RN RIVAXRDP 5.5 RARS A A vy S 27g e ki YU N YA R B A Vv

7. COST ANALYSIS

In order to evaluate the potential of the D-D
Spherical Torus Hybrid Breeder, the selling cost of
fissile material must be determined. The purpose of
this chapter is to present the model used for making
that determination. This will be divided into two
major areas: the power flow model, which gives a cost
of fuel based on the reactor cost; and the reactor
costing model, which yields the total (direct and
indirect) reactor cost. These are then combined to
determine the cost of fissile fuel and the viability of

this design.

7.1. Bover Flow

In analyzing the economics of the hybrid systenm,
it is beneficial to describe the performance in terms
of the power flow model as shown in Figure 7-1. The
notation used is given in Table 7-1.

The total thermal power in the hybrid can be

expressed as:

Pr = Pww + (1 - £f.0Pr + £f.MPr (7.1.11

and the fusion energy released in the production of a

88
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Y Table 7-1: Definition of Economics and Power Flow Terms
‘a
N
)
W Py Hybrid total thermal power
Y
R
P Power supplied to drive the fusion reactor r,'g
p e \:.
] nr Efficiency of current drive and auxiliary {igq
o power systems, Foins
. Cada
o Cadat
o Ps Power going into the plasma A
: Q Power amplification factor, @ = Pr/wpPn
Ry
:i fa Fraction of fusion power removed by neutrons
A
o M Blanket energy multiplication
2y F Fissile fuel production rate [(fissile
&~ atoms/fusion neutron]
z
- c Conversion ratio
»
. a Capture to fission ratio
,ﬁ' Prisse Power produced by fission reactors
" Eriee Energy released per fission
"
Erus Energy released per fusion reaction
a Pr Fusion power
- N Number of flssion reactors that can be
supported by hybrid reactor of same thermal
, power
b Ra Ratio of total electric capacity to fusion
o power
-
h’ n. Electrical conversion efficiency of fission
reactors
Dy RSN
51 LT Electrical conversion efficiency of fusion B
3 reactor AN
\: :\$~_ 1
o COF Cost of fissile fuel, $/QGueats g
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Figure 7-1: Diagram of the power flow for a hybrid :-5:':‘
(fission-fusion) device producing the makeup required :,\ X
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e fissile atom is Esw./F. .n'

B Fissile atoms produced in the blanket are burned

0
b I I, R

i in fission reactors with the energy released per A
v fissile atom produced being: 5?@&
9, ::.f':l i
Lo \:'-%-'v
> Enes/ (1-C)C(14a). Ity
) -.’-,(
A &
If it is assumed that all of the fissile material i—"f.»
NN
~§ produced in the hybrid is consumed in the fission -ﬁ;x'
A
1 reactors, the ratio of fission to fusion power is: fﬁ(
E A
" k4
o Busm | Bus , ——F ‘-§:-¢.
. Pre  Ewe © (1-C)C1#eD) (7.1.21 NN
K A
L a4

D

R

4
e

A

o

From equations 7.1.1 and 7.1.2, N, the number of

5

[

8
s, 9 .“
27

fission reactors that can be supported by a hybrid of

7
L]
(l

hY
r
A "

the same thermal power is obtained:

»
»

L
P

A

val
LS
, h

N = Buas _ Eun.x F. x 1
P: Erue (C1/7,@)+1+f,(M=1)] (1-C) (1 +ax)

(7.1.3]
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e Finally, the ratio, Ra, of the total electrical

AN
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(M8

N
X
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capacity of the system to the fusion thermal power is

A

given by :

\

Rar = (Pran = Pin + WePries) /Pr (7.1.41]

where n., is the electrical efficiency of the fission

reactors. To best realize the potential advantages of
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the hybrid breeder, the support ratio, N, the ratio of
total electric capacity to fusion power, R.;, and the

hybrid conversion efficiency, wi«, need to be maximized.

7.2. Reactor Costing

Costing of the reactor was performed using
accounts and data from the current Reverse-Field Pinch
(RFP)/TITAN [10] reactor study modified to reflect no
electrical generation and appropriate special
materials. The costing by account is given in Table 7-2.

Because no electricity is being generated, there
is no need for turbines and turbine related equipment.
This leads to the elimination of accounts 21.3, 23, and
24. However, more power must be dissipated and,
therefore, more (or larger) cooling towers are
required. The special materials account is taken to be
zero because water is used as the coolant and the cost
of uranium salt is included in the fuel costs in

determining "cost of fuel".




Table 7-2: Spherical Torus Hybrid Breeder Cost

Analysis
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ACCT ¢
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21.98
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5 21.1.9
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22.98
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ACCOUNT TITLE

Land and Land Rights

Structures and Site Facilities

Site Improvements and Facilities
Reactor Building

Cooling Structures

Pover Supply & Energy Storage
Niscellaneous Buildings
Ventilation Stack

Spare Parts e2n
Contingency (s 1)

Reactor Plant Equipment

Reactor Equipaent

Blanket and First Wall

Shield

Superconducting Magnets

Prinary Structure and Support

Reactor Vacuus System

Pover Supply

Impurity Control System

Direct Energy Conversion

ECRH Breakdown System
Nain Heat Transfer Systes
Auxiliary Cooling Systeas
Radioactive Waste Treataent
Fuel Handling and Storage
Qther Reactor Plant Equipaent
Instrumentation and Control
Spare Parts zn
Contingency Allowance (15 )

Electric Plant Equipment

(M$ 1980)

3.3

11.15

Je-4 Vrb +39.5

3.565 (Pth/IOOO)“O.S
9.16
76.50

1.81

0.047 Vbl
0.103 Vshld
0.584 Vc
0.1123 Vstr
0.0051 Vvac
0.028 Pth + 1,00

14.3

0.0

2.82
0.069 Pth
6.7e-4 Pth + 32.6
{.2e-3 Pth
9.65¢-3 Pth
0.011 Pth
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7.3. Cost of Fuel

Based on the power flow described in the first
section and the reactor cost obtained in the previous
section, the cost of fissile fuel (COF) can be
determined. The cost of fissile fuel is based on four
accounts as given in Table 7-3: Return on Capital
(ROC)>; Operations and Maintenance (0&M); Fuel; and
Plant Capacity. The Operations and Maintenance account
Is further divided into three accounts: Operations,
which accounts for day-to-day costs of ope.ating and
maintaining the plant; First Wall, Blanket, and Shield
Replacement, which accounts for annual replacement of a
portion of the first wall, blanket, and shield module;
and Power, which accounts for the costs of electricity
purchased from the line (because the reactor does not
generate any electricity). The capacity is determined
by taking the fissile fuel production rate multiplied

by the plant availability, which is taken as 80%.
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Table 7-3: Cost of Fuel Account Analysis AN
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KA s
ACCOUNT TITLE ($ 1980) N
s g
').'.‘?..
Return on Capital (RoC) [M$/yrl 15 Acct., 99 !‘
. ‘,{:" o
Operations & Maintenance (04N :-Q"‘b"‘
Operations [N$/yr) 21 Acct. 99 b T
First Wall Blanket Replacement Acct 22,1.1/FWB. ., .. AP,
. lifetine 125Ny
Pover {M$/yrl Linecost x P ) ISR
required A
Fuel [M$/yr] 22.11e-6 Ff. ¥ Availability
iss
Capacity [kg/yr] Ffiss ¥ Availability
Cost of Fissile Material (COF) RoC+0uM+Fuel /Capacity
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7.4. Typical Results and Examples

The reactor costs and the costs leading to cost of
fuel are given by account in Table 7-4. All values
listed are in 1980 dollars; to convert to 1984 dollars,
in order to compare with the fuel costs given by the
Department of Energy [21], the 1980 dollars are
multiplied by 1.21. Costs for Uranium 235 in 1984
ranged from 38 [($/gm] to almost 80 [($/gm]. Fuel costs
(in 1984 dollars) from this reactor range from about 37
($/gm)] to almost 80 ($/gml; however, extraction and
processing costs have not been considered in the
calculations for cost of fuel.

In analyzing the cost of fuel, it is seen that the
costs come from two accounts: the return on capital;
and the power component of operations and maintenance.
Any changes in these two accounts will result in

proportional changes in the cost of fissile fuel.
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» Table 7-4: Typical Results of Cost Analysis for the D-D
o Spherical Torus Hybrid Breeder

¥,

N

!

$ ACCT 20 ACCT 21 ACCT 22 ACCT 24 ACCT 25 ACCT 90 ACCT 91 ACCT 92 ACCT 93
{ns1 (H$] ns] Ins] (ns1 N$) (n8] {M$] {ns1

LY
E'- 100 3.3 1644 878.5 454 41,8 11346 113.5 0.8 6.7
o 102 3.3 163.9 787.6  45.4 41,8 1023.1 1023 8.8  S1.2
' 103 3.3 163.5 667.0  45.4 4.8 92,9 9.2 7LT 461
14 3.3 165.0 900.2  45.4 41,8 11570 115.7 926  S7.9
- 105 3.3 1644 793.8 454 418 10499  105.0 840 525 "
N 106 3.3 163.9 6%.4 454 41,8 9519  95.2 761  47.6 e
-~ 107 3.3 1647 877.3 45.4 418 1133/ 134 90.7 567 R
~ 108 3.3 1641 7653  45.4  41.8 10210 102.1  BL.7  Sfi.1 ]
A 109 3.3 163.7 663.8 454 41,8 9189 9.9  TLS 459 ol
110 3.3 163.3 570.9 454  41.8 825.4  BL5S  66.0  41.3 -
1M1 3.3 1639  749.6 454 4.8 10049  100.5  80.4  50.2 :.;-‘
z 112 3.3 163.4 638.5  45.4 4.8 893.3 893 TLS 447 w2
" 13 3.3 163.0 5399 454 4.8 7942 794 B35S 397 NP
b 114 3.3 165.0 B13.0  45.4 41,8 1069.8 107.0  85.6  S53.5 vs'.;
¥ 1S 233 165.3 891.4 454  41.8 11486 1149 9.9 9.4 ;g
, 116 3.3 1647 785.1  45.4  41.8 1041.5 1041  83.3  Sul s
,,\' )
.. X
. ":::.
t ACCT 94 ACCT 95 ACCT 99 CAP RET  OWM  FUEL Capacity  COF 'C;-‘.ﬁ
INS) (M) [NS]  [MS]  [MS]  [MS]  [kg/yr) [$/gm) N )
A 101 350.3  216.3 1962.1  294.3  125.2 0.18 7.96E+06 52.71
N 102 315.9  195.1 1769.3  265.4  120.2 0.15 6.476+06 59.99
< 103 284.6 175.8 1594.3  239.1  115.6 0.12 S.1BE+06 6B.45
> 104 357.2  220.6 2000.9  300.1  125.1 0.17 7.21E+06 58.99
; 105 324.1  200.2 1815.6 272.4 121.5 0.14 5.94E+06  66.31 .
‘s 106 293.9 181.5 1646.1  246.9  118.3 0.1 4.83E+06 75.63 N
o 107 350.0 2161 1960.6 2941  117.3  0.19 B.42E+06  48.90 R
N 108 315.2 1947 1765.8  264.9 1124 0,16 6.B4E+06 55.16 e
: 109 283.7 175.2 1589.2 238.4  107.9 0.13 G.4BE+06 63.22 RO
(10 254.8 157.4 1427.5 2041 105.4  0.10 4. 2ME+06 74,17 RN
11 310.2  191.6 1737.9  260.7  110.4 0.19 B.24E+06 45.08 E’“’
- 112 275.8  170.3 1544.8 2317  105.5 0.1 6.48€+06 52,08 F
By 113 245.2 1514 1373.4  206.0  101.0 0.12 4.99E+06 61.56 oSNy
- 114 330.3  203.9 1850.0 277.5 128.9 0.12 S5.25€+06 77.38 fan]
N 115 354.6  219.0 1986.3  298.0  120.9 0.17 7.45€+06 56.29 el
B 16 321.5 198.6 1801.1  270.2 17,7 0.14 6.14E406  63.25 ;;‘:‘-
N N
3 R
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7.5. Conclusions

A cost model and analysis for the D-D Spherical

Torus Hybrid breeder using superconducting coils has

. been presented. This model, based on RFPCR costing,
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8. RESULTS AND COMPARISON WITH PREVIOUS WORK

T
7

“y
o,

P4
] S
g
. =

In this chapter, the results of this study will be

examined and a comparison made with the previous

A

o A
;} designs presented in Chapter 1. The chapter is divided gfﬁ
A P
o into two sections: presentation of results and }{é
[\ Lol .
comparison with previous work. —

[ o _~:‘\1
;-".r".:

s 1 .
(‘ '..:¢-.-
: 8.1. Presentation of Results e

o a,
bl The computer code, listed in Appendix B, was used iff
) K
? to do a parametric study of the potential design space -
- ’ ‘/ . . .
-5 for the D-D Spherical Torus Hybrid Breeder. The gu;;
N T T”,’?fq
! vriteria and common parameters used for this design &{d
a,

b -.f_‘-‘:
?4 space study are given in Table 8-1. These values were :3“}
)

? chosen to meet the design objective of using a compact F:ﬁ
g spherical torus reactor with a D-D fuel cycle, and to R
-‘ l‘ v -l
L V. B
. match the physics used from other studies, such as 332}

7

A n)
)
o

WILDCAT. The results of this design space study are

iy
L]
h

r

given in Appendix A.
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. Table 8-1: Criteria and Common Parameters for Design j}\v,
Ky Space Study 22
8 P
e ":5
Y &L,
e:f: Particle Profile Factor, a, 0.7 ;S‘
Temperature Profile Factor, ar 0.7 e
"y, D-shapeness, d 0.2 e
s Alpha Removal Coefficient, R. 0.5 el
3! He?® Removal Coefficient, R, 0.1 e
" Proton Removal Coefficient, R, 0.3 Ao
W Number of TFC Return Legs, Nirc 18 v
Packing Fraction, Fe 0.9 <
o~ Current Drive Fraction, fe 0.2 b3
o Minimum Acceptable Power [MW] 700 aae
beo Maximum Acceptable Current (MA) 71 f_::
’ Maximum Acceptable Fissile Fuel Cost [($/gm] 150 OO
W Plasma Temperature (keV] -
< Maximum 35 o
Minimum 25 ?;.vj
y Magnetic Field on Axis, Bs [T] L
. Maximum 7.5 :::':j
. Minimum 1.5 Ay
h Major Radius, R (m] ;:.;‘.:.
Maximum 8.5 e
o Minimum 2.0 o
$ Aspect Ratio s
129 Maximum 2.3 LN
{
e Minimum 1.5 :2&
,&('\.
o )
L
> ::-,\\‘%
S
< ‘{.‘w
- :.:‘_
Wa™
%
~$, R
de »
N
’
N <3
>, :f:}_.g-
> e
¢ %
P port
=~
~l :'k:‘:
) o
o TN
»: o
B\ OV
.-
N N
" A S S S S A N o R R LTSS R Uy e N T T e T Y Y e 4 1 s ;,-:..:,:-,.*-_.:_.‘\f\




102

8.2. Comparison with Previous Desfgns

For comparison of the D-D Spherical Torus Hybrid
Breeder with previous concepts, an optimum result from
Appendix A will be used. The basic parameters for this
design are given in Table 8-2, A comparison of this
design with the Lawrence Livermore National Laboratory

designs is given in Table 8-3.

Table 8-2: Basic Parameters for the Reference D-D
Spherical Torus Hybrid Breeder

Major Radius, R [m] 6.0
Minor Radius, a (ml 2.9
Aspect Ratio, A 2.1
Toroidal Field on Axis, B:. [T] 6.5
Elongation, X 1.9
Plasma Current, I, (MA] 62
Fusion Power, Pru. (MW] 932
Thermal Power, Piners {MW.] 1146
Fissile Production, F [kg/yrl (@ 80%) 6478
Total Reactor Cost, Acct 99 (M$(1980)] 1544.8
Cost of Pu?® , COF [($/gm]l 52.08
Neutron Wall Loading, Puw (MW/m2] 0.45
Neutron Production [n/m2/s] 3.43x10V
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Table 8-3: Comparison of the D-D Spherical Torus Hybrid

with Previous Designs

Heliun-Cooled
Nolten Salt
Fusion Breeder

P, . (W]
fusion

Pelectric CHHel
2

Pvall load Thi/a "]
Tritium Breeding Ratio, T [#/neutron]
Fissile Breeding Ratio, F [#/neutron]

Blanket Multiplication, M [EblnktIEn]

Fissile Production [kg/yr]
(@ 80% Capacity)

Blanket Coolant
Structure
Neutron Nultiplier

Breeder

Total Cost ([M$)
(Direct & Indirect)

Cost of Fuel [$/gal

4] (61
3000 2600
1380 1990
2 1.7
1.0 1.06
0.6 0.84
1.6 2.4
6380 6660
He Li (liquid)
95-316 §5-316
Be Pebbles Be Spheres
Molten Salt: Th (metal)
LiF 70 moll
BeF2 12 nolX
ThF4 18 #oll
4,867 6,300
65.34 69.84

Liquid-Netal-Cooled
Fission-Suppressed
fusion Breeder

D-D Spherical Torus
Hybrid Breeder

9N

N/&

0.45

N/A

1.34

1.23

6478

Heavy Water (breeder)

lircaloy
Be
Aqueous:

uo, (ND,), 7 molX
023 32 93 ot

1,545

52.08
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The obvious differences between this design and
previous designs include: (1) the higher fissile
breeding ratio, almost twice that of the other designs;
(2) lower fusion power, a third of previous concepts;
and (3) the much lower cost for this reactor design.
This cost reduction is due to no electricity generation
requirements, eliminating the need for turbine systems
and generators, and also the reduced size of the plant.

Using the power flow model presented here, the
cost of fuel for the two LLNL reactors was calculated
and is also presented in Table 8-3. It should be noted
that the costs for materials and fabrication of the
breeder, except the uranium or thorium, and removal of

the fissile material have not been included, but will
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9. CONCLUSIONS

A reactor design, designated the D-D Spherical
Torus Hybrid Breeder, has been proposed that offers
greater breeding at a lower cost than previous designs.
This design uses a deuterium-deuterium fuel cycle to
reduce neutron wall loading and to eliminate the need
for tritium breeding. The reactor confinement scheme
is based on the Spherical Torus compact reactor to
increase neutron density and to reduce capital cost.
Finally, the reactor uses a novel aqueous self-cooled
blanket design which offers great advantage to the
hybrid breeding blanket. In concluding this study, the
advantages, disadvantages, and technological issues for

each of the major systems will be summarized.

9.1. Catalvzed D-D Fyel Cvcle

The fuel cycle employed in the D-D Spherical Torus
Hybrid Breeder feeds deuterium into the plasma and
recycles almost all of the tritium and about 90% of the
helium=-3 produced back into the plasma. This catalyzed
mode of operation provides a highef fusion power and
greater neutron production than does an uncatalyzed or

semi-catalyzed D-D fuel cycle. The D-D fuel cycle
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yields lower wall loading and also lower fusion power

O AN S | SR T I ST <y S 3 LS K B
ol
W il 52

than a D-T cycle at the same particle density. This is gg\;
N X
a disadvantage for producing power, but an advantage \;;k
r
for a system where all that is desired is a thermal TR
9 _‘4‘,‘:
neutron flux. The low neutron wall loading, less than ﬁﬁg
: ';."vi':
3 0.5 [MW/m?], allows the use of low absorption ;iﬁé
q structural materials, namely zircaloy, rather than high Egb‘
. e
" SASEY
S strength materials such as stainless steel. g
5 . ,\.i\
. N
§ The D-D fuel cycle is not without its Eﬁi,
s disadvantages. The plasma requires an order of k”{l
v
. magnitude better confinement, <n#%¢>, than the D-T -
] .
i cycle. It must also be operated at a higher plasma ol
B temperature, approximately 30 (keV], thus increasing fR%
e
- ",N"’
0t surface erosion (sputtering) and the effects of ﬁﬂx
% impurities in the plasma. This necessitates increased ';j&
h particle removal and more efficient impurity control. }Q§
S DA
b These disadvantages lead to the major issues ﬂ?bﬁ
0 Y
4 concerning the use of the D-D fuel cycle. The first R
! v
j issue concerns the ability to confine a dense enough :}ﬁﬁ'
4 S
; plasma, long enough and at the proper temperature for 3@#&
) S
’
: ignition to occur. This will probably involve ;:ﬁ
. )
e initiating the reactor with a D-T fuel cycle, PN
.’ ..P .:’_‘ J
* AL
; increasing the temperature by auxiliary means, and then RO
X AN
o«
i decreasing and finally terminating the external tritium N
A e
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fueling. This complex start-up cycle is going to
require a high operating service availability (70%) to
make the reactor ec »omical.

The next issue is that of impurity control. This
system must be able to accommodate a large particle flux

and heat load, and Keep impurity concentrations in the

plasma to a very low level to minimize radiation

losses. Another issue is whether the deuterium, %&;
tritium, and helium=-3 in the exhaust are able to be ﬁaﬁ
efficiently separated from the hydrogen and helium-4 ?ﬁ
and recycled to the plasma. E;;ﬁ

The final issue is to be able to mairain the ‘
plasma temperature by auxiliary means. This must be ;i:
accomplished without serious degradation of particle :;

5%

2 A
287,
b

and energy confinement.

)

_p

A
9.2. Spherijcal Torus Reactor Design fbr

Y

~

By using a compact high aspect ratio design, the
capital cost of the reactor is reduced and, therefore,
the cost of the fissile material is reduced. The
technological issues associated with the reactor,
however, are numerous. First, because the plasma
current scales inversely with the aspect ratio, the

compact reactor must have a means to maintain high
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plasma current. Also, due to the small size, the
current must be driven non-inductively, because there
is no room for a solenoid in the center of the reactor.
This means that a high efficiency current drive systenm,
potentially the OFCD, must be developed. An issue with
the OFCD is what effect the field oscillations will
have on particle confinement.

The high power density and compact size of the
spherical torus make design and placement of an
impurity control system difficult. Because of the
small surface area presented to the plasma, a limiter
or divertor and the associated exhaust system can
easily remove a large fraction of first wall area and
blanket volume. This would be very detrimental to the

production of fissile material.

9.3. Agueous Self-Copled Blapket

The aqueous self-cooled blanket (ASCB) used for a
fissile breeder in a deuterium-deuterium fueled reactor
seems to offer a large number of advantages and few, if
any, disadvantages. The ASCB provides for simplified
breeder material fabrication and reprocessing; a lower

fissioning rate which yields greater fissile
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2 production; and increased safety. };“‘.
X Talel
» Technological issues associated with this ASCB A
: 73
) . c . PN
> design are two-fold. First is whether a 5 vol% LA
k.
zircaloy structure is sufficient to provide the };gf
e
NS
necessary strength and support to the blanket. Second, ﬂ;{{
P
can the fission-products and fissile material be almost \HP
totally removed during the online processing of the %@i.
breeder/coolant. %ﬂi%
_.:-,,:-:.
In conclusion, the D-D Spherical Torus Hybrid l}&E;
Breeder offers the potential for a large, low-cost Ey*
fissile material source. The associated technological .
issues may, however, hamper the realization of such a "
reactor as the need for alternate fissile material {x

sources arises.
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N A. Results of Desion Soage Analvels

This appendix lists the results of the design
space analysis for the D-D Spherical Torus Hybrid
Breeder. This appendix is provided so that a

consolidated set of results exists for reference. The

(1™

data numbering system used is consistant throughout the

N

e appendix, as well as throughout the thesis. A glossary
AN

N of terms is included in the first section with the

X tables of results appearing in the following section.
- A.1. Glossary of Terms

i The terms used in the tables of results, in the
S

2 approximate order in which they appear, are given in
W)

Table A-1 through Table A-4.

”

o

-

o

Cd

4

»
¥

SANAN

I;f"l’f'f'
P4

7 o, & %y

- -
L]

r
4, v
"Yg

b e e d
. ;0
%
o
a " a

vivy
e
‘l ‘.I‘.. '.l
oy
- ‘I "

4
a e

AR RB

[ ¢

112

v
N A

r'y

W

T ot
W,
&

L Y TR SRR FUPCRRINL PR T T
$.s,. N, ..s

PTG S el Iy

N . e e e L s e e e el e e e e T
DRSOV R 0. S SRR DS S AL SUB L WLI SE. LA R L SN




Table A-1:

Txm&u}lﬂlﬂ‘LﬁiﬂW'{ T T IR TE T T, ETE

Glossary of Terms - Plasma Parameters

R

a

A

kappa
Bt

beta

Ip

P fusion
n tot

v

F

P equiv

d
t

Major Radius (m]

Minor Radius (m]

Aspect Ratio, R/a

Plasma Elongation

Toroidal Field on Axis (TI

Plasma Beta

Plasma Current [(MA]

Plasma Fusion Power [(MWI]

Total Particle Density (#/m?]

Piasma Volume (m?]

Fissile Production Rate (kg/yr]

Power Produced by Burning All of the Fissile

Material Produced

Density of Deuterium

Density of Tritium

Density of Helium-3

Density of Helium-4 (Alpha Particles)

Density of Protons

Density of Electrons

Paramagnetisa Factor

Neutron Production Rate [(#/m3sl

Profile Factor Associated with Subsequent

Reaction Power

Power [MW] associated with xx reaction
D-T Reaction
Tritium Producing Chain of D-D Reaction
He? Producing Chain of D-D Reaction
D-He? Reaction
T-T Reaction

Neutron Wall Loading [MW/m2] Associated with

xx Reaction

Reaction Rate Parameter associated with xx

Reaction

First Wall Surface Area [(mn2]

Maximum Toroidal Field Generated
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Table A-2: Glossary of Terms - Plasma Power Balance

P aux

Q plasma

P brem
P part
Tau e

P tr

Required Auxialiary Power (MW]
Associated with Listed Scaling Law
(Negative Numbers Imply Ignition)
Plasma Energy Gain, Piusion/Pauxs
Associated with Listed Scaling Law
(Negative Numbers Imply Ignition)
Power (MW] Lost from the Plasma Due to
Bremmstralhung Radiation

Fusion Energy (MW] Retained by the
Charged Particles

Energy Confinement Time (s] associated
with listed scaling laws

Power (MW) Lost Due to Particle Transport

Table A-3: Glossary of Terms - Reactor Power Balance
(Resistive Coils)

disk
tfc
pfc
tfc
pfc
cd
total

coil
cp

wN v W WU WEE @D

Radius of Disk Connecting TFC Return Legs
and Centerpost

Width of a Side of the TFC Return Legs
Width of a Side of the PFC Coils
Resistive Losses (MW] in the Toroidal
Field Coil (All Components)

Resistive Losses (MW] in the Poloidal
Field Coils (Both Coils)

Power Required to Drive the Plasma
Current

Total Power Required for Magnets and
Current Drive Systenms

Height of Center Conductor Post
Resistive Losses in the Centerpost
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Table A-4: Glossary of Terms - Cost Analysis

Costing Account Number from Table 7-2
Return on Capital [(M$/yr]

Operations and Maintenance (M$/yr]
Capacity Factor (kg fissile material/yrl
Cost of Fissile Fuel (8/gml

A.2. Tables of Results

Results are grouped into tables by area: plasma

parameters; plasma power balance; reactor power
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balance; and cost analysis. Within each table, results

are grouped by temperature.
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e Table A-5: Results - Plasma Parameters
Mo 7
:' ] R a A kappa Bt beta Ip P fusion n tot v Ckg/yr] P equiv
B (]l [n] m [MA) ()] (a-3] {a3] (@ 80Y) (M)
N 35 [keV)
#:: 1 7. 3.3 2.3 1.8 7.0 0.091 63.1 1032 1.31E+20 2803 7159 67180
g 2 7.0 30 23 1.8 7.0 0.091 38.9 839 1.31E+20 2279 5821 54620
3 635 2.8 23 1.8 7.0 0.091 3547 672 1.31E+20 1825 4660 43730
sS4 4 80 35 2.3 1.8 6.5 0,091 62.5 929 1.13E+20 3401 6484 60830
5 7.9 3.3 23 1.8 6.5 0.091 35B.6 765 1.13E+420 2803 5342 50140
¢ 6 7.9 34 2.2 1.8 6.9 0.09 67.1 1090 1.286+420 3093 7568 71020
~! 7 1.0 32 2.2 1.8 6.3 0.096 62.6 886 1.28E4¢20 2515 6153 97740
.\_4 8 63 3.0 2.2 (.8 6.9 0.096 38.1 710 1.28E+420 2013 4926 46230
:: 9 635 31 2.t 1.9 6.5 0.100 67.1 1074 1.50E420 2231 7403 69470
Pat 10 6.0 2.9 2.1 1.9 6.5 0.100 62.0 845 1.50E+420 1754 5822 54640
: f1 5.5 26 21 1.9 6.5 0.100 356.8 631 1.50E420 1351 4485 42090
; :: 12 8.0 3.6 2.2 1.8 6.0 0.096 66.0 958 1.09E420 3754 6695 62830
X ~ 13 7.5 3.4 2.2 1.8 6.0 0.096 61.9 789 1.09E+420 3093 5516 51770
y : 14 7.0 32 2.2 1.8 6.0 0.09% 957.8 642 1.09€420 2515 4485 42090
s 15 7.0 3.3 2.1 1.9 6.0 0.100 66,7 971 1.27€420 2786 6744 63290
! 16 635 31 2.1 1.9 6.0 0.100 62.0 177 1.27€420 2231 5399 50670
~ 17 6.0 29 2.1 1.9 6.0 0,100 97.2 612 1.27€+420 1754 4246 39850
i‘- 18 60 3.0 20 1.9 6.0 0.107 66.9 925 1.48E420 1952 6379 59860
-{: 19 5.5 28 2.0 1.9 6.0 0.107 61.3 713 1.48E420 1504 4913 46110
:.‘ 20 80 3.8 2.1 1.9 5.9 0.100 69.9 1020 1.076+20 4158 7138 66990
LN 21 7.5 3.6 2.1 1.9 5.5 0.100 65.6 841 1.07€420 3426 5882 55200
2 1.0 3.3 2.1 1.9 5.3 0.100 61.2 684 1.076420 2786 4782 44880
o 23 63 3.3 2.0 1.9 5.5 0.107 66.4 828 1.25E420 2482 5754 34000
‘o 24 6,0 3.0 2.0 1.9 5.5 0.t07 1.3 631 1.25E+20 1952 4526 42470
- 2 5% 29 1.9 1.9 535 0.115 66.7 779 1.47E420 1681 5374 50430
o 2% 8.0 38 2.1 1.9 §.0 0.100 3.6 £95 8.86E+19 4158 4895  45%0
': 27 1.5 3.8 2.0 1.9 5.0 0.107 9.7 866 1.03E420 3812 6066 56920
2 7.0 3.5 2.0 1.9 5.0 0.107 5.0 704 1,036+420 3100 4931 46280
X 29 6.0 3.2 1.9 1.9 5.0 0.115 66.2 688 1.21E+420 2182 4790 44960
> 30 80 40 2,0 1.9 4.5 0.107 66.9 687 B8.3G6E+19 4627 4850 45510
:' A 7.0 17T 1,9 1.9 4.5 0.115 69.5 715 9.83E+419 3465 5016 47070
el 32 8.0 42 1.9 1.9 4.0 0.115 70.6 664 T7.77E+19 S173 4694 44060
30 (keVl
e 104 7.5 3.3 23 1.8 7.0 0.091 63.1 1139 1.S3E+420 2803 7963 74730
:ﬁ 102 7.0 3.0 23 1.8 7.0 0.091 358.9 926 1.53E+20 2279 6474 60760
S 103 6.5 2.8 2.3 1.8 7.0 0.091 54.7 742 1,53E+420 1825 5184 48650
) : 04 8.0 3.5 2.3 1.8 6.5 0.091 625 1026 1,326420 3401 7211 67670
‘ 19 7.5 3.3 2.3 1.8 6.5 0.091 58.6 846 1.326420 2803 5942 55760
106 7.0 3.0 2.3 1.8 6.5 0.091 54,7 687 1.32£420 2279 4831 43340
.
L
i
’O
..
L
P,

AP
A

[
P4

%

B

g

5
4.

LRIV
D

ﬁ

2

o
ey

(4
[/

-
-

£/
/,

o

i
&

" o
l~?~
A"A’A

2

’

‘;'."n’v . ]
b'-._a’
8 s

5)1'
)"J N

Iy
v

-,

o7,
SR

Ly

’
By

7

i

r
s
L]

e
s Y2 "0 %0 "
P NS
L%

:
t

2™

A

" A

(7

Z

o

O

£

4

5
»

’

Yy
2L
- ¢

.,..
RAAAN
A

'."l- _‘J’.' - ‘f"'f.'f.' ° ™ -- . ‘- AT L .o.,- LIS R R N I - S I R E N S A I -, .--'.‘...~'- -0
~ls TG GO T T S Ty AN QR AHADANY, SRR §h G5 GRS L SRS OARKR AN



117
Table A-5 (cont.)
f
] Bt beta Ip P fusion n tot Vv  (kg/yr]l P equiv
m (MA]  [HW) (a3] (€ 807) [MW]
107 7.5 3.4 2.2 1.8 6.5 0.09 67.1 1203 3093 8416 78990
108 7.0 3.2 2.2 1.8 6.5 0.09 62.6 978 2015 6844 64230
109 3.0 2.2 1.8 6.5 0.09 358.1 783 2013 5479 51420
110 6.0 2.7 2.2 1,8 6.3 0.09% 353.6 616 1384 4310 40450
11 65 3.1 2.1 1.9 6.5 0.100 67,1 1185 2231 8232 77290
i 12 60 2.9 2.1 1.9 6.5 0.100 62,0 932 175¢ 6478 60790
13 55 2.6 21 1.9 6.5 0.100 56.8 718 1351 4990 46820
114 80 3.5 23 1.8 6.0 0.091 3§77 744 0t 5254 49300
115 8.0 3.6 2.2 1.8 6.0 0.09 66.0 1058 3754 7446 69870
116 7.5 3.4 2.2 1.8 6.0 0.096 61.9 872 3093 6134 57570
17 1.0 3.2 2.2 1.8 6.0 0.09 57.8 709 2515 4988 46810
118 7.0 3.3 2.1 1.9 6.0 0.100 66,7 1072 278 7301 70390
119 6.5 3.1 2.1 1.9 6.0 0.100 62.0 458 2231 6006 56360
120 60 2.9 2! 1.9 6.0 0.100 357.2 673 1754 4723 44330
121 6.0 3.0 20 1.9 6.0 0.107 66.9 1021 1952 709 66390
122 5.5 2.8 20 1.9 6.0 0,107 61.3 786 1504 5466 51290
123 8.0 3.6 2.2 1.8 55 0.09% 60.5 746 37154 5276 49510
f2¢ 80 3.8 2.1 (9 5.5 0.100 69.9 1128 4158 7938 74500
125 7.5 36 2.1 1.9 5§55 0.100 63.6 929 3426 6541 61380
126 7.0 3.3 21 1.9 S5 0.100 61.2 755 2786 5318 49910
127 63 31 21 1.9 5.5 0.100 56.8 6035 2231 4258 39960
128 65 3.3 2.0 1.9 5.5 0.107 66.4 914 2482 6400 60060
19 60 3.0 2.0 1.9 5.5 0.107 61.3 719 1952 034 47240
130 5.5 29 L9 1.9 §35 0.115 66,7 859 1681 5978 36100
31 5.0 26 1.9 1.9 5.3 0.115 60,7 646 1263 4491 42150
132 8.0 3.8 2.1 1.9 3.0 0.100 63.8 769 4158 5442 51080
133 7.3 3.6 2.1 1.9 5.0 0.100 59.6 633 3426 4485 42090
134 7.5 3.8 20 1.9 5.0 0.107 69.7 957 3812 6745 63300
135 7.0 35 2.0 1.9 5.0 0.107 &65.0 778 3100 5484  S1460
13 6.5 3.3 2.0 1.9 5.0 0,107 60.4 623 2482 4390 41200
137 60 3.2 1.9 1.9 5.0 0.115 66.2 760 2182 5328 50000
138 8.0 40 2,0 1.9 4.5 0.107 66,9 760 4027 5393 50610
139 7.5 3.8 2.0 1.9 4.5 0,107 62,7 627 3812 4443 41700
140 7.0 3.7 1.9 1.9 435 0.115 69.5 790 3465 5578 52340
144 6.5 3.4 1.9 1.9 43 0.115 64.5 633 2775 4466 41910
142 8.0 4.2 L9 1.3 40 0.115 70.6 135 173 5220 48980
143 7.5 3.9 1.9 1.9 4.0 0.115 66.2 605 4262 4301 40360
25 [keV}
200 7.5 3.3 2.3 1.8 7.0 0,091 63.1  126f 2803 8888 83420
202 0 3.0 23 1.8 7.0 0,091 3589 1025 219 7721 67830
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::: Table A-5 (cont.) :'- "\
' Ry
" F .:F’y
: ] R a A kappa Bt beta Ip P fusion n tot vV (kg/yr] P equiv :,,
Wi (a] (a) (1 (NA] (MWD [a=3)  ([e3) (@ 80%) (M) 2
- 203 65 2.8 2.3 1.8 7.0 0.091 547 B2 1.83E+20 1825 5786 54300 G
e 204 6.0 2.6 2.3 1.8 7.0 0.091 50.5 646 1.836+20 1435 4551 42710 “Ia)
» 205 8.0 3.5 23 1.8 65 0,098 625 1137 1.58E420 3401 8048 75530 o
206 7.5 3.3 2.3 1.8 6.5 0.09 58.6 937 1.58€+20 2803 6631 62230 i
N 207 7.0 3.0 23 1.8 6.5 0.09 547 762 1.58E¢20 2279 5392 50600 DN,
, 208 6.5 2.8 2.3 1.8 6.5 0,091 50.8 610 (,58E+¢20 1825 4317 40510 ——d
o 209 7.5 3.4 2.2 1.8 6.5 0.09% 67.1 1332 1.80E+20 3093 9400 88130 ;t-—‘;
A 210 7.0 3.2 2.2 1.8 6.5 0.09 62.6 1083 1.80E+20 2515 7640 71690 .:j_x_
:: 21 65 3.0 2.2 1.8 6.5 0.09 58.1  B67 1.80E+20 2013 6117 57400 ~on
) 22 60 27 2.2 1.8 6.5 0.09% 53.6 682 1.80E+20 1584 4811 45150 o
bud 213 65 3.1 2.1 1.9 6.5 0.100 67.1 1310 2,09E¢20 2231 9192 86300 %S
i 24 6.0 2.9 2.1 1.9 6.5 0.100 62.0 1030 2.09+20 1754 7233 67870 o'
< 215 5.5 2.6 2.t 1.9 6.5 0.100 S56.8 794 2.09E420 1351 5571 52280 D7
e 216 8.0 3.5 2.3 1.8 6.0 0,09 S57.7 825 1.356+20 3401 5862  S5010 t--,,:;
2 27 1.5 3.3 2.3 1.8 6.0 0.091 541  6BO 1,35E+420 2803 4830 45330 :;'}',
- 218 8.0 3.6 2.2 1.8 6.0 0.09 66,0 1173 1.536+20 3754 8312 77980 QY
219 7.5 3.4 2.2 1.8 6.0 009 61.9 966 1.53E+20 2093 6846 64250 P
, 20 7.0 3.2 2.2 1.8 6.0 0.09 S57.8 796 1.53€+20 2515 5566 52240 ~~
3 21 6.5 3.0 2.2 1.8 6.0 0.09% S53.6 629 1.536+20 2013 4457 41830 f.;:
2 22 7.0 3.3 21 1.9 6.0 0.100 66.7 1187 1.79€+20 2786 8376 78580 o
! 222 6.5 3.1 21 1.9 6.0 0,100 62.0 950 1.79E+20 2231 6704 62910 ;.lj;t
54 24 6.0 2.9 2.1 1,9 6.0 0.100 S57.2 747 1.79E+20 1754 5273 49480 <3
- 225 6.0 3.0 2.0 1.9 6.0 0.107 66.9 1129 2.08€+420 1952 7923 74350 It
. 26 55 48 2.0 1.9 6.0 0.107 61.3 869 2.08€+20 1504 6Gf03 57270 —
o 221 50 25 2.0 1.9 6.0 0.107 558 653 2.08E+20 1130 4SBS 43030 RO
. 28 8.0 3.6 2.2 1.8 5.5 0,09 60.5 827 1.296+20 3754 5886 55240 N
¢ 29 7.5 3.4 2.2 1.8 5.5 0.09 56.7 682 1.29E¢20 3093 4850 45520 RS
), 220 8.0 3.8 2.1 1.9 5.5 0.100 69.9 1250 1.50€+20 4158 8856 83140 N
- 21 7.5 36 21 1.9 5.5 0.100 65.6 1030 1.50E+20 3426 7300 68500 Cheh
~ 222 7.0 3.3 21 1.9 5.5 0.100 6.2 837 1.50E+20 2786 5935 55700
’ 233 65 3.1 21 1.9 5.5 0.100 S6.B 670 1.50E+20 2231 4752 44590 O
y 224 6.5 3.3 2.0 1.9 5.5 0.107 66.4 1012 1.75E+20 2482 7144 67050 N
235 6.0 3.0 2.0 1.9 5.5 0.107 1.3 79 {.75E+20 1952 5619 52730 SAN
o 2% 5.5 2.8 20 1.9 5.5 0.107 S6.2 613 1.75Es20 1504 4328 40620 RN
' 227 55 29 1.9 1.9 5.5 0.115 66.7 951 2.056+20 1681 6675 62640 -
A 238 5.0 2.6 1.9 1.9 5.5 0.115 60.7 714 2.056+420 1263 5015 47060 ¥z
<7 239 8.0 3.8 2.1 1.9 5.0 0.100 63.6 853 1.24E+20 4158 6073 56990 ;:;-1
N 40 7.5 3.6 2.1 1.9 5.0 0.100 59.6 703 1.24E+20 3426 5004 4690 v
:} 241 7.5 3.8 20 1.9 5.0 0.107 69.7 1061 1.44E+20 3812 7527 70640 ueg-
'j 242 7.0 3.5 2.0 1.9 5.0 0.107 65.0 863 1.44E+20 3100 6120 57430 y:::
43 65 3.3 2.0 1.9 5.0 0.107 60.4 691 1.44E+20 2482 4900 45980
K :.'-Ij'-;-_
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Table A-5 (cont.) :ﬁ
(W) y
] nd nt n He3 n Hed np ne fa  flux n fp ::}_:-‘
(31 (a-3) (a-3) (31 (a-3] (a-3] (#/92/s] o
N, 04
35 (keVl F
1 1.29E420 6.91E+17 B.S3E#17 1.B7E+417 3. LE+1T  1.326420 1.00 2.78E¢17 1.3 ot
2 1.296+420  6.91E+17 8.53E¢17 1.87E417  3.U1EHIT  1.326+420 1.00 2.59€+17 1.3 e
3 1.296420 6.91E417  B,53E417  1.BTE417  3.ME+T 1326420 1.00  2.41E417 1.3 o
4 1,1E¥20  S.9TE+17  6.42E417  1.38E4L7 2.30B#17 1146420 1.00  2.21E417 1.3 P
S 1.11E420 S.97E417  6.42E¢17  1,38E+17  2.30E+7  1.14E+20 1.00 2.07€+17 1.3 B
6 1.26E420 6.7TE+17  8.18EH17  1.79E417  2.98E+17  1.29E420 1.04 2756417 1.3 _
7 1266420 6.7TE+17  8.18E417  1.79E417  2.98E+17 1.29E+20 1.04 2.56E+17 1.3 e
8 1.26E+420 6.77E+17  8.1BE¢17  1.79E417  2.98E+17 1.29E420 1.04 2.38E417 1.3 TN
9 1.47E420 7.88E+17 1.10E+18  2.45E+17  4.0BE+17 1.51E+20 1.10 3.J4E+17 1.3 DN
10 1476420 7.88E417 1.10E418 2.4SE¢17  4.08E+17 1.S1E+420 1.10 3.08E+17 1.3 T
11 1.476420 7.88E+17 1.10E+18 2.45E+17 4.0BE+17 1.51E+20 1.10 2.B3E+17 1.3 -;;-;';-
12 1,086+420 S5.78E417  6.026417 1.29E417  2.1SE¢17  1.10E420 1.04 2.14E¢17 1.3 .
13 1.08E420 S.7BE+17  6.02E¢17 1296417  2.1SE+17  1.10E420 1.04 2.00E417 1.3 0%
14 1.086420 5.78€+17  6.026+17 1,29€417  2.15E¢17 1.10E420 1.04 1.87€¢17 1.3 RN
15 1.26E420 6.73E+417  8.09E+17  1.77E+17  2.95E417  1.28E420 1.10 2.626417 1.3 oo
16 1.26E420 6.73€+17  8.09E+17  1.77E417  2,95E#17 1.28E420 1.10 2.44E417 1.3 ;2-;.:-‘
17 1.26E420 6.73E+417 8.09E417 1776417  2.95E+17  1.28E+20 1.10 2.25€#17 1.3 AR
18 (.46E+420 7.826+17 {.08E+18 2.4(€4(7 4.026+17 1.506420 (.15 3.15€¢17 L.3 .
19 1.46E420 7.82E417 1.0BE+18  2.41E417  4.02E417 1.50E420 1.15 2.B8E+17 1.3 A
20 1,06E+420 S.67E+17 S.B0E+17  1.24E417  2.07E+17 1.086+20 .10 2.13E+17 1.3 PN
21 1.06E420 S.67E+17 S5.BOE+17 1.24E¢17 2.07E+17 1.08E+20 1.10 1.99E+17 1.3 AN
22 1.06E+20 S5.67E+17 S.80E+17  1.24E+17  2.07E+17 1.08E+20 1.10 1.86E+17 1.3 };‘;2
23 1.23E420 6.59E417  7.7BE+17  1.69E+17  2.B2E+17  1.26E420 1.15  2.42E+17 1.3 A
24 1.236420  6.59E417  T.T6E#17  1.69E#17  2.82E+17  1.26E420 1.15  2.23E¢17 1.3 ——ard
25 1.44E420  7.74E417  1.06E+18  2,36E+17 3.93E417  1.4BE420 1.20 2.93E+17 1.3 RN
26 8.75E+19  4.69E+17  4.02E17  B.43E+16  1.41EH17  8.91E+19 1,10 1.46E#17 1.3 ,.:f.--
27 1.026420 S.46E+17  S.39E417  1.1SE417  1.91E417  1.04E420 1.15 1.92E¢17 1.3 R
28 1,026420 S5.46E417  S.39E417  1.ASEH1T  LL9IEMIT  1.04E420 1.15  1.79EH7 1.3 Z»;i;;
29 1.206420 6.41E+17  7.36E417  1.60E+17  2.66E+17  (.226420 1.20 2.20E417 1.3 CAR
30 8.26E419  4.436417  2.59E+17  7.49E+16 1.25E+17  B.40E+19 1.15 1.3SEMT7 1.3 =
31 9.70E+419  S.21E417  4.91E+#17  {.04E417  1.74E417  9.B9E+19 1.20 1.69E¢17 1.3 H:'C: '
32 7.68E+19 4126417  AU1EHLT  6.476416  1.08E+17  7.81E+419 1,20 L.2IEM7 1.3 ‘::-;
N
30 [keV)
101 1.51€420 7.026417  9.59E+17  2.06E+17  3.43E+17  1.54E+20 1.00 3.09E417 1.4 .A
102 1.51€420 7.02E¢17  9.59E+17  2.06E+417  3.43E+17  1.54E+20 1.00 2.8%€+17 1.4 %
103 1.51E420  7.02E417 9.59E+17  2.06E+17 3.43E417  1.S4E+20 1.00 2.6BEMT 1.4 N
104 1.306420 6.07€417 7.21E#17  1.S2E417  2.54E+17  1.336+20 1.00 2.46E+17 1.4 el
105 1.30E420 6.076417  7.21E417 1.52E447 2.54E¢17  1.33E+20 1.00 2.31E+17 1.4 t«‘_}‘*:
106 1.306+420 6.07€+17 7.21E417 1.526417 2.54E+17 1.336¢20 1.00 2.15E¢17 .4 oy
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Table A-5 (cont.) deald

NN

RSN

t nd nt n Hel n Hed np ne fa fluxn  fp {.‘_;':_

(a-3) (s-31 (-3 (s-31 (n-3) (s-31 (4/02/5) oo

k.-

107 1476420 6.87E417  9.19E+17  L.9TEHT  3.28E417  L.SIES20 1,04  3.06EH17 1.4 O

108 1476420 6.8TEHIT  9.19E+17 1.97E417  3.2BE#17  1.SIE420 1.04 2.85E417 1.4 RSN

109 1476520 6.87E417  9.1%#17  L97EMT  3.28EH17  L.SIE20 1,04 2.65EH17 1.4 O

‘ 110 1.47E+20  6.87E417  9.19E+17  1.97E+I7  3.206417  L.SIE#20 1.04 2.44E417 1.4 N

| 11 1726420 8.00E+17  1.24E+18  2.69E+17  4.49E+17  1.T6E$20 1.10 37T 1.4 RN

12 1726420 B.00E417  1.24EH18  2.69EH1T  4.49EH17  L.TEES20 1.10  3.43E417 1.4 b

113 1726420 8.00E417  1.24E418  2.696+17  4.49E+17  1.T6Es20 1,10 3.14E¢7 1.4 N,

114 1116420 S.18E417  S.29E417  LL10EHT7  L.B4EMIT  LA3Es20 1,00 LTOEMT 1.4 e

| 115 L.26E420 S.67EH17  6.76EH17 1426417  2.37E#17 1286420 1.04 2376417 1.4 ST
: 116 1266420 S.BTEMT  6.76EHT 1426417  2.3TEIT 1286920 1,04 2.23E417 1.4 ;;?:;
' 17 1.266+20 S.8TE#L]  6.76E417 1426417  2.37E+17 1286420 1.04 2.08E417 1.4 a=inl

| 118 1476420  6.B4E417  9.10B+17  1.95E417  3.25€417 1.50E+20 1.10 2.926¢17 1.4 b, .4

| 119 476420 6.B4ET  9.10B+17 1.95€417  3.25E417  1.50E+20 1,10 2.71EMT 1.4 2OV

; 120 1.47E+20  6.B4E417  9.10E+17 1.95EH17  3.25E417  1.50E420 1.10  2.50E¢17 1.4 O
: 121 1.JOE¥20 T.MET  1.226418  2.65E417 442617 1SER20 1.15  3.50EHT 1.4 i
. 122 1.70E420 T.94EHIT  1.22E+18  2.65E417  4.42E+17  1.TSE420 1,15 3216417 1.4 RO

123 1.06E+20 4. MEHIT  4.83E+17  1.00EHI7 1.67E+17 1.08E420 1.04 1.68E+17 1.4 NAror

. 124 1.236420 S.76EHIT  6.SIEMIT  1,37E+17  2.2BE417  1.26E420 1,10 2.36E417 1.4 l_,\
\ 125 1236420 S.J6EH7  6.S1EHT  LITEMT  2.28E417  1L26E420 1,10 2226417 1.4 St
: 126 1.236+20 S.TBEMI7  6.SIEHIT  1.37EMT  2.28E417 1266420 1,10 207617 1.4 T
; 127 1.236+20 S.T6E417  B.SIEHIT  1.37EHIT  2.28E¢17 1266420 1,10 1.926417 1.4 T
. 128 1.M4E420 6.69E+17 B.JIEHT  L.BEEHT  3.1EHT  L4TES20 115 2697 1.4 PN

129 1L.MES20  6.69E417 B.JIEMT  LBEEHT  JUEMT  L4TES20 115 2.48EH17 1.4 A

, 130 1.69E420 7T.86E+17  1.19MB  2.59E+17 432647 1736420 1,20 3.266417 1.4 e
- 131 1.69E420 7.86E17 1.19EH18  2.59Es17  4.32EM17  LTIES20 120 2.97EMT L4 g

; 132 1.02E420  4.77EH17  4.50E+17  9.31E+16  1.5SE+17  1.O4E420 1,10 1.62E417 1.4 Il
. 133 1026420 4.7TE#7  4.S0EHIT  9.31EM6  1LSSEHIT  LLO4ES20 1,10 LSZEHT L4 e

. 134 119E+20  S.SEHT  6.04E+17  L2TEHI7  2.1ME417  L21E420 115 2.13E17 1.4 (g
| 135 1196420 S.S4ES17  6.04EST  1.27E#17  LUIEHT  L21ES20 1.5 L9%EMT 1.4 nTaf

, 136 1.19E420 S.SEM7  6.04EH1T  1L27EMT  2.11E417 1216420 1,15 1.85E17 1.4 et

~ 137 1406420  6.SIEHT  B.27E+17  LTGELT  2.94E417 1436920 1,20 2446417 1.4 NN

E 138 9.64E+19  4.50E417  4.026417 B.27E416  L.JBE1T  9.B0E#19 115 L.SOES1T 1.4 NI

| 139 9.64E419  4.S0E+17  4.026+17 B.27E416  1.38E+17  9.80E+19 1.1S  L.4OEH7 1.4 A

; 140 1.13E420 S5.29EM7  S.SIEMT  1SEH7  L92EMT LASES20 1,20 1.BBEMT 1.4 RASar
, 141 1136420 S5.206417  S.SIEH17  LSEHL7 1926417 LISER0 1,20 L7SEMT L4 g

\ 142 B.97EH19  4.19EMT  3.49EH17  T.ISEHI6  L19EM7 9.11EH9 1,20 L.3SEH1T 1.4
; 143 B.97EH19  4.19EHT  3.49E+17  TLSE6  LI9E+1T  9.UIEMS 1,20 L26EHIT 1.4 PR

. RN

: 25 (ke¥) s

- 201 1816420 7.24E417 1.0BE+18  2.27E+17 3.7BE417  1.B5E+20 1,00 3.4SE¢7 LS v
| 202 1816420 T.24E417  1.0BE+18  2.27E+17  3.7BE+17  (.6SE420 1.00 3267 LS .
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R Table A-5 (cont.) o
N ,
Y »
; ' nd nt n He3 n Hed np ne fa fluxn  fp RE
i (»-3 (a-3 (a-3] (a-3] (»-3) (s-3) (4/a2/5] A,
:
iy 203 1.01€+420 7.24E+17  1.0BE+18  2.27E+17  3.78E+17  1.BSE+20 1.00 2,99E¢17 1.5 A
v 204 1.BIE+20 7.24E+417 1.0BE+18 2.27E+17 3.78E+17 1.BSE+20 1.00 2.76E+17 1.5 e
‘ 205 1.56E+20 6.26E+17 8.13E+17 1.68E+17  2.81E+t7 1.59E+20 1.00 2.75E+17 LS LY
! 206 1,S6E+20 6.26E+17 B.13E+17 1.6BE+17  2.B1E+17 1.59E+20 1.00 2.57E+i7 1.5 TN
207 1.56E+420 6.26E+17 B.13E+17 1.6BE417  2.81E417  {,59E+20 1,00 2.40€+l7 1.5 o
i 208 1.56E+420 6.26E+17  B.13E+17  1.6BE#17  2,B1E+17  1.59E+20 1.00 2.23E+17 1.5 —
N 209 1776420 T.09E417  L.OME+I8  2.17E417  3.62E+17  1.81E+20 1.04 J.4IEHT LS ANS
N 210 1.77E420  T.09E417  1.04E+18  2.17E+17  3.62E417 1.B1E+20 1.04 3,1BE+17 1.5 :«:;]-_
. 211 LLT7E#20  7.09E+17  1.04E+18  2.1TE417  3.62E417  1.B1E+20 1.04 2.96E+17 1.5 ity
N 212 LTIES20  7.09E417 1.04E418  2.17E417  3.62E417 1.BIE#20 1.04 2.73E#7 1.5 ;:;25
Y 213 2.06E420 8.26E+417  1.40E+18  2.97E417  4.95EM17  2.11E+20 110 4.ISE#LT L.S hotvY
i 214 2.06E420 B.26E+17 1.40E+18 2.97E+17  4.95E417  2.11E420 1.10 3.83E+17 1.5 .
. 25 2.06E420 8.26E+17  1.40E+18 2.97E+17  4.95E417  2.11€+#20 1.10 3.51EH7 L. el
- 216 1.33E+420 S5.34E+17  5.96E+17  1.22B+17  2,03E417 1,36E+20 1.00 2.00E+17 1.5 R
t 217 1.336+20  5.34E+7  S.96EH1T  L.226417  2.036+17 1.36E+20 1.00 1.8BE+17 LS O,
' 218 1.51E420 6.05E+17 7.62E+17 1.57E+17 2.62E+417 1.54E+20 1.04 2.65E+17 1.5 NS
E 29 1.516+20 6,05E+17  7.62E417  L.STE#1T  2.62E417  1,54E420 1.04 2.48E417 1.5 Ty
220 1.51E420 6.05E+17  7.62E+17 L.STE#(7 2.62E417 1.54E+20 1.04 2.326417 1.5 L
. 221 1.51€420 6.0SE+17  7.62E+17 1.STEMT 2.62E+17 1.S4E+20 1.04 2.156417 1.5 Zf-‘.;-.
~ 222 1.76E+420 7.0SE+17 1.03E+18 2.15E+17 3.5BE+17 1.B0E+20 1.10 3.26E#17 1.5 PO
Q 223 1.76E420  7.0SE417  1.03E+18  2.15E+17  3.58E+17  1.80E+20 1.10 3.026+17 1.5 AN
2 224 1.76E420 7.0SE+17 1.03E+18  2.15E+17 3.58E+17  1.80E+20 (.10 2,797 1.5 AN
. 225 2,05€+20 8.19E+17  1.38E+18  2.926417  4.87EM17  2.09E420 1.15  3.91EMT .S S
! 226 2.05E+20 8.19E+17  1.36E+18  2,926+417 4.B7E+17  2.09E+20 1.15 3.5BE+17 1.5 TR
- 227 2.056420 8.19E+17  1.38E8  2.926+17  4.87E+7  2.09E+20 1,15 3.26E+17 1.5 N
g 228 1.27E420  S5.09E+17  S.43E417  L.11E+17  L.BSE#17  1.29E420 1.04 1.88E+17 1.5 Vs
- 229 1276420 S.09E+17  S.43E+17 L1117 1.8SE+17  1.29E420 1.04 L.TGEH1T  L.S AR
v 230 1.4BE420  S.94E417  7.34E#17  1,SIEST  2.526+17  1.SIES20 1,10 2.64E#17 1.5 3:-'\*
E 231 1.48E420 S ME417  7.34E417  LLSIEX1T  2,52E417  1.51E420 1,10 2.47E+17 1.5 wl
232 1.48E420 5.ME+17  7.34EH17  LLSIE417  2.52E417  1.S1E#20 1,10 2,31E+17 1.5 i)
. 233 1.48E420 S.M4E+17  7.34E417  LLSIEXNT  2,52E+17  1.51€420 1,10 2,14€+17  L.S s
-. 234 1,726420  6.90E+17  9,85E+17  2,06E+17 3.43E+17  L.TEE+20 1.15 3.00E+17 1.5 N
: 235 1726420 6.90E417  9.85E#17  2.06E+17  3.43E417  1.76E+20 1,15 2.77E+17  L.S NS
1 236 1726420 6.90E417  9.85E+17  2.06E+17  3.43E+#17 1.76E+20 1.15 2.54E+17 1.5 i:fr_‘
; 237 2.03€+20 8.11E+17  1.35E+18  2.86E+17  4.76E+17  2.07E+20 1.20 3.64E+17 1.5 el
N 238 2,036+20 8.11E+17 1,35E+18  2.B6E+17 4.7T6E+17  2.07E+420 1.20 3.31E+T LS S
. 239 1.236420  4.91E417  S.06E+17  1,03€+17 1726417 1.25E+20 1.10 L.BIEHT LS AN
. 240 1.236420 4.91E417  5.06E417  1,03E+17  1.72E+17  1.25E420 1.10 L. TOE#M7 1.5 NS
. 41 1436420 S.TIEMT  B.B1EMT  1L40E417  2.34E417  1.4SE+20 1.15 2.38E¢17 LS )
N 242 1.43E420  S.TIEH1T  6.BIEM1T  1.40E+17  2,34E+17  1.45E+20 1.15 2.226417 1.5 AN
! 43 1436420 S.TIEH)] B.BIEXIT  1.40E417  2.34EH17  1.4SE420 1,15 2,06E+17 1.5 .
! N
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\ Table A-5 (cont.) U
* 8%
: o
i ¢ Pdt  fp Pddt fp Pdd3 fp Pd3 fp Pttt Pwltot Puldt }.‘5_';'3
i (W] (W) (NW] (] (W] (WW/e2] (MW/e2) v
. 35 (keVl X
R 1 688.2 1.8 57,7 1.8 1344 2.5 SL7 1.69 0.011 0.362 0.306 o
. 2 §59.6 1.8 128.2 1.8 109.3 2.5 420 1.69 0.009 0.338  0.286 O
N 3 448.0 1.8 1026 (.8 875 25 337 1.69  0.007 0.314  0.265 o
i 4 6234 1.8 1428 1.8 1217 2.5  40.8 .69 0.010 0,288 0.244 el
5 S13.6 1.8 117.7 1.8 100.3 2.5 33.7 1.69  0.009 0.270 0,228 o
. 6 721.5 1.8 166.7 1.8 1421 2.5 §3.6 1.69 0.012 0.358  0.303 DN
: 7 59,5 1.8 1355 1.8 1155 2.5 43.6 1.69 0.010  0.33¢  0.282 AN
| 8 473.6 1.8 1085 1.8 925 25 349 169 0.008 0.310 0.262 SO
: 9 7.7 1.8 163.1 1.8 139.0 2.5 60.4 1.69 0.012 0.435 0,368 o
: 10 559.8 1.8 128.2 1.8 109.3 2.5 4.5 1.69 0,009 0.402 0.340 "otV
E 1 412 1.8 9.8 1.8 842 2.5 3.6 1.69 0.007 0,368 0.311 L
. 12 643.6 1.8 14,5 1.8 1257 2.5 40.9 1.9 0.011  0.278  0.235 PN
: 13 530.3 1.8 12,5 1.8 103.6 2.5 337 1.69 0.009 0.261  0.221 e
. 4 43,2 1.8 9.8 1.8 842 25 214 1.69 0.007 0.243  0.206 R
\ 15 648.3 1.8 148.5 1.8 126.6 2.5 47,5 1.69 0.011  0.342  0.289 .:",.Q
! 16 5191 1.8 1189 1.8 1004 2.5 38.0 1.69 0.009 0.317  0.268 Y
17 4083 1.8 9.5 1.8 7.7 25 299 1.69 0.007 0.293 0.248 .
> 18 613.2 1.8 1405 1.8 119.8 2.5 SL7 169  0.010  0.410 0,347 s
2 19 4723 1.8 108.2 1.8 923 2.5 39.8 1.69 0,008 0.376 0.318 ,:‘.7-\
)\ 20 6862 1.8 157.2 1.8 1340 2.5 42.8 1.69 0.011  0.277 0,234 o
: 21 565.4 1B 129.5 1.8 110.4 2.5 353 1.69  0.009 0.260  0.220 A
l 2 4597 1.8 1053 1.8 898 2.5 287 1.69 0.008 0.242 0,205 AV
' 23 553.2 1.8 1267 1.8 108.0 2.5 397 1.69 0.009 0.315  0.266 Cue
- 24 4350 1.8 9.7 1.8 850 2.5 33 169  0.007 0.291 0.6 PN
. 25 5166 1.B 118.4 1.8 100.9 2.5 43.1 1.69 0.009 0.382 0,323 NoNh
- % 4706 1.8 107.8 1.8 9.9 2.5 245 .69 0.008 0.19 0,161 N
- 27 583.1 1.8 133.6 1.8 113.9 2.5 351 1.69 0.010 0.249 0.211 RN
3 2 4741 1.8 1086 1.8 926 2.5 28.5 1.69 0.008 0.233 0.197 N
» 29 460.6 1.8 1055 1.8 90.0 2.5 323 1.69 0.008 0.286  0.242 2
5 30 466.2 1.8 106.8 1.8 9.1 2.5 2.0 1.69 0.008 0.175 0.148 N
. 3 4822 1.8 1105 1.8 9.2 25 2.8 1.69  0.008 0,220  0.186 A
: 24513 1.8 1034 1.8 882 2.5 20.8 1.69  0.008 0,158 0,133 DY
NN
‘ 30 CkeV] AN
: 100 766.5 1.8 175.6 1.8 149.3 2.8 47,9 1,72 0,010  0.403  0.341 5
X 102 6232 1.8 1428 1.8 121.4 2.8 389 172 0.008 0.376 0.318 PRy
\ 103 499.00 1.8 114,30 1.8 97.21 2.8 3.7 172  0.006 0.349  0.296 b
: 04 69,10 1.8 159.00 1.8 13520 2.8 37.75 .72 0.009 0.320 0.271 N
n 105 571.90 1.8 131,00 1.8 111,40 2.8 311 172 0.007  0.301  0.254 BN
! 106 465.00 1.8 106.50 1.8 90.59 2.8 2529 1,72 0,006 0.281  0.237 P
: R
; ‘;Z;_j}
, e
; AN
i ‘
: R3S
e oy e p m S o oot e e e e e e e e e e e N
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Table A-5 (cont.)
P dt P ddt P dd3 P d3 Ptt Pl tot Pwlat
;)] 1,0} (MW] ) (NW]  [MW/e2) (M4/e2]
107 810.30 1.8 185.60 1.8 157.90 2.8 49.61 1.72 0.010 0.398 0.3%7
108 4&58.80 1.B 150.90 1.8 128.30 2.8 40.33 1.72 0.008 0.372  0.315
109 527.4 1.8 120.8 1.8 102.8 2.8 323 LM 0.0077 0.345  0.292
110 414,80 1.8 95.05 1.8 B0.B2 2.8 25.40 172 0.005 0.3139 0,270
1t 792,70 1.8 181.60 1.8 154.40 2.8 36,02 1.72 0.010 0.484  0.410
112 623.50 1.8 142,90 1.8 121,50 2.8 44.06 1.72  0.008  0.447 0.378
113 480.30 (.8 110,00 1.8 93.56 2.8 33.94 1.72 0.006 0.410  0.347
114 505.70 1.8 115.90 1.8 98,52 2.8 23.65 1,72 0.006 0,234 0.198
1§ 716.70 1.8 164.20 1.8 139.60 2.8 37.77 L72 0.009 0.310 0.262
1i6  590.50 1.8 135.30 1.8 115,00 2.8 31.12 1,72 0.008 0.290 0.246
117 480.10 1.8 110,00 1.8 93.34 2.8 2530 172 0.006 0,27t  0.229
118 722.00 1.8 165.40 1.8 140.70 2.8 43.98 1.72  0.009 0.380 0.322
119 578.10 1.8 132.40 1.8 112,60 2.8 35.22 L.72 0.007 0.353 0.29
120 454,70 1.8 104.20 1.8 88.58 2.8 27.70 1.72 0.006 0.326 0.276
121 683.00 1.8 1§6.50 1.8 133.10 2.8 47,92 L.71  0.009 0.456  0.386
122 52.10 1.8 120,50 1.8 102.50 2.8 36.91 1.71  0.007 0.418  0.354
123 307.80 1.8 116,30 (.8 98.94¢ 2.8 22.70 1.72 0.007 0.219 0.186
124 764.10 1.8 175.10 1.8 148,90 2.8 39.54 (.72 0.610  0.308  0.261
125 629.60 1.8 144,30 1.8 122.70 2.8 32.58 1.72 0.008 0.289 0.244
126 511,90 1.8 117.30 1.8 99.73 2.8 26.49 1.72 0.007 0.270  0.228
127 409.90 1.8 93.90 1.8 79.85 2.8 2,20 L.72 0.005 0.250 0.212
128 616.10 1.8 141,20 1.8 120.00 2.8 3678 1.7  0.008 0.351 0.297
129 484.60 1.8 111.00 1.8 94.40 2,8 28,93 1.7t  0.006 0.324 0.274
130 575.50 1.8 131.80 1.8 112,10 2.8 39.97 1.7t 0.007 0.426  0.360
13t 432,40 1.8 99.06 1.8 84.23 2,8 30.03 1.7t 0.006 0.387 0.327
132 523.90 1.8 120.00 1.8 102.10 2.8 22,63 1.72 0.007 0.211  0.179
133 431,70 1.8 98.90 1.8 84,10 2.8 8.3 1.72 0.006 0.198  0.l168
134 649.30 1.8 148.80 1.8 126.50 2.8 32.41 1.7t 0.008 0.278  0.235
135 §527.9 1.8 120,90 1.8 102.80 2.8 26,35 L.71  0.007 0.259 0.219
136 422,60 1.8 96.83 1.8 82.3¢ 2.8 21.10 L7t 0,005  0.241 0,204
137 51290 1.8 117,50 1.8 99.92 2.8 29,84 L.71  0.007 0.319 0.270
138 519.10 1.8 118.90 1.8 101.10 2.8 21,21 1.7t 0.007  0.195  0.165
139 427.70 1.8 97.99 1.8 83.32 2.8 17.48 L.71 0.005 0.183 0.135
140 53.90 1.8 123.00 1.8 104.60 2.8 25.62 1.7t  0.007 0.245  0.207
140 429.80 (.8 98.4¢ 1.8 83.74 2.8 20.51 L7t 0.006 0.228 0.193
142 502.40 1.8 115.10 1.8 97.89 2.8 19.16 1.71  0.006 0.176  0.149
143 414,00 1.8 9%4.85 1.8 80.66 2.8 15.78 L.71  0.005 0.165 0.139
25 [kevl
201 857.30 1.9 196.50 1.9 1ge.40 3.1 40,82 0.008  0.451  0.381
202 697.10 1.9 139.70 1.9 135.30 3.1 3319 0,007 0.421 0,356
I.‘. 'J',;J'.'_I_".“;.'.'_.“".' '.'_'_.'*'.,'\'.-_:.-_".‘\'.r‘:.-\‘_-;_-".,:\',-\:_-_:Q.;:;_._:‘.\_ R AN AN TR
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N Table A-5 (cont.)
"
.
2 ' Pdt fp Pddt fp Pdd3 fp Pd3 fp Pttt Pl tot Pl dt
\ (MWl (M) (] (M1 (MW (MW/m2] (MW/e2]
L 203 §58.20 1.9 127,90 1.9 108,30 3.1 26.57 1.76  0.005  0.391  0.3%
- 204 439.00 1.9 100,60 1.9 B5.18 3.1 20.90 1.76 0.004  0.360  0.305
’ 203 776,30 1.3 177,90 1.9 150.60 3.1 3201 1,76 0.007  0.359  0.304
.4 206 6£39.70 1.9 146,60 1.9 124,10 3.1 26.46 1.76 0,006 0.336  0.285
Rx 207 520,10 1,9 119,20 1.9 100.90 3.1 21,51 L.76 0,005  0.314 0,266
208 4164 1.9 954 1,9 B0.B 3.1 17.2 176 0,004  0.291 0.247
> 209 906.4 1.9 207.7 1.9 1759 3.1 42,3 176 0,009  0.445  0.377
. 210 736.9 1.9 188.8 1.9 143.0 3.1 3.4 1,76 0,007  0.416 0,332
' A1 §90.0 1,9 1352 1.9 45 3t WS L.76 0,006 0,386 0,327
: 212 46d.1 1,9 1063 1.9 9.0 3.1 2.6 1.76 0,004 0.356 0,302
, A3 87,0 1.9 203.2 1.9 172,10 31 4.9 476 0,009 0.542 0.459
214 8976 1.9 159.8 1.9 1354 31 37.6 L.76 0,007 0.500 0,423
N 25 934 19 1231 1,9 1043 31 29.0 1,76 0,005 0.458  0.388
-~ 216 963.4 1,9 129.5 1.9 109.7 3.4 201 1,76 0,005 0,261  0.221
s A7 45,9 1.9 1067 1.9 9.4 31 165 L7686  9,004  0.245  0.207
o 218 8015 1.9 183.6 1,9 1555 3.1 321 1.76 0.008 0.346  0.293
s 219 6e0.4 1.9 151,3 1,9 128.1 3.1 2.3 1.76 0.006 0.324 0.215
! 220 536.9 1.9 123.0 1.9 1042 3.t 21.§ 1.76 0.005 0.303 0.256
X 20 499 1.9 93 1.9 84 3l t7.2 1.76 0,004 0.281  0.238
:: 222 807.7 1.9 185.0 1.9 1567 3.1 37.5 1.76 0.008B 0.425  0.360
N 223 646.7 1.9 148.2 1.9 125, 3.1 30.0 1.76  0.006 0.395 0.334
(- 224 5086 1.9 1165 1.9 987 3.1 236 1.76 0.005 0.365  0.309
- 225 764,3 1.9 175.1 1.9 48,3 3.1 40.9 L.76  0.007  0.510  0.432
2 226 388.7 1.9 1349 1.9 1142 21 3L3 1.76  0.006 0.468  0.3%
~§ 227 42,3 .9 101,319 85.8 3.1 237 L.76 0.004  0.425  0.360
- 228 367.8 1.9 130.1 .9 10,2 3.t 19.3 1.76 0,003  0.245 0,208
- 229 467.9 1.9 107.2 1.9 0.8 3.1 15.9 1,76  0.005 0,230  0.199
- 230 8545 1.9 1958 1.9 165.8 3.1 336 1.76  0.008  0.344  0.292
281 7041 .9 61,3 L9 136.6 3.1 27.7 L.76 0,007 0.323 0.273
N 23 972, 1.9 1312 .9 it 31 225 L.76 0,006 0.301  0.255
< 233 458.4 1.9 105.0 1.9 823 3. 18.0 1,76  0.004 0,280 0.237
N 234 689.1 1.9 157.9 1,9 133.7 3.1 3.3 L.76 0.007 0.392 0.332
{ 235 5420 1.9 1242 19 1082 3.1 4.6 176 0,005 0.362  0.306
o 2% 47,5 1.9 9.7 L9 BLO 3.1 19.0 1.76 0,004  0.332  0.281
} 227 6439 L3 1475 1.9 1249 3.1 3401 176 0,006 0,476 0,403
- 238 483.8 1.9 1108 1.9 9.9 3,1 257 L.76 0,005  0.433  0.366
) 239 385.8 1.9 1342 1.9 1137 3.1 19.2 1,76  0.006 0,236  0.200
A 240 482.6 1,9 110.6 1.9 937 3.1 15.8 1,76 0,005 0,221  0.187
241 72.1 1.9 166,3 1.9 140.9 3.1 27.5 1.76  0.007 0.310  0.263
,' 22 590.3 1,9 1352 1.9 1145 31 22.4 1,76 0.006  0.290  0.245
243 47,6 1.3 1083 1.9 97 3 17.9 .76  0.005  0.269  0.228
1%
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y Table A-5 (cont.) e
&.: :i'.;_::
x booPVIdl (wdt (vddt <vdl3 <vwdd (ot S Bt mar R
KN (M4/a2] (ad/s] (ad/s] (nd/s] (ad/s] (a3/s] (w21 (T} Fa s
T
3 35 [keV] T
N {  0.056 7.48E-22 6.00E-24 6.27E-24 2.28E-23 S5.60E-24 1802 13.4
- 20,032 7.48E-22 6.00E-24 6.27E-24 228623 S.60E-24 1570 13.4 D
- 3 0.048 7.48E-22 G6.00E-24 6.27E-24  2.28E-23 5.60E-24 1354 13.4 gns
» 4 0.044 T.48E-22 6.00E-24 6.27E-24 228623 S.60E-24 2050 12.8 oy
] 5 0.042 7.48E-22 6.00E-24 6.27E-24 2.28E-23 S.60E-24 1802 12.5 s
< 6 0.055 7.48E-22 G6.00E-24 6.276-24 2.296-23  S.60E-2¢4 1927 13.0 e
. 7 0.052 7.48E-22 6.00E-24 6.27E-24 2.29E-23 S5.60E-24 1679 13.0 B
& 8§ 0.048 7.48E-22 6.00E-24 6.27E-M4 229623 S.60E-24 1448 13.0 o
v 9 0.067 7.4%-22 G6.0E-24 6.276-24  2,29E-23  S.60E-24 1551 13.7 ey
b3 10 0.062 7.49-22 6.01E-24 6.27E-24 2.29E-23 S5.60€-24 1321 13.7 RN
o {1 0,057 7.49E-22 6.01€-24 6.27€-24  2.296-23  S.60E-24 1110 13.7 oo d
P {2 0.043 7.486-22 6.006-24 6.27E-24  2.29E-23 S.60E-24 2193 12,0 e
2 13 0.040 7.486-22 6.00E-24 6.27E-24 2.29E-23 5.60E-24 1927 12,0 i
» 14 0.038 7.48E-22 6.00E-24 6.27E-24  2.29€-23  S.60E-24 1679 12,0 RO
y {5 0.053 7.49E-22 6.01E-24 6.27E-24 2.29€-23 S.60E-24 1799 12.6 RN
s (6 0.043 7.49E-22 6.01E-24 G.27E-24  2.29€-23  S.60E-24 1551 12.6 =
8 17 0.045 7.49-22 6.01E-24 6.27E-24 2.29E-23 S.60E-24 1321 12.6 .
“ 18 0.063 7.49E-22 6.01E-24 6.286-24 2.29€-23 S.60E-24 1418 13.3 SNy
. 19 0,038 7.49-22 6.01E-24 6.286-24 2.29E-23 S.60E-24 1192 13.3 oo
: 20 0.043 7.49E-22 6.01E-24  6.27E-24  2.206-23 5.60E-24 2349 116 N
o 20 0.040 7.49E-22 6.01E-24 6.27E-24  2,29€-23  S.60E-24 2065  11.6 Nofm
' 2 0.037 T.4%-22 6.01E-24 62764 2.206-23 S.60E-24 1799 10,6 AR
. 23 0.040 7.4%-22 6.01E-24 6.286-24 2.29E-23  5.60E-24 1664  12.2 o
Z 4 0,045 T.49E-22 6.OIE-24  6.28E-24  2.29E-23  S.60E-24 1418 12,2 IS
% 25 0.059 7.49-22 6.01E-24 6.28E-24 2.29E-23 S.60E-24 1281 13.1 ROYH
Y 26 0,029 T.4%-22 6.0IE-24 6.27E-24  2.29E-23  S.60E-24 2343 10,5 winNdN
210,033 7.49-22 6.01E-24 6.28E-24  2.29-23 5.60E-24 2216 1L NN
28 0,03 7.49-22 6.01E-24  6.28E-24 2.29-23 S.60E-24 1930 1L s
[ 29 0.044 T.49E-22 G6.01E-24 6.28E-24  2.29E-23 S.60E-24 1525  11.9 F::v:,-i
o 00,027 7.4%-22 6.0IE-24  6.28E-24 2.29-23 S.60E-24 2521 100 S
- 30,034 T.49E-22 6.01E-24  6.28E-24  2.29E-23  S.60E-24 2073 10.7 oY
2 32 0.024 74%-22 6.01E-24 6.286-M4  2.29-23 S.60E-24 2711 9.5 RN
30 keV] g
101 0.062 6.73E-22 4.78E-24 4.97E-24  1.46E-23 4.56E-24 1802 13.4 KA
" 102 0,058 6.73E-22 4.78E-24  4.97E-M4  146E-23  4.56E-24 1570 13.4 L
2 103 0.05¢ 6.73E-22 4.78E-24 4.97E-24 1.46E-23  4.56E-24 1354 13.4 e
- 104 0.049 6.JE-22 4.78E-24  4.9TE-24  1.46E-23  4.56E-24 2050 12.5 s
s 105 0.046 6.73E-22 4.7BE-24 497624  1.46E-23  4.6E-24 1802 12.5 NS
106 0.043 6.73E-22 4.78E-4  4.97E-24  1.46E-23  4.56E-24 1570 1.5 Py
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Table A-5 (cont.)
§ Pwldd <(v)>dt <{v)ddt < v dd3 vy 43 (v it S Bt max
(MN/92] (a3/s] (a3/s] (a3/sl] (»d/s] (83/s]) (a2} m
107  0.061 6.73E-22 4.78E-24 4.97€-24 1.46E-23 4.56E-24 1927 13.0
108 0.057 6.738-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 1679 3.0
109  0.053 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 1448 13,0
110 0.049 6.73E-22 4.78E~24 4.97E-24 1.46E-23 4.5RE-24 1234 13.0
i1l 0.075 6.73E-22 4.78E-24 4.97E-24 {.46E-23 4.56E-24 1551 13.7
112 0,069 6.73E-22 4.7BE~24 4.97€-24 1.46E-23 4.56E-24 1321 3.7
113 0.063 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 {110 13.7
114 0.036 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 2050 11.5
115 0.048 6.73E-22 4.78E-24 4.97E-24  1.46E-23 4.56E-24 2193 2.0
116 0.045 6.73E-22 4.78E-24 4.97€-24 1.46E-23 4.56E-24 1927 12.0
{117 0.042 6.73E-22 4.78E-24 4.97E-24 {.46E-23 4.56E-24 1679 12.0
118 0.059 6.73E-22 4,78E-24 4.97E-24  1.46E-23 4.56E-24 1799 12.6
119 0.054 6.736-22 4.78E-24 4.97E-24¢ 1.46E-23 4.56E-24 1551 12.6
120 0.050 6.73E-22 4.78E~-24 4.976-24 1.46E-23 4.56E-24 1321 12.6
121 0.070 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.57E-2¢ 1418 13.3
122 0.064 6.73E-22 4.78E~24 4.97E-24 1.46E-23 4.57E-24 1192 13.3
123 0.034 6.73E-22 4.78E-24 4.97E-24 {.46E-23 4.56E-24 2193 11.0
14 0.047 6.73E-22 4.78E-24 4.97€-2¢ 1.46E-23 4.56E-24 2349 1.6
129 0.045 6,73E-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 2065 11.6
126 0.042 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 1799 1.6
127 0.039 6.73E-22 4.786-24 4.97E-24 1.46E-23 4.56E-24 1551 {1.6
128 0.054 6.73E-22 4.78E~24 4.976-24¢ 1.46E-23 4.57€-24 1664 12.2
129  06.050 6.73€E-22 4.78E-24 4.97t-24 1.46E-23 4.5TE-24 1418 12.2
130 0.066 5.73E-22 4.78E-24 4.97E-24 1,46E-23 4.57E-24 1281 13.1
131 0.060 6.736-22 4.78E-24 4.97E-24 1.46E-23 4.97E-24 1089 13.t
132 0.033 6.736-22 4.78E-24 4.97€-24¢ 1.46E-23 4.56E-24 2349 0.5
133 0.031 6.73€-22 4.78E-24 4.97E-24 1.46E-23 4.56E-24 2065 10.5
134 0.043 6.73E-22 4.7BE-24 4.97E-24 1.46E-23 4.57E-24 2216 1.1
135 0.040 6.73E-22 4.78E~24 4.97E-24 1.46E-23 4.57€-24 1930 11.1
136 0.037 6.73E-22 4.78E-24 4.97E-24 1.46E-23 4.576-24¢ 1664 (1.1
137 0.049 6.73E-22 4.78E~24 4.97E-24 1.46E-23 4.57E-24 1523 (1.9
138 0.030 6.73E-22 4.7BE-24 4.97E-24 1.46E-23 4.57E-24 252t 10.0
139 0.028 6.73E-22 4.78E~24 4.97€-24 1.46E-23 4.57€-24¢ 2216 10.0
140 0.038 6.73c-22 4.78E-24 4,97€-2¢ 1.46E-23 4.57E-24 2075 10.7
141 0.035 6.73€-22 4.78E-24 4.97E-24  1.46E-23 4.57E-24 1789 0.7
142 0.027 6.73E-22 4.78E-24 4.97€-24 1.46E-23 4.57E-24 271 9.5
143 0.025 6.73E-22 4.78E-24 4,97E-24 1.46E-23 4.57E-24 2382 3.3
25 (keV]
201 0.069 5.68€-22 3.58E-24 3.70E-24 8.24E-24 3.53E-24 1802 13.4
202 0,065 S5.68E-22 3.58E~24 3.70E-24 B8.24€-24 3,53E-24 1570 13.4
SRS TSRy ; N0 SO 0 T g S e B G TN '..'-}.'-' ‘-Z—‘-}‘-;--}‘-;-‘-}"}‘ A AN e “
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> Table A-5 (cont.) f\*}lf
. '-*'

e 3
VS b oPwdl (vd>dt C(vdddt <vydd3  (v>d3  C(vdtt S Bt max 3
’ (W/02]  (w3/s]  (ad/s]  (a3/s]  (ad/s]  (ad/s) (w21 (T PSS
F

3 203 0.060 5.68E-22 3.58E-24 3.70E-24 8.24€-24 I.SI;E-4 1354 134 o,
S 204 0.055 5.6BE-22 3.SBE-24 3.70E-24  B.24E-24 3.53E-24 (153 13.4 s
" 205 0,055 S5.68E-22 3.SBE-24 3.70E-24  B.24E-24 3.53E-24 2050 12.5 i
206 0,052 5.68E-22 3.5BE-24 3.70E-24 B.24E-2¢ 3.53E-24 1802 12.5 -

b 207 0.048 S.68E-22 3.S8E-24 3.70E-24  8.246-24 3.53E-24 1570 12.5 el
. 208 0.045 5.6BE-22 3.5BE-24 3.70E-24 B.24E-24 3.53E-24 1354 12.5 —
~ 209 0,068 S5.68E-22 3.58E-24 3.70E-2¢  8.246-24 3.53€-24 1927 13,0 RS
x 210 0.064 S.6BE-22 3.5BE-24 3.70E-24 8.24E-24 3.53E-24 1679 13.0 S
, A1 0,059 S5.68E-22 3.58E-24 3.70E-24  8.24E-24 3.53E-24 1448 13,0 0808
b 212 0,055 5.68E-22 3.SBE-24 3.70E-24 B.24E-2¢ 3.53E-24 1234 13.0 RN
213 0.083 5.68E-22 3.58E-4  3.70E-24 8.25€-24 3.53-24 1551 1.7 A
o 24 0,077 S.6BE-22 3.5BE-24 3.70E-24 8.25E-24 3.53E-24 1321 13,7 P
- 215 0,070 5.68E-22 3.58€-24  3.70E-2¢ 8.256-24 3.53E-24 1110 137 )
¥ 216 0.040 5.68E-22 3.58E-24  3.70E-24 B.24E-2¢ 3.53E-24 2050 11.5 A
3 A7 0,038 S.68E-22 3.58E-24  3.70E-24  8.24E-24 3.53E-24 1802 11.5 N
< 218 0,053 5.68E-22 3.58E-24 3.70E-24 B.24E-24 3.53E-24 2193 120 e
219 0,050 S5.68E-22 3.58E-24 3.706-2¢ 8.24E-24 3.53€-24 1927 12.0 xS
, . 220 0.046 5.6BE-22 3.5BE-24 3.70E-2¢ 6.24E-24 3.53E-24 1679 12.0 .o
: 221 0.043 S.68E-22 3.58E-24  3.706-24 B.24E-24 3.53E-24 1448 12,0 A
! 222 0.065 5.68E-22 3.5BE-24 3.70E-24 8.25E-24 3.53E-24 1799 126 el
s 223 0.061 S.68E-22 3.58E-24 3.70E-24 8.25€-24 3.53E-24 1551 12.6 A
24 0.05 5.68E-22 3.SBE-24 3.70E-24  8.256-2¢ 3.53€-24 1321 126 N

: 225 0,078 S5.68E-22 3.59€-24  3.70E-24 8.25€-24 3.53E-24 1418 133 Al
~ 226 0,072 5.68E-22 3.59E-24 3.70E-24 8.256-24 3.53E-24 1192 13.3 =g
- 221 0,065 S5.68E-22 3.59E-24 3.70E-24 8.25E-24 3.53E-24 965 13.3 ey
5 228 0.038 5.68E-22 3.5BE-24 3.70E-24  8.24E-24 3.53-24 2193 11.0 2N
3 229 0,035 S5.68€-22 3.58E-24  3.70E-24 8.24E-24  3.53E-M4 1927 11,0 DON
o 230 0,053 S5.6BE-22 3.S8E-24 3.70E-24  8.25E-24 3.53E-24 2349 11,6 R;;Z
231 0.050 S5.68E-22 3.58€-24 3.70E-24 8.25E-24 3.53€-24 2065 11.6 ol

- 232 0.046 5.6BE-22 3.5BE-24 3.70E-24  8.25E-24 3.53E-4 1799 11.6 G,
- 233 0,043 S5.686-22 3.58E-24 3.706-24  0.25E-24 3.53€-24 1551 1.6 e
N 234 0,060 5.6BE-22 3.59E-24  3.70E-24 8.25E-24 3.53E-24 1664  12.2 v
5 235 0.05 5.686-22 3.59E-24  3.70E-24 8.25€-24 3.53€-24 1418 12,2 R
* 236 0,051 5.6BE-22 3.59E-24 3.70E-2¢ 8.25E-24 3.53E-M4 1192 12.2 N
7 0.073 S.686-22 3.59€-24  3.TIE-24  8.26E-2¢ 3.53€-24 1281 (3.1 ;j!

v, 238 0,066 5.68E-22 3.59E-24 3.71E-24  B.26E-24 3.53€-24 1059 13.1 S
- 239 0,035 5.68E-22 3.58€-24 3.70E-24 8.256-24 3.53€-24 2349 10,5 N
v 240 0.034 5.6BE-22 3.5BE-24  3.70E-24 B.25E-24 3.53€-24 2065 10.5 NN
¢ 241 0,048 5.68E-22 3.59€-24  3.706-24 8.25E-24 3.53€-24 226 1M1 e
- 242 0,044  S.6BE-22  3.59E-24  3.70E-24 B.256-24 3.53E-24 1930 1.1 DN
= 243 0,041 S5.68E-22 3.59E-24  3.70E-24  8.256-24 3.53€-24 1664 11,1 L X3
b, e
o DY
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:;' Table A~6: Results - Plasma Power Balance :ij
P rd
N NEQ-ALCATOR Pfeiffer-Nalt: GMS (Mirnov) ASDEX Goldston-Kaye :::
‘;" § Paux Qplasma P aux @ plasma P aux @ plassa P aux @plassa P aux @ plasma .’:q
al (W1 (Po/P i} (MN] (P o/P il (MN] (Po/Pi]l (M) (P o/P il (MW (P o/P il A’j
o 35 CkeV] P
N t -83.6 -15.2 8323 1.5 3.5 40,3 -55.0 -23.1  167.2 7.6 K08
;'{: 2 42,5 -4.3 845.8 1.2 41.0 5.2 -4 4.2 1723 6.0 :fi:
- 3 -7.0 -118.8  852.4 1.0 47.2 17.3 0.5 1662.4 173.4 4.8 :':ﬁ
! 4 -98.2 -1%.6 869.6 1.3 70.5 6.2 -31.3  -36.6  205.8 5.6 sty
3 -4 -1 877.5 1.1 73.4 12.8 -6.9 -135.9  205.2 4.6 —
-:: 6 -88.3 -15.2 8817 1.9 23.3 7.5  -64.0 -21,0 151.3 8.9 N
N 7 -45.0 -24.2  B95.6 1.2 34.7 3.5 314 -3.7 1593 6.8 Y
'::- 8 -7.6  -115.4  902.3 1.0 42.3 20.6 -4.7 -184.9  162.4 5.4 ::;"'.
..-.' 9 -81.4 -16.2  902.5 .9 -17.3  -76.5 -69.4  -19.0 96.2 13.7 NN
e -31.8 -32.7 9.3 1.1 1.6 633.4 31,7  -32.7 1Ll 3.3 [let®
ie i 10.1 78.9 922.9 0.9 15.2 52,5 -1,8  -438.0  119.4 6.7 e
,\ 12 -56.6 -20.9 924.6 1.3 67.4 17,5 -34.8  -33.9 1943 6.1 :\j
s 13 -21.3 -45.2 931.9 1.0 1.0 13.7 -9.7 -100.6  195.3 5.0 e
AN 14 9.1 86.6  933.6 0.9 72.1 11.0 1.1 .4 1927 4.1 ~
15 -585.0 -21.7  944.7 1.3 23.8 50.2  -44,0 -27.2  136.9 8.7 g
-~ 16 -14.0 -68.5 953.2 L0 M1 280 -14.0 -68.2 144.1 6.6 e
e 17 21.1 5.7  954.0 0.8 40.8 18.5 10.0 75.6  146.5 5.1 L
1\ 18 -40.4 -28.2 970.5 1.2 -i1.6 -97.8 -45.3 -2%.i 87.8 12.9 Eg
1{ 19 5.5 1394 977.5 0.9 5.4  163.3 11,7 -74.6  100.9 8.7 :.aq
Y 20 -61.3  -20.5  979.% 1.3 61.3 0.9  -43.0  -29.3 1745 1.2 Vi
21 -24.0 -43.2 987.8 1.1 66.3 15.6 -15.8 -65.4  178.3 5.8 ?ﬁ
' 22 8.6 98.5 989.6 0.9 68.7 12.3 6.6 128.3 178.3 4.7 <
" 23 -15.6  -63.2 1012.7 1.0 26.7 ‘A -20.7 -46.9 125.9 8.1 oy
o L} 21.6 7.4 10137 0.8 3.2 22.8 4.3 187.6 1313 6.1 o
N 25 0.9 1100,3 1038.2 0.9 -6.3 -183.1 -23.3  -41.i 78.5 12.2 NN
o 26 8.8 97.8 1028.7 0.8  107.0 8.0 12,2 70.1 7.2 4.0 A
o 21 -19.9 -53.5 10S3.9 1.0 63.2 16,9 -19.0  -56.2  162.3 6.6 ‘;'i‘
4 28 13.4 64.6 1054.7 0.8 66.3 13.1 4.2 27.4 1642 5.3 =¥
‘ 29 23.6 35.9  1080.4 0.8 29.0 29.2 -1.8  -480.0  113.4 1.5 '?"
Y 30 19.5 43.5  1099.6 0.8 108.3 7.8 14,3 39.4  205.1 4.1 .-:.r
; k)| 2.3 41,4  1128.0 0.8 4.1 13.8 2.6 339.6  148.2 6.0 “
Y] kY] 3.4 23.8 1179.1 0.7 1099 1.5 17.9 45.9 1912 4.3 o

2

30 [kevl

s .

v 101 -92.1 -15.2 707.3 2.0 41.4 33.9 -43.1 -31.1 142.4 9.9 ——
v 102 -52.6 -21.7 122.6 1.6 9.4 23.1 -16.1 -70.9 149.5 7.6 :-f:
A 3 103 -18.4 -49.6 731.6 1.3 54.2 16.8 1.5 121.1 152.2 6.0 N
R 104 -68.3 -18.5 741.3 1.7 73.0 16.0 -22.8 -99.4 178.3 7.1 :$~
f” 105 -35.4 -29.5 751.4 1.4 80.6 12.9 0.3 3295.5 179.7 5.8 :J'_
i 106 -6.6 -127.9 756.3 1.1 80.1¢ 10.6 19.3 44.0 177.8 4.8 (%
5 =
J.'W o
£ o

: >

. . A

» DO
4 s
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. Table A-6 (cont.) =N
) .
. NEQ-ALCATOR Pfeiffer-Halt:z GM5S (Mirnov) ASDEX Goldston-Kaye : ':8
) § Paux Qoplasma P aux Qplasma P aux @ plasma P aux @ plasaa P aux @ plassa ¥{ j
(W] [P o/Pi) (MNY [P o/Pil [MNI (P o/P il I[MW] [P o/P il [MW] [P o/P il N
........... [ o
107 -97.4 -15.2 749.0 2.0 33.6 4.0 -53.7 -27.6 127.4 {1.6 :: <
§ 108 -35.7 -21.6  765.1 1.6 43.4 2.8 -22.7  -53.0  136.9 8.9 ;.r‘.:-):
109 -19.7 -48.9 7714.4 1.3 49.6 19.4 2,6 3739  141.8 6.B \.'::\;
10 1.0 688 777 1.0 548 144 2.6 335 1425 5.3 2-5 x
i -90.8  -16.0 767.8 1.9 -6.1 -237.2 -38.3 -25.0 78.0 18.7 I
, 112 -43.1  -26.6  785.3 .5 10.8  106.3 -22.6 -50.7 941 122 N
! 113 -2.9 -299.8 793.7 f.1 22.7 38.9 3.6 157.0  103.8 8.5 ._,:-f.:\
: 114  -15.0 -61.1 180.7 1,2 1122 8.2 18.3 0.0 209.9 4.4 = "
% 1S  -67.3 -19.3 788.6 1.7 76.0 17.2 -26.3  -49.7 167.6 7.8 -',:::.:
, ite -33.6 -32.0 798.3 1.4 78.3 13.7 -2.3  -463.7 170.4 6.3 f_h
# 17 -4.1 -23.0 8026 1.1 783 1.2 1.3 50.5 169.8 5.2 DA
| 118  -e6.1  -20.0  806.3 1.6 33.2 9.7 -5 -38.3 1157 11.4 E:.,F-.
<. 119  -26.6 -39.8 817.4 1.3 42,0 5.2 -6 -173.0  124.5 8.5 ,‘._«_f.-_-j
3 120 1.1 117.0  821.4 1.0 47.3 17.6 16.5 0.3  128.3 6.3 :—.:-::
'_'\;: 121 -92.2  -24.1  830.0 1.3 -1,7 -724.7 -3/8.5 -35.4 72.2 17.4 .-'\‘4':3
122 -8.2 -118.2  840.3 1.2 13.4 72.2 -3.7 -261.6 86.4 11,2 :;".;“'.
13 -8.9 -103.8 8312 1.1 1128 B2 191 482 2030 4.5 s
, 124 -72.8  -13.1  833.7 {.7 70.3 19.8 -34.0 -40.9 148.9 4.3 f‘_‘,
- 125 -36.8 -3t.1  B46.0 1.4 74.1 5.5 -8.1 -141.3  154.¢4 1.4 -.:\::-
', 126 -3.4 -171.8  830.7 1.1 75.3 12.4 13.2 70.8  156.3 6.0 :ﬂ,:.-,'
- 127 2.7 3.4 8499 0.9 742 100 300 248 1547 4.8 N7
. 128 -29.0 -38.8 868.4 t.3 35.0 32.1 -13.4 84,0 107.4 10.3 :‘\-j
129 6.8 130.9 872.6 1.0 42.1 2.1 11,2 79.3 1143 1.7 “?‘;‘"
7 130 -13.5  -78.5 8919 1.2 2.4 4395 146  -72.3  65.4 162 ke -~
‘-‘{ 131 26.4 0.1 893.7 0.9 15.6 1 12.8 62.0 77.6 10.2 \;'::f
« 132 -3.7 -165.8  884.2 1.1 113.1 8.4 18.3 .8 1912 3.0 -.::-.".:'
. 133 18.2 42,9 8829 0.9 1077 7.3 33.0 23.7  1B6.9 4.2 :‘_.-:‘_4-‘
. 134 -33.8 -39 903.1 1.3 7.1 t6.6 -11.1  -106.0  139.7 8.3 }\.:-.-:,'
135 -1.6 -586.0  907.0 1.1 72.9 13.2 10.9 88.4  143.3 6.7 o
136 26.2 9.4 905.2 0.9 72,5 10.6 28.5 27,0 143.4 5.4 b.'f‘.i
e 137 7.8 120,3  930.1 1.0 36.2 25.9 5.4 173.1 97.7 9.6 pRSN
" 138 37 2562 M1 L0 142 8.2 202 465 1802 S.2 NN
] 139 27,2 8.4  942.9 0.8 108.5 1.1 34.3 2.4 176.7 4.4 ,::e."\
140 49 197.6 970.6 1.0 70.8 13.8 9.3  105.1 128.6 1.6 ﬁ;
; 141 33.0 3.6 967.3 0.8 70.7 11.0 21.2 28.7  130.3 6.0 Py
o 142 17.0 3.4  1015.8 0.3 115.6 1.9 23.3 38.6 167.8 3.4 ; )
- 143 39.6 18.9  1010.1 0.7 109.3 6.8 37.0 20,2 164.9 4.5 -'_:f'.:4
0000
25 (keV] ’.\_;:‘
- 200 -80.8  -19.2 599.6 2.6 . 8 -15.3 -101.4 1353 11§ ;{\'
202 -46.3 213 6135 21 : . 8.6 1468 140.8 9.0 Y
: ;::'\‘
3 s
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- Table A-6 (cont.)

¥ NED-ALCATOR Pfeiffer-Naltz GMS (Mirnov) ASDEX Goldston-Kaye

X $ Paux @plasma Paux @oplasma P aux @ plasma P aux @ plasma P aux @ plasea

" (MN) [P o/Pi)l IMN) [Po/P il ([MW) [P o/P i) (MMY [P o/P i} (M) [P o/Pi]

3 "y

203 -16.6  -60.9  621.8 1.6 745 136 27.8  36.4 1424 7.1 MIRYS
204 8.7 9.3 6247 1.3 72,7 1.0 42.4 18.7  140.5 3.7 1{2{':1

\ 205 -60.8  -23.1 6283 2.2 1050  13.4 3.2 4412 1661 8.4 20

A 206 -32.0 -36.1 631.7 1.8 1025 1.3 2.2 5.1 166.7 6.9 ;-:;_’2'_

: 207 -6.9 -135.7  642.5 1.5 9%.3 9.6 7.5 25.1 164.4 3.7 .

) 208 14.7 9.3 6429 1.2 92.6 8.1 49.3 15.3 159.3 4.7 N

7 209 -85.7 -19.2  634.7 2.6 648 253 -5 -72.9 1220 13.5 DAY

: 200 -49.4  -27.0  649.3 2.0 8.2 193 .1 4287 197 10.3 C;—.’.\‘,';

« 21 -18.0 -59.4 658.0 1.6 70.8 15.1 23.8 45.0 133.2 8.0 :{j_-.j-

3 212 8.7 9.4  661.0 1.3 70.0 12.0 .4 2.1 133.1 6.3 r';a';-r:

Y 3 -79.1 -20.4  651.9 2.5 26.1 61.8 -26.0 -62.0 1%.1 20.4 ‘;__.\Jﬁ
A4 -37.7 -33.7  6e7.7 1.9 36.8 4.5 .4 3723 92.3 13.8 [

. 215 -2.8 -345.7  B75.5 1.3 43.3 22.6 26.3 37.2 99.9 9.8 )

A 26 -14,8  -68.7  862.4 1.3 131.0 1.8 7.0 7.5 1927 3.3 AN
217 9.6 149.3  663.7 1.3 122.6 6.8 48.4 17.3 186.7 4.5 :J
218 -60.4 -24.0  668.2 2.2 102,95 14.1 0.3 149.3  19.3 9.2 :,p".s‘ﬂ
219 -30.8  -38.7 677.3 1.8 100.6 11.9 20.0 9.6 138.4 1.5 J':‘*,_Wi
20 -5.0 -193.4  681.7 1.4 9%.9 100 359 2.0 1513 6.2 [‘_i
20 1.2 451 6BL6 1.1 96 B85 482 161 1834 S A
222 -58.4  -25.0  684.2 2.1 6l.4 23.8 -6.3 -230.7 111.3 13.1 :\-{'_\*
223 -24.0 -48.7 6%4.4 1.7 65.1 {8.0 17.0 69.0 118.2 9.9 ,L“:}:i
224 %3 173.3  698.3 1.3 6.0 14,0 35.2 26,2 121,90 1.6 &1‘- ;-
225 -45.6 -30.5  705.5 2.0 26.5 32.4 -7.2 -193.1 13.2 19.0 i
226 -1.3  -143.3  T14.9 1.3 35.8 2%.% 18.7 1.2 84.8 12.6 oo .
227 24.1 33.4  716.2 1.1 41.0 19.6 38.0 21.1 90.7 8.9 .'_’;-.j\'_:
228 -9.8 -104.4  705.2 1.5 131.4 7.8 3.7 27.1 186.5 5.9 R

A 299 10.6 79.2  705.4 1.2 122.9 6.9 49.0 17.2  181.0 4.7 ~"'-_.'-'j

z 230  -65.2  -23.6  708.0 2.2 9.5 13.7 -3.8 -264.5  140.1 11.0 :-‘::f:'
21 -337 -6 M7 1.8 9.7 13.0 155 BB 1444 8.8 LAY

/ 232 -6.3 -163.7 722.4 1.4 9.9 10.9 32.8 3.5 143.5 1.1

; 23 17.3 47.7  T22.4 1.1 90.4 3.1 46.3 17.9 143.5 2.8

. 224 -26.4 -41.3  731.6 1.7 9.4 20,0 1.0 113.7 103.2 121

y 235 4.8 205.8  741.9 1.3 61.8 15.9 30.9 31.8 108.6 9.0

) 236 30.9 4.4  739.8 1.0 61.35 12.3 45.8 16.5 109.3 6.9
231 -12.2 -96.2 T7%8.7 1.3 26.7 43.9 9.7 120.8 66.9 17.6

: 238 22.4 39.3  760.9 1.2 34.5 23,3 3.8 21.7 76.3 11.3
239 -7.3  -145.0  730.1 1.4 132.2 8.0 3.3 28.2 175.9 6.0

, 240 13.7 63.3 7497 1.2 123.8 7.0 4.1 7.7 1.7 |

Y 241 -31.5  -41.6  76k.0 1.7 9%.2 13.8 13.0 100.7 131.3 10.0

. 242 -3.3 -323.2 7701 1.4 9.0 .4 30,3 34.4 133.9 1.9

) 243 21,0 40.6  769.3 1.1 89.0 9.6 45,0 18.9 133.5 6.4

.
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Table A-6 (cont.) ':gfﬁ
- N
neo-ALCATOR  Pfeiffer-Walt GMS (Mirmov) ASDEX Goldston-Kaye ::"' ‘,JE
$ Pbren Popart Taue Ptr Taue Ptr Taue Ptr Taue Pitr Taue P tr s"\"\ﬁ
(W] (M) (sl [MM) sl (M) (sl (M1 (s] (MW) (sl  [MN) N N
35 [keV] &}?}‘,
1 157.3 380.7 S53.5 139.8 7.1 1055.9 29.4 254.9 44,4 168.4 19.2 390.6 g2
21219 309.5 43.7 139.2 5.9 1027.5 21.3 2227 387 5.1 1.2 3542 Y
3 1024 247.8 35.2 138.5 4.9 997.8 25.3 192.6 33.4 1459 15.3 318.8 it
4 1415 338.8 56.3 139.1 7.3 1066.9 29.2 267.8 47.2 166.0 19.4 403.1 Y|
5 1166 279.1 46.6 138.5 6.2 1040.0 27.3 2360 41.4 1556 17.5 367.8 .
6 166.1 401.3 55.0 147.0 7.2 11169 3.2 258.6 47.2 171.2 20.9 386.6 AL
7 1350 3263 44.9 146.3 6.0 1086.9 29.1 225.9 411 159.8 18,7 350.5 A
8 108.1 261.2 3.1 1456 5.0 1055.5 26,9 195.4 35.4 148.4 16,7 315.6 el
9 163.B  400.5 43.8 155.3 6.0 1139.2 31.0 219.5 40.6 167.4 20.4 333.0 A
10 128.8 3150 34.6 1545 4.9 1103.7 2.5 187.9 34.6 (54.5 18.0 297.3 DA
11 9.2 2427 2.8 153.6 3.9 1066.3 26.0 158.7 29.1 141.6 15.7 262.9 p5 4
12 1459 348.5 97.2 146.1 7.4 1127.2 30.9 270.0 49.8 167.8 21.0 397.0 SR
13 120.2 287.1 47.3 1455 6.3 109%.8 28.9 237.9 43.8 157.3 19.0 362.2 NN
14 9.7 2335 3.6 1449 5.2 1069.3 26,9 207.8 38.1 146.8 17.0 328.4 Ses
15 148.0 357.4 46.9 154.5 6.3 11541 31.0 233.2 43.7 165.5 20.9 346.3 skl
16 118.5 286.1 37.7 153.7 5.2 1120.8 28.7 201.8 37.7 1S3.6 18.6 311.8 £anle
17  93.2 2251 29.8 1529 4.2 1085.9 26.4 172.6 321 141.8 16.4 278.4 _'!v_g_;!
18 1411 3.7 3.2 163.3 5.0 11742 30.8 1921 3.3 158.4 20.3 29L.§ PAOU0Y
19 108.7 265.5 28.0 162.4 4.0 1134.4 28.0 162.2 31.3 1452 17.6 257.8 Y
20 155.4  370.8 58.9 154.1 7.6 1195.3 32.8 276.7 527 1724 23.3 1389.8 paOh L
21 128.1 305.5 48.7 153.5 6.4 11652 30.7 243.8 46.3 161.6 21.0 355.7 ; 1'+ﬂ
2 1041 2484 39.8 152.8 5.4 1133.9 28.6 213.0 40.3 150.9 18.9 322.6 ot
23 1261 304.1 38.9 162.4 5.3 1190.7 30.8 204.7 40.4 156.3 20,8 303.9 ,\;;,1_‘
4 99.2  239.2 30.7 1616 4.3 11537 28.3 175.2 34.4 1443 183 2713 o
25 118.8  290.0 29.2 1721 4.2 1209.4 30.5 165.0 34.0 148.0 20,1 249.7 AN
2% 105.8  249.5 49.2 152.4 6.4 1172.3 29.9 250.7 48.1 155.9 20.8 360.9 f-_f_-‘.;{jl
27 1319 338 49.4 162.0 6.5 1235.8 32.7 245.2 49.2 163.0 23.3 344.2 enele
8 107.2  255.1 40.4 161.3 5.4 1202.6 30.4 2142 42.8 1521 209 312.2 A
29 1049 2524 3.5 1711 4.4 12279 30.6 176.5 37.0 145.7 20.7 260.9 55
30 104.6  245.9 49.0 160.7 6.4 1240.8 3.6 249.5 50.6 155.5 22.7 346.3 \.*I?V
31 108.8 258.2 40.7 170.7 5.4 1277.3 32.5 213.4 45.7 152.0 23.3 291.5 :-c\“'ﬂ':
32 1011 2365 48.2 169.9 6.2 13146 33.4 245.4 3.4 1533 25,1 326.6 S.- Q
30 [kev) won
101 198.0 441 60.3 1240 8.1 923.4 29.1 257.5 43.7 1710 20.9 358.6
102 161.0 3367 49.4 123.2 6.8 898.4 27,0 225.2 381 159.6 18.7 325.3
103 128.9 269.6 39.8 122.3 5.6 8723 25.0 1949 32.9 148.2 6.6 292.9
104 1781 369.4 63.6 123.0 8.4 932.6 29.0 270.3 46.5 168.5 2.2 363.7
105 146.8  304.4 S2.8 1223 7.1 909.0 271 238.3 40.8 157.9 19.1 337.4
106 119.3 47,5 43.2 12,5 5.9 884.4 25.2 208.3 3.6 147.4 17.1 306.0
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y Table A-6 (cont.) WS
i A

3 A A
% neo-ALCATOR  Pfeiffer-dalt 6MS (Mirnov) ASDEX Goldston-Kaye BNAY
A $ Pbrem Popart Taue Ptr Taue Ptr Taue Ptr Taue Ptr Taue Pitr

(Mu] (W) (s] (M) (s] (W] (s] [(MW] [s] (M¥) (sl [MN]

-,

107 209.1 436.8 62.0 130.3 976.6 30.9 261.3 46.4 174.0 22.8 355.0

-
e N e D RO PO D WO ™ e = o ~NWOTEm OO WO N W AU Oy O

- 108 170.0 355.1 S0.8 129.4 6.9 950.2 28.8 228.5 40.4 162.4 20.4 322.0 ol
" 109 1361 284.3 40.9 128.5 5.7 922.6 26.6 197.8 34.9 150.8 18.1 290.0 el
: 110 107.1  223.6 32.4 127.6 4.6 893.7 24.4 169.4 29.7 139.2 16.0 259.0 yOS

111 206.2 434.8 49.4 137.8 6.8 99%.4 30.6 222.5 39.9 170.3 22.2 306.6 Yol

112 162.2  342.0 39.1 136.7 %S.1  28.1 190.6 34.0 157.2 19.3 273.9

13 1249 263.4 30.4 135.6 4.4 9323 25.6 161.2 28.6 1441 17.0 242.3 N

14 129.0 2653 S55.0 121.3 7.3 917.0 26.8 248.6 43.1 1547 19.3 346.2 RN

1S 1837  380.2 647 129.1 6.5 985.2 30.7 2725 49.1 170.3 22.9 364.2 A
2 16 1513 313.3 SL6 128.3 .2 960.2 28,7 240.3 43.1 159.6 20.7 3324 e
g 17 123.0 2547 43.9 127.6 6.0 934.3 26.7 210.0 3.6 149.0 18.6 301.4 S
118 186.3 389.0 53.0 136.7 7.2 1009.0 30.7 235.9 43.0 168.2 22.7 318.4 N

5 119 149.2 3114 427 1357 5.9 979.7 28.4 2043 371 156.2 20.2 286.8 RO
o 120 1173 245.0 338 134.8 4.8 949.0 261 1750 31.6 1442 17.8 256.2 e

2 120 177.6 3743 40.9 1445 5.8 1026.7 30.3 195.0 36.6 161.3 22.0 268.9 )
- 122 136.8  288.3 317 143.4 991.8 27,6 1649 30.8 147.8 19.1 231.9 el
b 1221293 265.4 55.2 127.2 7.3 967.3 8.2 2489 45.2 155.2 20.7 339.1 =

124 195.7 4047 66.7 136.2 10447 32.§ 279.3 §1.9 175.0 25.4 3597.8

St

-

¢ 125 161.2 333.4 55.3 135.4 1018.2 30.4 246.2 4S.6 164.1 22,9 326.6 )
1 126 1311 2711 45.2 1346 6.1 9907 28.3 2153 3.7 1532 2.5 296.3 ;-}:Z:'
4 127 105.0  217.1 3.4 133.8 5.0 962.0 26.1 186.3 34.2 1422 18.3 266.8 508
", 128 158.8 33M.2 4.0 143.3 6.1 1040.7 30.4 207.4 39.7 159.0 22.6 279.7 ‘.;r:ﬁ'
129 1249 260.5 34.9 1423 4.9 1008.2 27.9 177.6 3.8 146.7 19.9 249.9 it
130 149.5 3149 331 151.9 1057.3 30.0 167.8 33.4 150.8 21.8 230.8 Ry
~ 131 1123 236.6 251 150.7 3.7 1018.0 27.0 139.8 27.6 137.1 8.7 201.9 N
' 1322 1332 273.0 S6.0 134.0 7.3 1023.9 29.7 2529 47.5 158.0 22.7 330.9 OR8¢
133 109.8 2249 46.4 133.4 6.2 998.1 27.7 2229 417 148.2 20.5 302.0 b
13 166.0  342.6 S6.1 142.8 7.4 1079.7 323 247.7 48.4 165.5 25.3 316.3 RoLS
135 135.0 278.6 45.9 142.0 6.2 1050.6 30.1 216.5 42.2 154.5 22,7 286.9 N
136 108.1 223.0 36.9 141.1 5.0 1020.2 27.8 187.5 36.4 143.4 20,2 298.4 LWy
N 137 132.0 2749 35.8 150.7 5.0 10729 30.1 179.1 36.4 148.3 22.4 240.5 e
2 138 131.8  269.2 5.8 141.2 7.3 10835 3.2 2517 499 IST.7 4.8 N7 Nt
. 139 108.6 221.8 46,2 140.5 6.1 1056.2 29.3 221.8 43.9 147.8 22,4 289.9 R
X 140 137.0 2821 463 150.0 6.2 11157 3.2 2159 45.0 1544 254 2737 AN
141 109.7 2259 37.3 149.2 5.1 1083.5 29.7 186.9 38.8 143.3 22.6 246.5 g
. 42 1273 259.2 §5.0 149.0 7.1 11477 331 247.6 S2.7 (555 27,3 299.8 o
. 143 1049 213.6 45.5 148.3 6.0 1118.8 30.9 218.2 463 145.8 24,7 273.6 e
- \:,\;,'.
b 25 (keV) O
3 200 259.9  450.4 68.2 109.7 9.5 790.1 28.6 261.6 42.7 175.1 23.0 325.7 A
- 202 21,3 366.2 S6.1 108.5 7.9 768.4 26.6 229.0 37,2 163.5 20.6 295.6 *
o SN
: Y
Ak
Y R0
P _‘:’,.:':'
.
'{. o "' o ‘M-. ' - i-‘.;,s' SCSERKN VA SRR RAR TR -.'_,.',-.* xg_\}«.}-.;_-:_-.';\'_,.\-. AR TN '*-.' TR NN
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Table A-6 (cont.) 2'\'
sUN
neo-ALCATOR  Pfeiffer-Walt  GMS (Mirmov) ASDEX Goldston-Kaye }:\2\_.
8 Pbrem Ppart Taue Ptr Taue Ptr Taue Ptr Taue Pir Taue Ptr g" \
(MH] [ {s) t)] {s] M) [s]) [MN) [s) [MN} [s) [MN] A A
203  169.2  293.2 45.4 107.4 6.5 745.8 24,5 198.5 32.1 151.8 8.3 266.3 !is:\:
204 133.1 230.6 36.1 108.2 5.3 722.2 2.5 170.2 271.3 40,1 t6.1 238.0 '.:J»:z:a
205 2339 4029 72,3 108.3 9.8 797.4 28.6 274.0 45.5 1722 23.4 335.2 Vindan
206 192.7 332.0 0.1 107.3 8.3 776.9 26.7 241.8 40.0 161.3 2.1 306.0 - ‘-.{:4:
207 156.7 269.9 49.3 106.3 6.9 735.7 24.8 211.5 34.8 150.7 18.9 277.7 Y
208 125.4 216,11 39.9 105.4 5.7 733.6 22,9 183.3 30.0 139.9 16.8 290.,2
209 274.5 475.2 70.3 115.0 9.7 8354 30.4 265.5 45.3 178.2 25.0 322.7 :\{z{: 3
210 223.2 386.3 97.7 113.8 8.1 8125 28,3 232.4 39.5 166.3 22.4 292.9 .:-:.&:."
211 178.7 309.3 46.7 112.6 6.7 788.7 26.1 20f{.4 34.1 154.4 19.9 263.9 KRS ":
212 140.3 243.3 31.1 1115 3.4 7637 23.9 1727 .0 1425 17.5 239.8 -::}::-:
213 270.6 471,5 955.8 121.8 8.6 852.8 30.0 227.0 38.9 174.9 24.3 280.0 ﬁﬁ‘- ¥
214 212.8 370.9 44.4 120.4 6.3 825.7 27.5 19%4.8 33.1 t6l.4 21.4 290.3 ',,
2135 163.9  285.7 34.7 118.9 5.2 797.3 25.0 165.0 27.8 148.0 18.6 221.6 S
218 169.3 290.1 62.9 106.0 8.5 783.2 2.5 251.8 42.3 157.9 21.3 3.5 :-_'-‘_i:', ‘
217 139.5 239.1  52.3 105.2 7.2 763.2 24,7 222,1 37.1 148.0 19.2 2B6.2 :'_'.-::;:
218 241.1 414.9  73.7 113.4 9.9 842.0 30.2 276.3 48.0 174.1 25.3 330.3 ,,‘:_-.
219 198.7 341.9 61.2 112.4 8.4 820,5 28,2 243.8 42.2 163.2 22.8 301.6 PPy
220 1615 278.0 50.2 1il.4 7.0 7981 26,2 2133 3.7 1523 20.5 2737 | I
224 129.3 222.6  40.6 110.4 3.8 774.8 24,2 184.9 31.7 141.4 18.2 24b.6 -.':-C':-:::
222 244.5 423.2 60.2 120.3 8.4 862,9 30.1 240.1 42,0 172.4 25.0 290.0 ';:{‘_:-::.-'
223 195.8 338.9 48.7 119.0 6.9 837.5 27.8 208.2 36.2 160.1 22.2 261.3 ';‘, ;
224 154.0 266.5 38.7 117.8 5.6 811,0 25.5 178.6 30.9 147.7 19.§ 233.6 .:.-::-,f.-,
225 233.1 406.0 46.4 127.3 6.7 878.4 29.6 199.4 35.6 169.7 24,0 246.¢ f-‘f‘-.‘.' i
226 179,35 AN2.7 3.2 125.7 5.4 B48.1 26,9 169.0 29.9 i51.9 209 2179
21 1349 2349 2.5 1242 4.2 8162 242 1411 248 1381 17.9 190.8 hooa
228 169.8 290.5 63.3 1109 8.9 825.9 27.8 232.1 44,3 158.3 22.9 307.1 :at.*:.r ‘
229 139.9 239.3 52.6 110.1 7.2 804.9 26,0 222.3 39.0 148.4 20.6 280.4 -'_:\:‘-::
230 2569 441.8 759 119.6 10.2 892.8 32.0 283.3 50.7 179.0 279 325.0 N
23t 211.7 364.0 63.1 118.6 8.6 870.0 29.9 250.0 44.6 167.8 25.2 296.7 “,'.'3!"‘“
232 {72.1 296.0 S1.7  117.5 7.2 846,3 27.8 218.8 38.6 156.7 22.6 269.3 D,
233 137.8 237.0 41.8 116.5 3.9 821.5 25.7 1B9.6 33.5 145.5 20.1 242.6 : :j.»'\'.-‘:
2N 208.5  360.9 S50.2 125.6 7.1 889.6 29.8 211.4 38.7 163.0 24.7 235.3 f_..
235 164.0 283.9  39.9 124.3 3.8 8el.5 27.4 181.4 33.0 150.5 21.8 228.2 ;.-:; e
236 126.3 218.4 3.1 123.0 4.6 8319 249 153.6 27.7 131.9 18.9 202.0 .,\"',-s'; ~
237 196.3 3417 3.8 1333 5.6 9041 29.2 1721 32.4 1551 237 2119 b A
238 147,35  286.7 28.7 131.6 4.3 870.2 26.3 143.8 26.8 {41.0 20.4 185.6 E;
239 175.0  299.0 64.3 116.7 8.6 B74.1 29.3 256.2 46.5 161.3 25.0 299.9 LSS
240 1442 2463 533 1159 7.3 8519 274 226.0 40.9 1513 22,6 273.9 Nt
241 2180 3743 641 1249 8.7 9224 3.8 2515 4.3 169.3 21.9 281.6 RN
242 177.2 304.3 S52.6 123.8 7.3 897.2 29.6 220.1 41,2 158.0 25.0 261.0 -‘;:s,
243 141.9 243.7 42.5 122.7 6.0 871.0 27.3 190.8 35.5 146.8 22.2 235.2 ',‘{_!-'-"*
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Table A-7: Results - Reactor Power Balance
\ $ Rdisk Wtfc Wpfc PEfc Popfc Pcd P total I coil P op
(a] (8] (a1 [NM] (MWD (MM (MWD [e)  [NW)

s 35 [keV)
h 1 3.6 1.0 1.0 13100 838 31.4 13940 7.6 10480
3 2 34 1.0 1.0 10860 681 30.7 11540 16.7 8690

s 3 31 1.0 1.0 8878 545 30.1 9424 15.9 7117

2 4 39 L0 1.0 13480 877 27.6 14360 18.4 10770
' § 3.6 L0 1.0 11300 722 27.1 12020 7.6 9032
= 6 35 L0 1.0 11750 988 26.6 12740 18.3  93%
~ 7 32 L0 1.0 9730 803 26.1 10530 17.4 7787
> 8 3.0 L0 10 7951 643 255 859 16.5 6373
N 9 29 10 1.0 8212 89 252 9Tt (7.2 663t
' 10 29 L0 1.0 6645 707 24.6 7352 16.2 5342
i 29 1.0 1,0 545 545 23.9 5790 15.3 4230
12 37 L0 1.0 1190 1022 23.2 12980 19.2 9548
o 13 3.5 1.0 1.0 10010 842 22.7 10860 18.3 8004
- 14 3.2 1.0 1.0 8290 684 22,2 8ITS 17.4  6R3S -
3 1S 3.0 1.0 1.0 8635 957 2.9 9592 1B8.1 6910 S
» 16 29 1.0 1.0 7048 766 2.4 7814 7.2  S650 bt =)

) 17 29 10 1.0 5662 603 20.9 6264 16.2 4551 - oy
2 18 29 1.0 1,0 589 866 20.6 6761 16.9 4742 N,
2 19 29 1.0 1.0 4650 667 20.1 5317 15.9 3750 2::::
- 20 35 1.0 1.0 10480 1201 19.2 11680 20.0 8368 “uind
o 20 33 1.0 1.0 8771 989 18.8 9760 19.1 7010 AN
! 2 3.0 1.0 1,0 7256 804 18,4 8060 18.1 5806 oA
a 2229 1.0 L0 BI72 925 17.8 7097 17.9 495t g
2 4 29 1,0 1.0 495 727 17.3 5681 16.9 3984 -f.;::.\
. 25 29 1,0 1.0 4076 B3 6.7 4907 16.6 3288 KA
o % 35 1.0 1,0 8663 392 (5.9 9655 20.0 6916 DO
29 27 3t 1.0 1,0 7572 1174 (5.4 8746 19.9 6051 R
ﬁ 2 29 1.0 1.0 6259 955 15.0 7214 18.9 5008 et
o 29 29 1.0 1.0 4274 892 144 566 7.7 3439 O
N 30 33 1.0 1.0 733 1154 (2.7 8489 20.9 5855 RN
. 3 29 1.0 1.0 5301 1147 12,0 6447 19.8 4245 AN,
A 2 %1 L0 L0 6074 1353 9.9 7426 21,9 4848 N
% e
" 30 [keVl e
S 101 3.6 1.0 1,0 13100 838 37.2 13940 17.6 10480 A
;q 102 3.4 1.0 1.0 10860 681 36.4 11540 16.7 8690 O
03 103 3.1 1.0 1.0 8878 545 35.6 9424 159 7117 ey
o 104 3.9 1.0 1.0 13480 877 32.7 14360 18.4 10770 N
Ay 105 36 1.0 1.0 11300 722 32.1 12020 17.6 9032 I
ﬁ 106 3.4 L0 1.0 930 587 31.4 9947 167 7493 Py
l\' :'_.' .
o O
"': :-,\_..
N o
hSAY
\::\:
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Table A-7 (cont.) '.:-:;;
. '-',.'- )
. . RS
t Rdisk ¥ tfc Mpfc Ptfc Ppfc Pcd Ptotal I coil Pcp oS
(] (a) (] (M1 OW) [MN] (WD (e M) RN
107 35 L0 1.0 11750 988 3.6 12740 18.3  93%4 RN
18 3.2 1.0 1.0 9730 803 30.9 10530 17.4 7787 N
09 3.0 1.0 1.0 7951 643 30.2 8594 16.5 6373 ROV
0 2.9 1.0 1.0 6395 506 29.5 6901 5.6 5139 ]
1M 23 L0 1.0 8272 899 29.8 9T 17.2 663t I
12 29 1.0 1.0 6645 707 29.1 7352 16.2 532 b
13 29 1.0 1.0 SM5 545 28.4 5790 15.3 4230 T
14 3.9 1.0 1.0 11490 747 2.9 12240 1B.4 9174 I_{t;;'{‘
s 3.7 1.0 1.0 1190 1022 27.5 12980 19.2 9548 i
16 3.5 1.0 1.0 10010 842 26.9 10860 18.3  B004 g{ﬁ;
7 32 1.0 1.0 829 684 26.3 85 17.4 6633 AT
118 3.0 1.0 1,0 8635 957 26.0 9592 1B.1 6910 s <8
19 29 1.0 1,0 7048 766 25.4 7814 17.2 5650 RN
120 29 1.0 1.0 5662 603 24.8 6264 16.2 4551 RLAAY
20 29 1.0 1,0 8% 866 24.4 6761 169 4742 ey
12 29 1.0 1.0 4650 667 23.8 5317 159 3750 NN
‘ 122 3.7 L0 1.0 10050 859 23.1 10910 19.2 8023 >".;:;?"
24 3.5 (.0 (.0 10480 1201 22.8 11680 20.0 6368 | S
125 33 1.0 1,0 8771 989 223 9760 19.1 7010 R
16 3.0 1.0 1.0 725 804 21.8 BOG0 18.1  5BOG s
127 29 10 1.0 5922 644 21,3 6566 17.2 4147 S
1280029 L0 L0 B172 925 21,0 7097 1.9 4951 RGO
129 29 L0 1.0 4954 727 20,5 5681 16,9 3984 ELIN
130 29 1.0 1.0 407 83t 19.8 4907 6.6 3268 E-;
131 29 L0 1.0 346 624 19.2 3770 15.6 2544 N
1322 3.5 1.0 1.0 863 992 18.8 9655 20.0 6916 et
133 3.3 1.0 1.0 7249 818 18,4 8066 19.1  §793 evel
134 3.1 1.0 1.0 7572 1174 18.2 68746 19.9 6051 Y O%
3% 23 L0 1.0 6259 955 17.8 7214 18,9 5008 il
16 2.9 1.0 1.0 5101 764 17.4 SB6S 17.9 4091 SRR
137 29 1.0 1.0 4274 892 168 5166 17.7 3439 RN
138 3.3 1.0 1,0 7335 1154 15.1 8489 20,9  5BSS e
139 31 L0 1.0 6134 951 14,7 7085 19.9 4902 g
140 2.9 L0 1.0 5301 1147 14,3 6447 19,8 4245 NI
41 29 L0 10 4317 98 139 5235 18,7 3465 phia
42 3.1 1.0 1.0 6074 1353 (1.8 7426 21.9 4848 AT
43 29 L0 1.0 5075 1115 11,5 6190 20.8 4055 N
NN
25 [keV) PN
00 3.6 1.0 1,0 13100 638 454 13940 (7.6 10480 :{4 ]
202 3.4 L0 1.0 10860 681 44,5 11540 16.7 8690 g
'.:\
RN
SR
TS
D

\f.'f L I".:‘.J."- IO

NS A
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Table A-7 (cont.) .t* a3
\1
kjﬂf" Y
$# Rdisk Wtfc MWpfc Ptic Popfc Pcd P total Zcoil Pcp ‘: e
(a] (a] [a] (MNI (MWD ONND (W1 (e]  (MN) M
203 31 L0 L0 8878 545 435 M4 159 7107 ?f-:l;‘-f-
24 29 1.0 1,0 7153 429 42.5 7582 5.1 9745 N
205 3.9 L0 1,0 13480 877 40.0 14360 18.4 10770 e
206 3.6 1.0 1.0 11300 722 39.2 12020 17.6 9032 N
207 3.4 L0 1,0 9360 587 38.4  9MT 167 7493 PN
200 31 1.0 1,0 7655 470 37.5 8126 15.9 6137 )
209 L5 1.0 1.0 11750 988 38.6 12740 18.3  93%4 AR
2000 3.2 1.0 1.0 9730 803 37.8 10530 (7.4 7787 A
21 3.0 1.0 1,0 7951 643 369 8594 165 6373 A
22 29 1.0 1.0 6395 506 361 6901 15.6 5139 RN
A3 29 L0 1.0 8272 839 3.4 NN 172 663 VAN,
24 29 1.0 1.0 6645 707 35.6 7382 16.2 5342 B
A5 23 L0 L0 545 S5 MT 570 153 4230 I
26 39 1.0 1.0 11490 747 3.1 12240 18.4 974 wing
217 36 L0 1.0 9627 615 3324 10240 17.6 769 e
280 3.7 1.0 1.0 11960 1022 33.5 12980 19.2 9548 '.\;‘3';.-- ‘
29 A5 1.0 1.0 10010 842 329 10860 18.3 8004 St
20 32 1.0 1.0 B82% 684 32.2 8975 17.4 6635 L -
21 3.0 1.0 10 6775 S48 3.5 7328 165 5430 oot
22 3.0 1.0 1.0 8635 957 31.8 9592 18.1 6910 hanye
22 29 1.0 1.0 7048 786 310 7814 17.2 5650 :&5@
24 29 1.0 1.0 5662 603 30.3 6264 16.2 4551 ;ﬁ:..},. :
25 29 1.0 1.0 589 866 29.9 6761 169 4742 oL
226 29 1.0 1.0 4650 667 29.1 5317 15.9 3750 E.w ‘-
27 29 1.0 1,0 3593 501 28,3 4093 149 2906 oy
28 37 1.0 1,0 10050 859 28,2 10910 19.2 8023 SOACN
29 45 L0 1.0 8HMS 707 7.6 9122 18.3 672 e
20 35 1.0 1.0 10480 1201 27.8 11680 20.0  83s8 o
231 33 1.0 1.0 877t 989 27,3 9760 9.1 7010 bl
222 3.0 1.0 1.0 725 804 267 B0GO 18.1 5806 v
223 29 L0 1.0 S92 644 2.1 6566 17.2 4747 o
24 29 1.0 1.0 6172 925 257 7097 17.9 4951 XS
235 29 1.0 1.0 4954 727 5.1 5681 16,9 3984 AN
2% 29 1.0 1.0 3%7 560 24,5 4468 15.9 3185 BV
237 29 L0 1.0 4076 831 4.1 4907 6.6 3288 S
28 29 1.0 1.0 346 624 23.5 3770 15.6 2544 "‘_ .
29 %5 1.0 1.0 8663 992 23.0 %S5 20,0 636 ey
240 3.3 1.0 1.0 7249 818 225 8066 19.1 5793 ;?;2:\ :
41 L0 L0 L0 7572 1174 222 846 (9.9 605l (a0
242 29 1.0 1.0 6259 955 21.8 7214 18,9 5008 "'S:"t
24329 1.0 L0 5101 764 21,3 5865 17.9 4091 B
N
S
%
el
ol
Xy
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Table A-8:

Results - Cost Analysis

137

] ACCT 20 ACCT 21 ACCT 22 ACCT 24 ACCT 25 ACCT 30 ACCT 91 ACCT 32 ACCT 93 ACCT 34

ZHEESCN 5 YYD

[H$] (ns] (M$1 (H$] (13} [ns] (H$] [ms] [Ns] [M$]
35 [keV]
ff 1 3.3 164.4  860.0 45.4 41.8  1116.1 111.6 89.3 5.8 44,6
- 2 3.3 1683.9 752.6 45.4 41.8  1008.1 100.8 80.6 0.4 3112
N 3 3.3 163.5 635.0 43.4 41,8 909.9 91.0 72.8 45.5  280.9
> 4 3.3 163.0  883.3 43.4 41.8 1140.3  114.0 1.2 7.0  3%2.0
! 3 3.3 1644 780.0 45.4 41.8  1036.1 103.6 82.9 51.8  319.9
. 6 3.3 164.7 857.8 45.4 41.8  1114.2 1i1.4 9.1 35.7 34,0
:: 7 3.3 1641 7495 45.4 41,8 1003.2  100.3 80.4 30,3 310.3
- 8 3.3 163.7 6S1.1 45.4 4.8  906.2 90.6 12,3 45,3 279.8
»: 9 3.3 163.9  730.3 45.4 41.8  985.% 98.6 78.9 49.3  304.4
o 10 3.3  163.4 623.6 45.4 41.8 878.3 87.8 70.3 3.9 N.2
j 11 3.3 163.0  928.4 45.4 41.8 782.6 78.3 62.6 39.1  241.6
o 12 3.3 165.3 8741 45.4 4.8 1131.3 131 90.5 6.6 349.3
" 13 3.3 164.7  770.8 45.4 4.8 1027.2  102.7 82.2 1.4 317
. 14 .3 164.1 676.3 45.4 4.8 9320 2.2 74.6 46.6  287.7
. 13 3.3 1644 T92.7 45.4 41.8 1008.7  100.9 80.7 0.4 311.4
\ 16 3.3  163.8 651.8 45.4 4.8 907.1 30,7 72.6 45.4  280.0
? 17 3.2 163.4 559.3 45.4 4.8  814.3 81.4 5.1 40.7  25l.4
iy 18 3.3 163.6  627.6 45.4 41.8  882.3 88.3 10.6 44,1 272.3
‘. 19 3.3 163.2  530.4 45.4 41,8 784.8 78.5 62.8 9.2 242.3
st 20 3.3 165.6  870.3 45.4 4.8 1128.1 112.8 90.2 36,4  348.3
‘. 2 3.3  164.9  T8E.3 45.4 4.8 1023.0  102.3 81.8 1.2 315.8
. 22 3.3 164.3  6M.2 45.4 4.8  927.1 92.7 74.2 46.4  286.2
\, 23 3.3 1641 648.7 43.4 41.8  904,2 90.4 72.3 45.2 219.2
j{ 24 3.3  183.6 535.9 43.4 41.8  810.8 81.1 64.9 40.5  290.3
) 25 3.3 163.3  533.2 45.4 41.8 787.8 78.8 63.0 39.4  243.2
- 26 3.3  163.6 773.2 45.4 41,8 1030.8  103.1 82.9 .3 318.2
- 27 3.3 185.2 757.2 45.4 41.8  1014.3 101.4 81.1 0.7 3131
= 28 3.3 164,686  662.1 43.4 4.9 918.4 9.8 73.5 43.9 283,53
E 28 3.3 163.8  551.8 43.4 41.8  807.0 80.7 64.6 40.4  249.2
t: 30 3.3 163.9  736.1 43.4 4.8 1014.0 01,4 at.1 30.7 3.1
" 3 3.3 1649  650.1 45.4 4.8 906.7 20.7 72.5 45.3  279.9
-_': kY4 3.3 166.4  736.1 45.4 4.8 9394.6 99.3 79.6 49.7  307.1
G
> 30 (keVl
s 101 3.3 164.4  878.3 45.4 41, 1134.6  113.5 90.8 6.7  350.3
4 102 3.3  163.9 767.% 45.4 41.8  1023.1 102,3 81.8 .2 3159
:$ 103 3.3 163.5  667.0 45.4 4.8 921.9 92.2 73.7 46.1 284.6
ta 104 3.3 163.0  900.2 45.4 4.9 1157.0 1157 92.6 7.9 397.2
h: 105 3.3 164.4  793.8 45.4 41.8 1049.9  105.0 84,0 52,5 324,41
! 106 3.3 163.9  696.4 45.4 4.8 951.9 95.2 76.1 7.6 2933
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Table A-8 (cont.)
$ ACCT 20 ACCT 21 ACCT 22 ACCT 24 ACCT 25 ACCT 90 ACCT 91 ACCT 92 ACCT 93 ACCT 94
(M$) (M$} (M%) (N$] [H$) (nsl (Msl [H$] (N$] (M$]
107 1.3 164.7 877.3 45.4 4.8 1133.7 113.4 30.7 56.7 350.0
108 3.3 164.1 765.3 45.4 41.8  1021.0 1021 81.7 5.1 315.2
109 3.3 163.7 663.8 45.4 41.8 918.9 31.9 73.5 45.9 283.7
110 3.3 163.3 570.9 45.4 41.8 825.4 82.5 66.0 41,3 254.8
111 3.3 163.9 749.6 45.4 41.9  1004.9 100.3 80.4 50.2 0.2
112 3.3 163.4 638.3 45.4 41.8 893.3 89.3 71.5 4.7 275.8
{13 3.3 163.0 339.9 45.4 41.8 794.2 79.4 63.3 ».7 245.2
114 3.3 163.0 813.0 43.4 41.8  1069.8 107.0 85.6 33.5 330.3
115 3.3 1685.3 891.4 45.4 41.8  1148.6 114.9 9.9 57.4 154.6
116 3.3 164.7 785.1 45.4 41.8  1041.5 104.1 83.3 52.1 321.3
117 3.3 164.1 687.9 45.4 4.8 943.6 9.4 75.3 47,2 291.3
118 3.3 164.4 170.1 45.4 41.8 1026.1 102.6 82.1 51.3 316.8
119 3.3 163.8 663.7 45.4 41.8 321.0 32.1 13.7 46.0 284.3
120 3.3 163.4 970.5 45.4 41.8 825.2 82.5 66.0 41.3 294.8
121 1.3 163.6 644.0 45.4 4.8 898.9 89.9 7.9 44.9 277.5
122 3.3 163.2 343.0 45.4 41.8 797.4 79.7 63.8 39.9 246.2
123 1.3 1635.3 797.8 45.4 41.8  1054.9 103.3 84.4 52.7 325.7
124 3.3 165.6 888.9 45.4 41.8  1146.5 114.6 91.7 57.3 334.0
125 1.3 164.9 781.9 45.4 4.8 1038.2 103.8 83.! 51.9 320.3
126 3.3 164.3 683.5 45.4 41.8 939.5 93.9 75.2 47.0 20,0
127 1.3 163.8 394.0 45.4 41.8 849.4 84.9 67.% 42.5 262.2
128 3.3 164.1 £63.5 45.4 41.8 919.1 91.9 73.5 46.0 283.7
129 1.3 163.6 367.9 45.4 41.8 822.3 82.2 63.8 41.1 233.9
130 1.3 163.3 547.0 45.4 41.8 801.6 80.2 64.1 40.1 247.5
131 3.3 162.9 456.3 45.4 41.8 710.4 71,0 56.8 35.5 219.3
132 3.3 165.6 785.9 45.4 41.8 1043.4 104.3 83.5 52.2 322.1
133 1.3 164.9 693.9 45.4 41.8 9%0.6 95.1 76.1 41.5 293.5
134 1.3 165.2 772.9 45.4 41.8  1030.0 103.0 82.4 51.5 318.0
{35 1.3 164.6 674.9 43.4 41.8 931.1 33.1 74.3 46.6 287.5
136 3.3 164.0 384.5 45.4 41.8 840.1 84.0 67.2 42.0 259.4
137 3.3 163.9 364.2 43.4 41.8 819.4 81.9 63.6 41,9 253.0
138 3.3 163.9 768.6 45.4 41.8 1026.6 102.7 g2.1 51.3 36.9
139 3.2 165.2 678.0 45.4 41.8 933.1 1.3 74.8 46,8 288.7
140 3.3 164.9 £63.0 45.4 41.8 919.7 92.0 73.6 46.0 283.9
141 1.3 164.3 373.6 45.4 41.8 829.3 83.0 66.4 41.5 296.1
142 3.3 166.4 748.3 45.4 41.8  1006.7 100.7 80.5 50.3 310.8
143 1.3 163.6 £39.4 49.4 41.8 916.3 91.7 73.4 45.8 283.1
25 {keV]
201 3.3 164.4 899.4 45.4 . 1159.5 {15.6 92.4 57.8 356.7
202 3.3 163.9 784.6 45.4 1040. 1 104,0 83.2 32,0 3211
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i Table A-8 (cont.) N
- >, '.%
X ::‘:i".‘
X §  ACCT 20 ACCT 21 ACCT 22 ACCT 24 ACCT 25 ACCT 90 ACCT 91 ACCT 92 ACCT 33 ACCT 94 PN
. (NS] M1 [MS]  (Ms1  (N$]  (M$]  [NS) (NS}  (MS) (NS g
'ny 203 3.3 163.5 680.6  45.4 41,8 9355 935 748  46.8 2088 v
> 204 2.3 163.1 S86.4  45.4  41.8 840.8 B4l  67.3 420  259.6 N
) 205 2.3 165.0 919.2 45,4 4.8 11760 7.6 4.1 8.8 363.1 Dol
- 206 3.3 164.4  809.4  45.4 41,8 1065.5 106.6  85.2  §3.3  329.0 %
£ 207 2.3 163.9  709.1 454 4.8 946 9.5 7.2 482 297.8 Sy
208 2.3 163.5 617.9  45.4  41.8 872.8 8.3  69.8  43.6  26%.5 e
- 209 3.3 1647  899.4 454 4.8 11558 1156 925  57.8  3%6.8 RN
. 210 3.3 1641 783.3  45.4  41.8 1039.0 103.9  83.1  52.0  320.8 AN
- 211 3.3 1637  678.2  45.4 41,8 9333 933 74T 467 288.1 ROSe
‘. 212 3.3 163.3 5822  45.4  41.8 63%.8 637  66.9  4L.68 25.3 i
213 3.3 163.9 7712 45.4 4.8 10265 102.6 8.1  SL.3 3169 NG
2 214 2.3 163.4 655.5  45.4  41.8  910.2 9.0 728 455 2810 b o
- 28 2.3 1630 553.0  45.4 4.8 807.2  80.7 646 40.4 2492 e
- 216 2.3 165.0 826.9  45.4  41.8 1083.7 10B.4 867  54.2  334.6 T,
% 217 2.1 164.4 730.8 454 4.8 9863 987 79.0 9.3 3047 o
- 218 3.3 1653 911 45.4 418 1168.2 116.8  93.5  58.4  360.7 Lo
i 219 3.3 1647 801.2  45.4  41.8 1057.6 105.8  84.6 829  326.5 e
, 220 2.3 1641 7010 45.4 418 9%.7 957 765 47.8  295.4 .3
2 21 3.3 163.7 610.1  45.4 41,8 8651 865  63.2 433 267.1 o
i 222 3.3 164.4 789.8  45.4 41,8 1045.8 1046 83,7 523 3229 e
o 223 3,3 163.8  681.5  45.4  41.8  93%.8 9.7 749 46.8  289.2 g
- 224 3.3 163.4 5829 454  41.8 837.6  83.8  67.0 419 2586 R
225 2.3 163.6 662.6  45.4 4.8 7.5 9.8 134 459 2832
. 226 2.3 163.2 S57.3  45.4 418 8117 8.2 649 40.6  250.6 ey
N 227 2.3 162.8  465.1 454 4.8 7.1 7L SL.§ 360 2220 e
N 228 2.3 165.3 BI1.7  45.4  41.B 1066.9 106.9 855  953.4  330.0 ~;:_4;:-
N 229 2.3 1647 7168 45.4 4.8 9732 9.3 Ty 487 3005 P
N 230 2.3 165.6 909.9  45.4 41,8 1167.4 1167  93.4  58.4  360.4 RS
: 231 2.3 1649 798.8  45.4  41.8 1055.5 105.5 844  §2.8 3253 S~
pLY 3.3 1643 697.5  45.4 41,8 9535 954 763 417 2944 -
i~ 233 3.3 163.8 605.3  45.4  41.8 860.6 86,1  68.8 430 2657 3
AN 234 3.3 1641  680.3 454 41,8  935.9  93.6 749 468 208.9 :
- 235 3.3 1636 580.8  45.4 41,8 8357  83.6 6.9  41.8 2380 s
s 236 2.3 1631 492.4  45.4 4.8 7468 747 597 3.3 230.5 S
237 2.3 163.3  S62.7 45,4 4.3 817.3 817 654 40,9 2323 o,
238 2.3 162.9 468.1  45.4 4.8 7222 72,2 §7.8 361 2230 s
239 3.3 165.6 800.3  45.4  41.8 1057.8 105.8 846 529 326.6 IO
. 240 3.3 1649 7058 45.4 418 9625 %3 77,0 481 297.2 e
N 241 2.3 165.2 790.7  45.4 4.8 1047.8 1043  83.8 524 3235 :;::;\.
2N 242 3.3 164.6 689.3  45.4  41.8 9456 946 757 4.3 299 RN
; 243 3.3 164.0 5%.1  45.4 41,8 85L.7 852 681 46 262.9 ¥y
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Table A-8 (cont.)
| ACCT 95 ACCT 99 CAP RET D&M FUEL Capacity COF

(N§1  [NST  [M$]  (NS1 (M$)  (kg/yr]l ([$/gal

35 (keV]
1 212.8  1930.2 289.5 120.5 0.17 7.16E+06 57.30
2 192,2 1743.4 261.5 117.9 0.13 S5.82E+06 63.20
3 173.5 1573.5 236.0 114,5 0.11  4.66E+06 75.24
4 217.4  1972.0 295.8 129.3 0.15 6.48E+06 63.59
5 197.5 1791.8 268.8 125.5 0.12 5.34E+06 73.81
6 212.4 19269  289.0 115.6 0.17 7.57E+06 S53.49
7 191.6 1738.3  260.8 113.5 0.14 6.156+406 60.83
8 172.8 1967.2 235.1 110.7  0.11  4,93E+06 70.2
9 188.0 1705.0 293.7 103.2 0.17 7.40E+06 48.51
10 167.4 1518.9 227.8 98.6 0.13 5.82E+06 956.09
i1 149.2 1353.3  203.0 %.1 0.10 4,49E+06 66.72
12 219.7 1956.4 293.5 125.3 0.15 6.70E+06 62.57
13 195.8 1776.5 266.5 121.8  0.13 5.92E+06  70.40
14 177.7 1611.8 241.8 {18.3 0.10 4.49c+06 80.30
15 192.3 1744.4  26l.7 107.5 0.16 6.74E406 34.76
16 172.9 1568.7 235.3 105.5 0.12 S5.40E+06 63.14
17 155.2- 1408.2 211.2 103.2 0.10 4.25E406 74.03
18 168.3 1926.2 228.9 93.2 0.15 6.38E+06 50.33
19 149.6 1357.2 203.6 91.0 0.11 4,91E+06 59.98
20 215.1 1950.8  292.6 119.7 0.16 7.14E406 357.78
21 195.0 1769.2 2635.4 116.8 0,14 5.8BE+06 63.00
22 176.8 1603.4 240.5 113.7 011 4.78E+06 74.09
23 172.4  1563.8  234.6 100.3 0.13 5.75E+06 58.22
24 154.6 1402.2 210.3 9.4 0.10 4.53e+06 68.25
25 150.2 1362.4  204.4 85.2 0.12 G5.37e+06 S53.90
26 196.5 1782.6 267.4 125.9 0,11 4,90E+06 80.38
27 193.4 1754.1 263.1 112.0 0.14 6.07E+06 61.88
28 175.1 1588.3 238.2 109.3 0.11  4.93E+06 70.49
29 153.9 1395.7 209.4 93,3 C.11  4,79e+06 63.19
30 193.3  1753.7  263.1 122.0 0,11 4.85E+06 79.41
3 172.9 1568.1 23%.2 104.5 0.12 S5,02E+06 67.74
32 189.6 1720.0  258.0 17,7 0.1 4.70E+06  80.03

30 [keVl
101 216.3  1962.1 294.3 125.2 0. 7.96E+06 952.71
102 195.1 1769.3  265.4 120.2 0. 6.47E+406 59.99
103 175.8  159%4.3 239.1 115.6 0.1 S.18E+06 68.45
104  220.6 2000.9  300.1 125.1 0. 7.21E406 58.99
105 200.2 1815.6 272.4 121.5 0. 5.94€406 66.31
106 181.5 1646.1 246.9 118.3 0. 4,836406 75.63

AT SENT I .ﬂ:f_:l

LR s )

o

o

AN ooy

R AT .
BN YLV I I DA I RIS WD 0 VS 0S VSY

140

‘{;\.)_'." "{;..‘J-'{;‘.l

LR TR YRS .\.-'
T s

DAY YR

X

2P e

AP
.

&
4%%

‘rle’e
~ »
Y

Yl
Y
¢
'~

ki
'

4;5ﬁ"”.

o
WAE

'r‘"’t:‘.
5 e,
A

Od

T

NP
S NS
15; N
v, 8]
z

v

e
o,

¥
YA

e
7
s'f‘\v

N NTY T W Vg
XN,
S
iy & A

)

,
/

i

2S00
4{?&355? gl
RN NERA

L)

NS
)
WX

Ny -
-
N
Sa™a?.
-

s




s
.-
P
'
L
b

3
X

T E

-
ATy
e d

-
<
’V
.A
5

N 141 :-3"-§"

n ':« '
Es -~

N Table A-8 (cont.) o
) .-f‘nf.:.
z N

'l

N ] ACCT 95 ACCT 99 CAP RET D  FUEL Capacity  COF

- (H$] (N$] (N$] (Ms1  (N$]  (Ckg/yrl ($/gal

x 107 2161 1960.6 2941 1173 0.19 B.42E406 48.90

AN 108 194.7 1765.8  264.9  112.4 0. 6.84E406 55.16

5.48E406  63.22
4.31E+06  74.17
8.24E+06  45.08
6.48E406 52,08
4.99e406  61.36
5.25E406  77.38
1.45E406  56.29
6.14E406  63.25
4.99E406  T72.11
7.50E+06  49.61
6.01E#06  56.88
4.72E406  66.67
T.10e+06  46.86
5.47E406  55.20
5.28E+06  75.7%
T.94E406  52.03
6.54E+06 58,44
5.32E+06  66.58
4.26E+06  76.98
6.40E+06  52.50
5.03E+06 61.49
5.98E+06  49.73

109 175.2 1589.2 238.4 107.9
= 110 157.4 1427.5 2141 105.4
it 1916 17379  260.7 110.4
112 170,3 1544.8  231.7  103.5
113 1514 1373.4  206.0  101.0
114 203.9 1850.0 277.5  128.9
> 15 219.0 1986.3 298.0  120.9
116  198.6 1801.1  270.2 117.7
17 179.9 1631.8 244.8 114.8
. 1ig  195.6 17M4.5 266.2  105.7
119 175.6 1592.8 238.9 102.5
120 157.3 1427.1 241 100.7
121 (7.4 1354.6 233.2 9.2
122 152.0 1379.0  206.9 94.7
123 201.1 1824.3 273.7 125.6
{2¢  218.6 1982.7 297.4 115.4
] 125 1979 1796.5  269.3 112.8
) 126 179.1 1624.7 243.7 110.2

. )

L I>”

Pol Y~

-

3 127 161.9 1468.9  220.3  107.4
X 128 175.2 158%9.4  238.4 97.5
129  156.8 1422.4 213.4 %.1
130 152.8 1386.3  207.9 89.2

ooooOQPOOQPOPo?ooo_oooooooooo_oocpoopoo
- - N - b - o b . - - -

— i e e P pa P et P e P e P g Pt pes P pe o gt P pn P g Pen s et b Pt gk P pm Pt g B g
SN S WO NN OWOMO W S EaNWUMO NN WON e & ygYN AN LWS WO W

S 131 135.4 1228.6 184.3  85.2 4.49E406 60,03
¢ 132 198.9 1804.5  270.7  121.4 5.44E406 72,07
. 133 (81,2 1644.0 246.6 117.8 4.49E406 81,27 .
X 134 196.4 1781.2  267.2  108.1 6.75E406  55.66 \
135 1775 1610,3  241.6  105.9 0, S.48E+06  53.38 VAL
N 136 160.2 1452.9 217.9  103.4 0.10 4,39+06 73.21 L‘i’:‘
3 137 156.2 14170 212.6  91.0 5.33E+06  56.98 :-:2:-_:‘.:
. 138 195.7 1775.4  266.3  117.5 5.39E406  71.21 RN
\ 139 178.3 1617.1 242.6 1141 0, 4,44E406 80,29 oty
" 140 175.3 1590.5 238.6  101.2 5.58E+406  60.94 ;2:;.3
141 158.1 14345 2152 9.2 0, 4476406 70,42 E
K 142 191.9 1741.0  261.2  113.4 O, 5.226406 71,79 -
4 143 174.8 1585.7 237.9  t10.1 4.30E+06 80,94 e
R R
N 25 [keV) NN
" 200 220,3 1998.3 299.7 137.5 0.21 B.89E+06 49.21 NonSe
' 202 198, {798.7 269.8  132.2 0.17 7.236406 55.64 Pag
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o Table A-8 (cont.)
; 4 ACCT 95 ACCT 99 CAP RET DN FUEL  Capacity COF
. (N$1  (M$]  (M$1  (M$]  (N$)  (kg/yr] ([$/qal
; 203 178.4 1617.8 242.7 127.1  0.13 S.79E+06 63.93
; 204 160.3 1454.2 218.1 122.4 0,11 4,55E+06 74.85
k 205 224.2 2033.8  305.1 130.6 0,19 8.05E+06 S54.15
A 206 203.1 1842.7 276.4 125.6 0.15 6.63E+06 60.64
h 207 183.9 leé8.1 250.2 120.9 0.12 5.39E+06 6B.86
208 166.4 1509.4 226.4 116.5 0.10 4.32E+06 79.46
3 209 220.4 1998.9 299.8 127.9 0.22 9.40E+06 45.55
ﬁ' 210 198.1 1796.9 269.5 122.7 0.18  7.64E+06 51.37
: 211 177.9  1614.1 242.1 117.8  0.14 6.12E406 58.87
e 212 199.5 1447.% 7.1 113.2 0.1f 4.81E+06 6B.68
;f 213 195.7 1775.2  266.3 120.4 0,21  9.20E+06 42,08
214 173.5  1574.2 236.1 115.2  0.17 7.23E+406 48.59
. 215 153.9 139.0 209.4 119.3 0.13 S5.57E+06 §7.41
o 216 206.6 1874.1 281.1 128.1 0.14 5.86E+06 £9.83
Y 217 188.2 1706.8  296.0 123.6 0.11 4.83E+06 78.62
$ 218 222.7  2020.3 303.0 12,3  0.19 8.31E+06 51.09
' 219 201.6 1829.1 274.4 118.2 0,16 6.85E+06 57.35
. 220 182.4 1654.6 248.2 114.9 0.13 §5.57E+06 65.24
: 221 164.9 1496.2 224.4 1114 0,10 4.46E+06 759.31
"o 222 199.4 1808.6 21.3 114.5 0.19 8.376+06 46.10
‘: 223 178.6 1620.1 243.0 109.7 0.15 &6.70€E#06 52.64
. 224 159.7 1448.6 217.3 105.2 0.12 5.27E+06 61.19
225 174.9 1386.7 238.0 107.4 0,18 7.92E+06 43.62
’ 226 154.8 1403.8 210.6 £02.7 0.14 6.10E406 51.35
:- 227 137.1  1243.5 186.3 98.3 0.11  4.59e+06 62.15
-~ 228 203.8 1848.5 277.3 124.6 0,14 5.89E+06 68.30
:- 229 t83.5 1683.0  252.5 120.3  0.11 4.856+06 76.88
- 230 222.6 2018.9 302.8 115.6 0.20 8.86E+06 47.26
- 231 201.2  1825.3 273.8 113.2 0,17 7.30E+06 S3.04
. 232 181.8 1649.0 247.4 110.5  0.14 5.94E+06 £0.32
o 233 fed.1 1488.3  223.2 107.2  0.11  4.75E+06 69.57
3 24 178.4 1618.3 242.8 102.2 0.17 7.14E+06 48.32
: 235 159.3 1445.3  216.8 97.9  0.13 S5.62E+06 56.02
) 236 142.4 1291.4 193.7 95.0 0.10 4,33E+06 66.74
. 237 155.8 1413.4 212.0 9.9 0.1 6.6BE+06  46.15
oo 238 137.7 1248.9 187.3 91.6 0.12 5.02E406 55.65
R 239 201.7  1829.4 274.4 120.5 0.14 6.07€+06 6£5.06
M 240 183.5 1664.6 249.7 116.5 0.12 S.00E+06 73.22
. 241 199.8 1812.0  271.8 108.6 0.17 7.53E#06 50.56
3 242 180.3 1635.4 245.3 106.2 0.14 6.12E+06 57.47
> 243 162.4 1472.9 220.9 103.3  0.11  4.90E+06  66.20
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" B. PARAMETRIC SYSTEMS CODE
o,
f (]
V ]
J The systems code developed and utilized for design
analysis in this research is listed for archival
ﬁ purposes in this appendix. The code was written using
N Turbo Pascal (Copyright Borland International
Incorporated) programming language on IBM PC and IBM AT
. personal computers. The code prompts the user for
P, design parameters and then calculates the system
parameters as indicated in the main body of this
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R RN
N B.1 ENE
% P
A oY
[ N
g PROGRAM RESEARCH_MASTERS_THESIS; (user imput  version 3.00  13/9/86) {.v"g
Yo .‘I
" {$I typedef.sys) {these files must be} ro
'{-( {$I graphix.sys) {included and in this order} :;-):s'.
N {$1 kernel.sys} R0
~ {$1 vindovs.sys} f,'.s'*::
{$I axis.hgh} I
. it
2 LABEL QUIT, JUNP; A
3 s
:; ~far
3 TYPE o
o DATETINETYPE = STRING (8); Y.
. REGTYPE = RECORD oy
N ax,bx,cx,dx,bp,si,di,ds,es, flags: integer B
b END;
3
' CONST
4_' cXx sARRAY [1..5,1..131 OF REAL= ((-21,3777,-25.2041,~7,1013€-2,
b 1.9375€-4,4,9247€-%, -3, 9837€-8,0.2935,0,9,0,9,0,0), (-15.5119,-35, 3147,
g ~1,2905€-2, 2, 679BE-4, -2, 9199E-6, 1. 274BE-8, 0, 3735, 0,0,0,0,0,0), (15,9938,
ﬂ ~35.1076, -1, 3690E-2, 2, 7097€-4, -2, 9442€-6, 1, 2841€-8,0,3725,0,0,0,0,0,0), (
~27.7645,-31,0239, 2. 7890€-2, -5. 5322E-4, 3, 0294E-6, -2, 5233€-9, 0, 3597 N
,0,0,0,0,0,0), (-14.772,-35.474,-1,90e-2, 2,8715€-4, -1, 613€-6, 9. 5084E-10, -
0.3765,0,0,0,0,0,00); {1--DT, 2--DOT, 3--D03, 4--D3, §--TT} A
ENERGY tARRAY (1..5] OF REAL=(17.59,4.03,3.27,18.3,11.33); el
@=2.4; ‘\'"'::
MU0=1, 2566€-6; e
= OWal1BInkt=1; o
i 05h14=0.5; M
,'.,‘ LINECOST=80; {mills/kWeH} ‘;5:.;:
o ENERDTN=14. 1; e
o ENERD3N=2.45; WA
) ENERTTN=S.04;
‘ Efiss=81.5E12; {NJ/kg}
€=0.75;
ALPHA=0. 1;
£20.033;
KC=0;
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PNUCLEAR, KAPA, A, R, RO, T0, BT, ASPECT, VOLUNE, C1, EPSLN, IP, BETAC sREAL; -,,v.}-"\:
OWBS, NFLUX, FM, NTENPAVE, NO, NAVE, AVETEMP, AVES GV, NTND, NHESND 1REAL; X
NTNDPREY, NTNDTEST, NFLUXTT, WLTT, WLTOT,RCPS, POKNTOTAL, MF1SS, PHULT  :REAL; A
PTHERM, NDPREV, NDTEST, NDAVE, NTAVE, NHE3AVE, NHE4ND, NHE4AVE 1REAL; "N
FP, POER, REACTPHR, ALFAN, ALFAT, D, RALF A, PNRTOTAL, PRED, BPWRAVE sREAL; ,'.;?
A2, NFLUXDT, NFLUXD3, SURFACE, WLDT, WLD3, RHe3, BTMAX, NAYBT, PET 1REAL; N
BTMIN, RMAX, RMIN, TENPHAX, TEMPNIN, AHET, ASPMAX, ASPNIN, Nsup $REAL; Sint
NTENP, NBAR, TENPBAR, BTN1, THICKNS, FISPROD, RPROT, NPND, POMMAX tREAL; Y
BTVAL, TOVAL, ASPVAL, RVAL, PEQUIV, IPAX, PHRMIN, NPAVE, NEAVE $REAL; e
FMRT, PCD, PAUXAVE, 1BS, RDISK, POHMCP, POHMPFC, S@A, 50K, SOKA, najradius  :REAL; S
FCD, FPACK, NTRL, POHNTFC, OPTTRL, WPFCS, NTFCS, POHM, VETRL, 10 tREAL; e
BTINT,RINT,ASPINT, BTREP, ASPREP, RREP, TINT, TREP 1 INTEGER; D
1,J,COUNT,COUNTCOMP, N, DPTENP : INTEGER; ety
FIRST, DTAGUT, UNINPORT, DTAOUT2, BALANCE, BAL2, DES10UT $TEXT; ;5‘;5:1
C05T,C0572 s+ TEXT; T
ANS 1CHAR; yaz
HEADER :STRINGL201; A
SIGVBAR, BTHZ, TOP tARRAY(1..5] OF REAL; Sas
OCIL)
3R
[
%
FUNCTION DATE: DATETIMETYPE; AT
{Returns Date in Forn DO/NN/YY.) -?.-‘:2%1
VAR BN
REG: REGTYPE; RORY
Y,N,D,0:  DATETINETYPE; s
I: INTEGER; :I :j )
RN
BEIN e
REG. AX:=$2400; ;ij-.j
INTR($21,REG); Lot
STR(REG.CX:4,Y); et
DELETE(Y, 1,2); A
STRCHI (REG.DX):2,M); B
STR(LO(REG.DX):2,0); T
W=D+ /P 4N+ 4N IERY
FOR T:=1 TO LENGTHCH) DO IF WCII1=' ' THEN WCI1:='0'; PR
DATE: =W X |
END; f“.‘:
Al
RN
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FUNCTION TIME: DATETIMETYPE;
{Returns Current Time in Form HH:MM:55.}

VAR
REG: REGTYPE;
HM,S,T,H:  DATETIMETYPE;
I: INTEGER;
BEGIN
REG. AX:=$2000;
INTR($21,REG);

STR(HI(REG.CX):2,H);
STR(LO(REG.CX):2,H);
STR(HI(REG.DX):2,5);
STR(LO(REG.DX):2,T);
Us=Het ot #i47 s 145411745
FOR 1:= 1 TO LENGTH(W) DO IF WCI3=' ' THEN W(IJ:='Q';
TINE:=H
END;

FUNCTION XYPHR (PWR,NUMBER :REAL) :REAL;

BEGIN
XYPUR:=EXP (PHRTLN(NUMBER))
END; {(OF FUNCTION XYPWR}

procedure OneAxisDen;

begin
ClearScreen; {init screen)
SetColorWhite;
SetBackground(0);

DefineHeader (1,"Plasna Model’);  {define the window}
SetHeaderOn;

DefineWorid(1,-15,(15/1.26),15, (-15/1.26));
SelectWindow(1);

SelectWorld(1);

DravBorder; {drav it}

end;
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' procedurs PlotPlasaa; N0
| \"'-._':\
i - '-4.1"
t var oy
xy,vl,v2 ireal; ‘:"'5
s‘?ﬁ ;
begin DA
Init6raphic; {initialize the graphics system} l:-',f:-‘:.-‘--
OneAxisDen; {do the demo} Ryl
x:=0; AR
dravline(13,0,-15,0); J—
dravline(0,15,0,-15); NS
for it=1 to 15 do begin SRS
dravline(i,0.5,i,-0.5); s
dravline(-i,0.5,-i,-0.9); LN
dravline(0.5,i,~0.5,i);
dravline(0.5,-i,-0.5,-i); b .4
end; .‘-P:i‘\
dravline(r,-1,r,1); *if
dravline(-r,~1,-r,1); :'v:: X
vhile x¢4%pi+0.01 do begin e
viz=atcos (x+dssin(x)); W
v2:=kapaassin(x); -
DravPoint (r+vl,v2); {drav the point} AR
DravPoint (-(r4vl),v2); {drav the point) PR
x:=x40.01; Triy
end; :*;«:‘;"
Leave6raphic; {leave the graphics systea) "af\ A
end; A
I\; - .:
Nauw)
PROCEDURE INPUT; RS,
NS,
BEGIN RS
WRITELN; —r
WRITELN; S
WRITE('ALFA N: "); AN
READ(ALFAN) ; NI
WRITE (' ALFA T2 ') ALY
READ(ALFAT); -_." -
WRITE(! D-Shapeness: '); ~
READLN(D); ASRbX
WRITELN; RN
WRITE('He3 Removals "); ANAY
READ(RHE3); ASREAY
LK
WRITE (' Hed Removal: '); ‘p'ﬂ“'
RSN
RN
.'-:\::.{.\'
f::".s"}.-
PN
W
SN
LA SR
O
.--\"-\‘-.'.:\.!\‘_\\‘.-i.
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READ (RALFA);

WRITE(? Proton Removal: ')

READLN(RPROT);

HRITELN;

WRITE('FIELD on AXIS [T] HAX: ');

READ(BTMAX);

WRITE (' HIN: *);

READ(BTMIN);

WRITE (' INTERVAL: ")}

READLN(BTVAL);

HRITE("MAJOR RADIUS [w] NAX: ');

READ(RMAX);

WRITE (! NIN: ');

READ(RNIN);

WRITE (! INTERVAL: ");

READLN(RVAL);

HRITE('ASPECT RATIO NAX: ');

READ(ASPMAX);

WRITE (' NIN: 7);

READ(ASPHIN);

WRITE (! INTERVAL: ");

READLN(ASPVAL);

WRITE(! TEMPERATURE ([keV1 #AX: ');

READ (TENPMAX);

WRITE (! MIN: ');

READ(TENPMINY;

WRITE (! INTERVAL: ')

READLN(TOVAL);

WRITELN;

WRITE(*MININUN ACCEPTABLE POMER: ');

READLN(PRMIN);

WRITE(’MAXINUM ACCEPTABLE PLASMA CURRENT: ');

READLN(IPMAX);

WRITELN; KRITELN;

WRITE('CURRENT DRIVE FACTOR (.15-.25): ');READLN(FCD);

WRITE(PACKING FACTION: ');READLN(FPACK);

WRITE(*NUMBER OF TF RETURN LEGS: ');READLN(N);

WRITE('OPERATING TEMPERATURE [Cl: ');READLN(OPTENP);
END; {OF PROCEDURE INPUT}

PROCEDURE INTEGRALI;

CONST
11 tARRAY [1..121 OF REAL=(-0.98156,
-0.90412, -0, 76390, -0, 58732, -0, 36783, ~0. 12523, 0. 12523, 0. 36783,
0.58732,0. 76990, 0. 90412, 0, 98156);

BV e N e e e e e ety e ‘. D TV PR S . e e e e e e s
V/ I('J\f‘r' ",f' - ., "" LT A AR AR AT ) S i S S SR e R Rt I
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Wt tARRAY (1..12] OF REAL=(0.04718,
0.10694,0. 16008, 0. 20317, 0. 23349, 0. 24915, 0. 24915, 0. 23349, 0. 20317,
0.16008, 0. 10694,0.04718);

VAR

SUMYNT, SUMYNB, SUMYTB, SUMYVOL, XUL, XLL, AHET, cst,brt,br2,sn, abr] :REAL;
.: SUNXNT, SUMxNB, SUMxTB, NTEMPFN, NBARFN, SUMxVOL, kasnl, y2a,sqy2a,y2 (REAL;
- 1,Y,DVOL, YUL, YLL, TEMP, NSBRD, SUNYBN1, SUNxBM1, kys, ybr 1, H1DY sREAL;
Y XAVE, YAVE, SURX 1REAL;
s K,L,» : INTEGER;
' SUNYSF, STGVFN, SUNYTOP, SUMYBIS2 :ARRAY (1..5) OF REAL;

SUMxSF , SUMxTOP, SUMxBN2 tARRAY [1..51 OF REAC;
fs"
o BEGIN
" SUMxNT:=0; SUNxNB:=0; SUMXTB:=0; NTEMPFN: =0; NBARFN:=0;

L4
N

> SUNxBM1L:=0;SUNXYOL:=0; surx:=0;
FOR K:=1 T0 5 DO BEGIN
SUMXSF(K):=0; SIAVFNLK]:=0; SUNXTOPTK1: =05 SUNxBN2(K]: =0 )

: END; 7
A YUL:=A; XUL:=P; RSy
% YLL:=0;XLL:=0; RO
S for me= 1 to 12 do begin N
i 1= (XUL+XLL-CXLL-XUL)$XX1(n1) /2; ;::;"-
| SUMYNT:=0; SUNYNB: =0; SUNYTB: =0; TR
\ SUNYBM1:=0; SUNYVOL: =0; Py
-‘ csii=cos(x);snli=sin{x); NN
¢ bri:=cos(x+disni); o
Y br2:=sin(x+disnl); N
- abrl:=asbri;kasnis=kapa%a¥sn{; '-':"x"...
o ahet:=sqrt(abritabri+kasnitkasnl); c
! FOR K:=1 7D 5 DO BEGIN

b} SUMYSF(K1:=0; SUMYTOPLK]:=0; SUNYBM2(K]:=0

> END;

::- FOR L:= 1 TO 12 DO BEGIN

= Yoz (YUL#YLL-(YLL-YUL)3XX1LLD)/2;

E ybr1:=y3brl;kys:=kapaty¥snl;

:,, DVOL:=(Reybr 1) IPTL43KAPAR (ybr 12cst

) +snifYtbr22(Dicsi+1));

:f. y2:=sqrt (ybr 1¥ybr 1 +kystkys);

h.: y2a:=y2/ahet;sqy2as=y2asy2a;

) TENP: =TOR(1+ALFAT) XXYPNR(ALFAT, (1-sqy2a));

= NTEMPFN:=XYPWR((ALFAN+ALFAT), (1-sqy2a));

- NBARFN:=XYPWR(ALFAN, (1-sqy2a));

> NSGRD:= XYPWR(2XALFAN, (1-sqy2a));

< vidv:=vi(11zdvol;

v SUNYNT:= uidvENTEMPFN+SUNYNT;

g SUNYVOL: =u1dv+SUNYVOL;

<
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SUMYNB:= widvINBARFN+SUMYNB;

) SUMYTB:=w1dvETENP+SUMYTB; ~e
' FOR K:= 1 70 5 DO BEIN NS
SIEVFNIK]:= EXPCCXXIK, LISXYPHR(-CXXCK, 71, TENP)+CXX(K, 2] :{;ai}
+CXXCK, JISTEMPCIXCK, 4 13t enpRTENPHCXXCK, S18t capStenp TENP REAYS

A +CIXIK, GI$XYPHR(4, TENP)); >

;{ SUMYTOPCK1:=w1dvESIGVFNCKIINSGRD+SUNYTOP(K];
;; END;
- END;
e, yave:=(yul-yl1)/2;
SUNYNT:=SUMYNT2yave; SUNXNT:= SUMYNTIWI{M]1+SUMINT;

(o) SUMYTB:=SUMYTBXyave; SUNXTB:= SUMYTBIWIIN1+SUNXTB; R
o SUMYNB:=SUMYNBRyave; SUNXNB: = SUMYNBIWICM1+SUNXNB; .
C: SUMYVOL:=5UMYVOLSyave; SUNXVOL:= SUMYVOLENI{NI+SUNXVOL; :{:::
Fs SURX:=abs((-abr13br28(1+dscsi) +askapatkapassniscsl) /sqr(bridbri+kapatkapatsnttsnl)) sHLINI+SURY; Cj}\j
£ FOR K:= 1 T0 5 DO BEGIN ot
a SUMYTOPLK1:= SUNYTOPLK18yave;SUMXTOPIK1:= SUMYTOPLKISNIIM1+SUMXTOPEK]; =
2 END; Ko
0 END; i
5 xave:=(xul-x11)/2; :{:g
Wt NTEMP: =SUMXNTXxave; .f;":

' TENPBAR: =SUMXTBExave; N

NBAR:=SUNXNBExave;

VOLUME: =SUNXVOLExave;

SURFACE: =SURX24., 4%pi pi SRIXAVE;

vritelnjwriteln(re:5:2," ', a:5:2," ', sqri((1+kapaskapa)tata/2):7:2," !, surx¥xave:7:2,’ ', surfa

FOR K:= § TO 5 DO BEGIN
TOP{K1:= SUMXTOP(K1Zxave;
END;
END; {(OF PROCEDURE INTEGRAL1}

iy

ce:8:2);

ad NS i
e« a'a \‘\\"

v PROCEDURE MAGNET;

LABEL
JUNP;

VAR
1, ROHMPFC, GANMA, LELPS, LTRL, ROHMCP, RORMDISK, POHMTRL sREAL;
POHMDISK, TAUT, TAUR, TAUA, ONESA, BPO, RHOCU, RHOMASS, BR1 , 5010 tREAL;
ROHMTRL,RCPO :REAL;
WPFCO, WTFCO + INTEGER;

BEGIN
RHOCU:=2.45E-1020PTENP+1, 22E-8;
SQI0:=10%10;
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WTFCO:=1;

WPFCO:=1;

RDISK: =NSWTFCO/2/P1;

RCPO:=R-1.12A-0.3;

IF (RDISK{RCPO) THEN RDISK:=RCPO;

BR1:=KAPAZA+250MBS;

LELPS: =PI1SQRT ((SBA+BRI3BR1}/2);

LTRL:=28R+2, 28A+LELPS-23RDISK;

ROHNTRL: =1, 71E-B3LTRL/FPACK/NTFCOINTFCO;

1:=28 (KAPA+0, 1) 3A+230WBS+23WTF CO;

ROHNCP: =RHOCUXZ/FPACK/PI/RCPOXRCPO;

ROHMDISK:=1,71E-82 (LN(RDISK)-LN(RCP0))/2/PL/MTFCO/FPACK;
POHMTRL:=SQ10/N/NTROHNTRL;

POHMCP:=SQI0SROHNCP;

POHMDISK: =S@I03ROHNDISK;
POHMTFC:=(POHNTRLEN+POHMCP+POHMDISK) /1063
ROHMPFC:=1.71E-8%63P13A/FPACK/NPFCO;

BR1:=0.3E6X1P;

POHMPFC: =28BR13BRITROHNPFC/ 1e6;

POHMTOTAL : =POHNTFC+POHMPFC;

(3 IF (POMNTOTALOPCHMMAX) THEN GOTQ JUNP; 1)
OPTTRL:=LTRL+RDISK;

VETRL: =PIZ(R+3%A)$ (28 (R-RCPO) +B8A+2X (KAPA+0, 1) $A+230WBS+HTFCD) ;
RHOMASS:=1.67e-27%{28ndave+3% (ntave+nhedave) +43nhedavetnpave);
TauA:=5ORT (nuOSRHOMASS) /BT/FH;

TauR: =nu0¥SQASKAPA/ (8, 32¢-4%xypwr (-1, 3, aveteaptied));
TauT:=XYPWR(0.6, TauR) XXYPHR(0. 4, TauA);

GAMMA: =5ORT(TauT/TauR);

BPO:=MUOXIPS1EG/4/P1/A;

OMEGA: =1/TauT;

PCD:=FCDSVETRLEOMEGAXGANMASSORT (XYPNR(4,BT)+XYPNR(4,BPO) ) /HUIO/ 126;
KRITELN(DESIOUT,COUNTCOMP:3,’,",RDISK:10,",  WTFCO: 19,7, " WPFCO: 10,

1,1, PONTFC: 10, 1,7, POHMPFC:10,",",PCD: 10,",* , POHNTOTAL: 10,
1,1,1:10,7, ", POHNCP/1E6:10);
FLUSH(DES10UT) ;

JUMP: END; {OF PROCEDURE MAGNET)

PROCEDURE PWRBALANCE;

XE, TE, PTR, PAUX, GPUR sARRAY [1..51 OF REAL;
1EFF, K2, X1,PAUX1, PB, D, EATA, PC, PCP, PCOR, BR1, NE20, SOK2 {REAL;
SeK1 sREAL;
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BEGIN

PAUXAVE:=0; GPHRAVE: =0;
BR1:=NEAVE/ (NAVE-NEAVE);
1EFF:=BR13BR1;
NE20: =NEAVET1E-20;
sqk2:=2%sqk;
sqkli=14sgk;
YE[1]:= (4,6B3A/(ne202RERED))XSART (sqk2/(sqkl));
YE(21:=9,95%XYPUR(1. 02, (ASSART ((sqk1)/2)))
$XYPUR(-0.9, (ne20) ) XXYPHR(-1.63,r) $XYPWR(-0.23, IEFF);
1£031:=0.963SART (sqk2/sqk 1) X58A/ IP;
XE{4):=3,73250K2250A/ (IP3RYsqkt);
YELS): =6253XYPHR(0. 76, BETAC) XXYPWR (1,73, BT)XXYPWR(0.62, (0. 13AVETENP))
RXYPWR(3.38,A) $XYPUR (0,71, KAPA) KXYPHR (-2, 93, IP)$XYPUR(-2.55,ASPECT);
K2:=(0.66+1.883XYPUR(-0,5,ASPECT) -1, 54/ASPECT) X (141. 5/ASPECTSASPECT);
X124, 12E-228K23XYPUR (1.5, ASPECT) X(NAVE-NEAVE) S TEFF £020
$XYPRR(-0.3, (0, ISAVETEMP) )/ (BT$BT3sqkl);
PB:=5.35E-43SNEAVEINEAVES IEFF $SQRT (AVETEMP) $VOLUME;
EATA:=8,32E-43XYPUR(-1.3, (AVETEMPSIED));
D:=2INEAVESASXYPRR(-0.75, (1-BETAC)}/SBRT (EATASXYPNR(3,BT));
PC:=KC36.21E~-23ENEAVESAVETENPSBTXBTIVOLUMES (1+AVETENP/146);
PCP:=0,28CXX (1, 1314CXX[2, 13140, 25¢CXX[3,131+4CXX[4, 13140, 113CXXLS,13);
PCOR: =IPSIPSEATAS4ER/ (DA% (Sqk1));
PAUX1:=PB+PC-PCP-PCDR;
MRITE(BAL2,COUNTCOMP:3,?,',PB:7:2,", PCP:7:2,","  PCDR:6:2);
WRITE(BALANCE, COUNTCONP:3,',");
FOR I:=1 TO 5 DO BEGIN
TECT):=68SAKA/ (BR(XECT)+XI) % (sqki));
PTRII1:=0.5969%bet ackFMEBTE fusbtsvolune/telil;  {1.5%1,602E-224NTEMPAVEXVOLUNE/TELTT}
PAUX[T]:=FAUX1+PTRIID;
QPWREI1:=PTHERN/PAUX(I];
WRITE (BaL2,’,’,TEC13:6:2,',',PTRCI:T:2);
FLUSH(BAL2);
WRITE(BALANCE,PAUX[13:7:2,',",8PWR(11:8:2,,");
FLUSH(BALANCE);
IF (PAUXLIICO) THEN PAUXLI]:=0;
IF (GPWRCIIC0) THEN QPWRLII:=9.999993%€8;
PAUXAVE:=(PAUXAVE+PAUXL11)/5;
QPHRAVE: = (QPWRAVE+RPWR(11)/5;
END;
IF (QPWRAVE>3%9,9999999E8/5) THEN OPWRAVE:=0;
WRITE(FIRST,PAUXAVE:5:2," ', GPNRAVE:9:0," ');
WRITECLST,PAUXAVE:5:2," ', BPWRAVE:9:0,’ ');
WRITELN(BAL2);
WRITELN(BALANCE);

END; (OF PROCEDURE PURBALANCE}
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¢ '_&\
e PROCEDURE MERIT; -
# %
i :fq.
' PNET :REAL; {;_j
e e
G BEGIN e
- ol
;3 PNET: =PAUXAVE-PCD; el
: IF (PNET<0) THEN PNET:=0; oA
PRED:=( (PNET+30)/0.5)+PCD/0. 4;
7 FHRT:=(0, 403PEQUIV-PRED) /1000; o
- WRITE (FIRST,FNRT:7:2,' '); L
) WRITE (LST,FMRT:6:2," '); e
7 END; (OF PROCEDURE MERIT} e
& o
- -.’:l
2 PROCEDURE COSTANALYSIS; 5
3 DAY
o CONST el
% L)\
8 ACCT2023.3; e
b AVAILABILITY=0.8; X2
ACCT2320.0; R
. ACCT24=45. 4; iy
. :J'::d
o VAR S
o ACCT21T,ACCT22T,ACCT25T, ACCT26,ACCT90, ACCTO1, ACCTI2,ACCTI :REAL; oS
. FUELREA, PREQCOST, ACCTS4, ACCTIS, ACCT99, ALONG, P1SQ, S81,502,PET  :REAL; O
- VPLAS, RPLASSQ, RBLNKTSE, VBLNKT, RSHLDS, VSHLD, VRB, VC, WWAC :REAL; £
) CAPRETURN, FWBLIFE, ON, FUELCOST, CAPFACTOR, SELLCOST 1REAL; T
ACCT21,ACCT22 sARRAYL1,.91 OF REAL; S
- ACCT2S tARRAY(1,.6] OF REAL; R0
ACCT221 tARRAYL1..10] OF REAL; M
4 ol
b )

; BEGIN L
W,

; ALONG: =(KAPAS0. 1)34; b"'f
o PISQ: =PI1PI; e
2, RPLASS@:=( (2. 2858A%2, 2) +ALONGSALONG) /4; e
¥ VPLAS: =PISQIRIRPLASS; o
= 581222, 2%XA+OWALLBLNKT; N7

$02: =ALONG+OWALLBLNKT; EA

3 RBLNKTSO: =(S013501+502£502)/4; NN
o VBLNKT: =P1S@4RSRBLNKTSQ-VPLAS; NN
I 501:=501+05HLD; e
b, §82: =502+0SHLD; e
: RSHLDS@: = (5013501 +5028502) /4; "
. YSHLD: =P 1S8RERSHLDSQ-VPLAS-VBLNKT; —
% v
Y o
N o)
. ":‘:
) :-.'.'

ate
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§82:=5Q2+NTFCS;

VRB:=121P121ASRS502;
VC:=P13RcpsIRcps3SR2+1830PTTRLINTFCSENTFCS+128P I SASWPFCSRNPFCS;
VVAC: =VSHLD+VBLNKT+VPLAS;

PET:=0,353PNUCLEAR;

ACCT21013:=11.15;

ACCT21[2]:=3E-45VRB+39.5;

ACCT21031:=0;
ACCT21143:=7.1353XYPHR (0, 3, PET/1000);
ACCT2113]:=9.16;

ACCT21(61:276.5;

ACCT21(71:=1.81;
ACCT21T:=ACCT2L[13+ACCT2112]+ACCT21 [31+ACCT21 S 1+ACCT21E614ACCT2LLT7];
ACCT21(83:=0.023ACCT2LT;

ACCT2109]:=0.13%ACCT21T;
ACCT21T:=ACCT21T+ACCT21(81+ACCT2L(9];
ACCT221011:=0.313VBLNKT$0, 03;

ACCT221(21:=0. 10S3VSHLD;

ACCT221031:=0.5B43VC;

ACCT221(41:=0.0;

ACCT221053:=0.112%(0, 054VRB);
ACCT221(61:=0,00513VVAC;
ACCT221(71:=0.028%Pthern+1,00;

ACCT22118):=14.3;

ACCT221[91:=0.0;

ACCT221010):=2,82;

ACCT22011:=0;

FOR I:=t TO 10 DO ACCT22011:=ACCT22011+ACCT221L1];
ACCT22(21:=0, 069XPTHERN;
ACCT2203]:=6.7E-45PTHERN+32.6;
ACCT22041:=0.00123PTHERM;

ACCT22[53:=0. 00905XPTHERN;
ACCT22(61:=0,010938PTHERM;

ACCT22173:=23.41;
ACCT22T:=ACCT22(11+ACCT2202]+ACCT22033+ACCT22051+ACCT220R1+ACCT22(T7;
ACCT22(8):=0,023ACCT22T;

ACCT22[91:=0. 13%ACCT22T;
ACCT22T:=ACCT22T+ACCT22081+ACCT22(91;
ACCT25[1]:=15.68;

ACCT2502]:=12.35;

ACCT2503):=6.22;

ACCT25(43:=1.20;
ACCT25T:=ACCT25[11+ACCT23I21+ACCT25031+4ACCT2504);
ACCT25(51:=0,03%ACCT2ST;

ACCT25(61:=0. L SLACCT2ST;
ACCT25T:=ACCT25T+ACCT25(51+4ACLT25(6];
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3 ACCT26:=0.01423VBLNKT$0.15; (COST OF U-238 SALT}
i ACCT90: =ACCT20+ACCT21 T+ACCT22T+ACCT23+ACCT24+ACCT2ST+ACCT26;
- ACCT91:=0. 13ACCTI0;
ACCT92:=0. 08%ACCT0;
ACCT93:20,058ACCTS0;
ACCTI4:=0;
ACCT95:=0;
ACCT99: =ACCTI0+ACCT1 +ACCTI2+ACCTYS;
FOR 1:=1 T0 5 00 BEGIN
ACCT94:=0,2513ACCTIY;
ACCT95: =0, 1SSACCTIS;
END;
ACCT99:=ACCTI9+ACCTIS+ACCTIS;
CAPRETURN: =0, 158ACCTS9;
FWBLIFE:=12/WLTOT;
PREBCOST:=L INECOSTEPREGSAVAILABILITYS8760E-6; (M$/yr}
1=ACCT2210 1 IIAVAILABILITY/FNBLIFE+0, 028ACCTI9+PREDCOST;
FUELRER:=22€-631.058F ISPRODSAVAILABILITY;
CAPFACTOR: =F ISPRODSAVAILABILITY$1000;
FUELCOST:=(CAPRETURN+OM+FUELRER) 1. 0E6/CAPFACTOR;  (19B0$/6RAN PU-239)
SELLCOST:=0.0324FUELCOSTS1E3+0.968322;  {19808/kq installed}
WRITELN(FIRST," *,FUELCOST:8:3," ',SELLCOST:8:2);
WRITELN(LST,? ' FUELCOST:7:2," !,SELLCOST:8:2);
WRITELN(COST,ACCT20:6:1," *,ACCT21Ts6:1," ', ACCT22T:6:1,? 1,ACCT23:6:1,
1Y ACCT24:6:1," !, ACCT25T:6:1," ' ACCT26:651," *,ACCT90:6:1," 7,
ACCT91:6:1," *,ACCTI2:6:1," 7,ACCTO3:6:1," ', ACCT94:6:1, 1,
ACCT95:6:1," 1, ACCT9:7:2);
FLUSH(COST);
WRITELN(COST2, CAPRETURN:7:2," !,0M:7:2, !,
FUELREQ:7:2,' !,CAPFACTOR:10," !, FUELCOST:7:3," !,SELLCOST:7:3);
FLUSH(COST2);
END; {OF PROCEDURE COST}
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PROCEDURE OUTPUT;

BEGIN

WRITE (DTAOUT,COUNTCOMP:3,',’,R:5:1,7,',AsS:1,", " ASPECT:S:t,", ",
KAPA:S:1,!,',BT:5:1,",7,BETAC:6:3,7, ", IP1622, ", '  AVETENP:6:2,', !,
(FISPRODX0.8):10,',',PURTOTAL: 10,", ", (NAVE-neave): 10,’, ", PERUIV:10,', ",
NSUP:7:2,7,7,VOLUNE:7:1,',");

WRITELN (DTADUT,NDAVE:10,',' NTAVE:10,'," NHE3AVE:10,',',NHE4AVE:10,',’
NPAVE: 10,7, NEAVE:10,',’ FM:6:3,',7, (NFLUX/sur face):10);

FLUSH(DTAOUT);

KRITE(DTAOUT2, COUNTCONP:3,7,7);

FOR I :=170500
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WRITE (DTAOUTZ,CXXCT,91:9,",?,CHXC1,131:10,",");(Fp AND P}
WRITE (DTAGUT2,HLTOT:7:3,, ", NLDT:6:3,"," WLD3:6:3, ", " WLTT:6:3,",");
FOR I:=1 TO 5 DO WRITE (DTAOUT2,CXXCI,8]:10,7,");
WRITELN (DTAQUT2,SURFACE:7:1,",?, THICKNS:5:2,!, ", MAXBT:6:2);
FLUSH(DTABUT2);
END; (OF PROCEDURE OUTPUT}

- ’d’“‘v“"g“o »

- s

-

"H‘

BEGIN (MAIN PROGRAN)
clrscr;

N INPUT;

3 ASSIEN (FIRST,’FIRSTTS.PRN');
; REWRITE (FIRST);

> ASSIEN (DTAQUT,'TSTL.pra’);
! REWRITE (DTAOUT);

. ASSIGN (DTAOUT2,'TST2.prn’);
>, REWRITE (DTAQUT2);

: ASSIGN (BALANCE,’TSBL.PRN');
: REWRITE (BALANCE);
ASSIGN (BAL2,'TSB2.PRN');
REWRITE (BAL2);
ASSIGN (DESIOUT,’DITS.PRN');

" REWRITE (DESIOUT);
" ASSIEN(COST, ' COSTTS.PRN');
. REWRITE(COST);
o ASSIBN(COST2, 'COSTSUM.PRN');
REWRITE(COST2);
o HEADER:=CONCAT(DATE,’ ', TINE);
~ WRITELN(FIRST,HEADER);
% WRITELN(DTAOUT, HEADER);
3 WRITELN (DTAOUT,ALFAN:6:2,'," ALFAT:6:2,7,7,D:6:2,','
¥ RALFA:6:2,," ,RHE3:6:2,, ", rprot:6:2,’, ', BTNIN:622,", " BTHAK:6:2,,'
- ,TENPMIN:7:1,",?, TENPMAX:7:1,",7 RNIN:6:2,"," RMAX:6:2,"," , PHRNIN: 7:1
Y o IPHAX:6:1, !, 7, FCD:5:2,7,7  FPACK:D: 2,7, N2 4);
,: FLUSH(DTAQUT);
3 writeln(dtaout);
N WRITELN(DTAQUT);
« WRITELN;
WRITELN ('Research Phase 2 --- Automatic mode');
WRITELN;
! WRITELN (*Progran Begins ---- Press 0 to terminate');
3 COUNT:=0;
5 COUNTCONP: =0;
, TINT:=TRUNC( (TENPMAX-TEMPNIN) /TOVAL)
. T0: =TEMPHAX;
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n FOR TREP:=1 TQ TINT+1 DO BEGIN
Ay WRITELN(FIRST);
Y WRITELN(FIRST);
) WRITELN(FIRST,'T = !, T0:6:1); ,
N WRITELN(FIRST); L
B WRITELN(LST,HEADER) ;WRITELN(LST) jwriteln(1st,chr (15)); :f:-.':
0 WRITELN(LST, 'R 116,74 1:6,'6 to ':5,'Beta ':3,'P fus ':7, -:‘-::'\
[ 'P therm ':8,'Vp ':7,'Ip ':5,’Rcps ':6,'1BS 'i6,"n flux ':9, t:"
! ¢ (kg/yr] 7:9,7P cd ':7,7P aux ':8,'8  ':7,°F merit ':7,'Cost ':7, J-,.*‘:q
*SELLCOST *:9); S
. WRITELN(FIRST,'R ':h,’A '16,'B to ':b,'Beta ':5,'P fus ':8, '
) 'P THERM 1:9,'Vp  ':7,'Ip  ':5,"Rcps ':5,'1BS ':5,"n flux ':10, -l\'\
W 'F [kg/yr] ':10,'P cd ':6,'P tfc ":7,'P pfc ":7,'P aux ':8, :If.\ ‘
: '@ 'e7,'F merit ':7,7COST f27,SELLCOST :10); :\J‘.,*
N FLUSH(FIRST); —~
* HRITELN(CDST,'ACCT 20 ':7,7ACCT 21 ':7,YACCT 22 ":7,'ACCT 23 ':7, el
YACCT 24 ':7,7ACCT 25 '17,7ACCT 26 '27,7ACCT 90 7:7,'ACCT 91 ":7, .ii_;;aj
$ TACCT 92 7:7,'ACCT 93 ":7,7ACCT 94 1:7,7ACCT 95 f27,7ACCT 99 ":]); W
3 NRITELN(COST); FLUSH(COST); :::
K WRITELN(COST2,'CAP RET ':9,70%N ':9,'FUEL ':9,'CAPACITY ':10, :}:;}'
X 'FUEL COST ($/gnl':18,7SELLCOST ($/kg installed] 7:18); T
HRITELN(CDST2) ;FLUSH(COST2); -f“;“
: WRITELN(DESIOUT,'# *:3,"R disk ":10,"W tfc ':10,"W pfc :10,"P tfc ':10, ;@‘_%
P pfc 1:10,7P cd ':10,'P total f:10,'1 coil 7¢10,'P cp ’:10); SO
b NRITELN(DES1OUT) ; FLUSH(DES10UT); i:-,':
Q. WRITELN(BAL2,"# ':3,'P brea '19,'P part ':9,’P cd heat ':10, e
> "Tau e 7:9,'P tr 1:10,'Tau e *:9,°P tr *:10,"Tau e ":9,'P {r ':10, ~ ’;i

MMau e ':9,'P tr 1:10,'Tau e ':9,'P tr ":10);

A
P 1
iml

i HRITELN(BAL2) ; FLUSH(BAL2);

} WRITELN(BALANCE,*¥ ":3,"P aux ':9,'R plasea ':10,'P aux ':9,'D plassa *:10, :.,-;,-'\
. P aux ':9,'0 plasma ':10,'P aux ':9,'8 plasma ':10,'P aux ":9, .:-;.t‘;.’

) 19 plasma ":10); ROLY
: WRITELN(BALANCE) ; FLUSH(BALANCE) ; ;&%
< WRITELN(FIRST); Ei i
N WRITELN(LST); Y
R FLUSH(LST); NA
ro BTINT:=TRUNC((BTMAX-BTMIR) /BTVAL); ‘\';-_.'_‘i
E& ASPINT:=TRUNC ( (ASPMAX-ASPNIN) /ASPVAL); RO
- RINT:=TRUNC((RMAX-RMIN)/RVAL); ‘_,m,“
- WRITELN(TINT,BTINT,ASPINT,RINT); o
A BT:=BTHAX; oA
iy FOR BTREP:=1 TO BTINT+1 DO BEGIN NN
%, ASPECT:=ASPMAX; : ~.§~<
FOR ASPREP:=1 TO ASPINT+1 DO BEGIN RN

. \‘

R:= RMAL; ‘
FOR RREPs=1 TO RINT+1 DO BEGIN Yo
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{CLRSCR; }
IF XKEYPRESSED THEN goto quit;
COUNT:=COUNT+1;
HRITE(?PASS #',COUNT:4,’ SUCCESSFUL ', COUNTCOMP:4,’ B H
WRITELN('R: ',R:5:2,"  A: !,AGPECT:5:2,'  Bt: ',BT:5:2);
MFI55:=1.33;
PMULT:=1.615E-18;
A:=R/ASPECT;
SBA1=A3A;
A2:=1.134; (PLASMA CHANBER RADIUS}
THICKNS: =R-A2;
IF THICKNS<0.6 THEN GOTD JUMP;
10:=23PI$R3BT/MUO;
RCPS:=SORT(10/1500E4)/2/P1;  {SORT(10/1500/1E4)}
WRITEC!  Reps ’:10,RCPS:7:2);
IF RCPS)1.0 THEN 6OTO JUMP;
WTFCS:=5QRT(10/1500E4/N) ;
WRITE(*  WTFCS ':10,NTFCS:6:3);
IF WTFCS>1.0 THEN 6OTD JUNP;
KAPA:z=2,277-0.{9492ASPECT;
58K =KAPATKAPA;
SOKA:=SBA%S0K;
MAXBT:=r3bt/THICKNS;
IF MAXBT>14 THEN GOTO JUNP;
PHRTOTAL:=0;
(ONBS: =OWALLBLNKT+OSHLD;
1BS: =R-RCPS-A2;
WRITE('  1BS ':10,1B5:6:3);
IF 188<0.5 THEN GOTO JUNP;
IF (1B5>1.0) THEN BEGIN
HF18S:=1, 13NF1SS;

PHULT:=1. 13PNULT;
END;
EPSLN:=1/ASPECT;
Cl:=1,22 -0.683EPSLN;
IP:=(58ASBT/R) $(CIZEPSLN/SOR (1-EPSLNIERSLN) )X ((1450K)/2);
IF (IP>IPMAX) THEN GOTO Jump;
WPFCS:=SORT(IP/1500E4);
WRITELNC'  Wpfcs 's10,WPFCS:6:3);
IF WPFCS>1.0 THEN 60TD JUNP;
FM:=-19,29678-111,69298ASPECT+406, S3XASPECTRASPECT-477.5579

$ASPECTSASPECTSASPECT+265. 601 9XXYPUR (4, ASPECT)-71,93228XYPUR(5, ASPECT)

+7.662087$XYPUR (6, ASPECT);
IF (FMC1,00) THEN FM:=1;
BETAC:=FSIP/A/BT/FN;
NTEMPAVE: =BETACXBTSFMEBTEFM/ (22MU0%1. 6022E-16);
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‘0

.
3¢ INTEGRALI;

! NO: =NTENPAVERVOLUNE/ (TOSNTENPR (1+ALFAN) X (1+ALFAT) )5
X NAVE: =NO% (1 +ALFAN) SNBAR/VOLUNE;
B AVETENP: =TEMPBAR/VOLUNE;

! FOR [:=f TO 5 DO BEGIN

) AVESIGV:= EXP(CXXLT,11¥XYPWR(-CXXLI,71,AVETENP)+CXXLI, 2]

+CXXCT, 3ISAVETEMP+CXX T, 4 1SAVETENPSAVETENP+CXX LI, SIZXYPHR (3, AVETENP)
i +CXXLT, 6IXXYPUR(4, AVETENP) ) $1E-6;
XN CXX(1,81:=AVESIAY;
FP:=TOPL11$1E-63VOLUNE/ (CXXLT, BISNBARINBAR) ;
CXXCI,91:=FP;
: END;
. NTNDTEST:=CXX[2,B14CKX[2,91/2/ (CXXL1,BIHCXX(1,91);
\ REPEAT
" NTNDPREV: =NTNDTEST;
s NTNDTEST:=CYX[2, BISCXX[2,91/ (24CXX 1, BIXCYXI1, 91+NTNDPREVECKX S, B1%
Y CXXL5,91);
o UNTIL (ABS((NTNDTEST-NTNDPREV)/NTNDTEST)<0.000001);
i, NTND: =NTNDTEST;
NDPREY:=NAVE/2;
3 NDTEST:=NDPREV;
REPEAT
; NHE3ND:=CXX{3,B1$CKX[3,91/2/ (CXXL4,BIXCXKL4, 91 +RHED/NDTEST);
" NPND: =(NDTESTECXX[2, 815CXXC2, 91/2+NHEINDINDTESTRCX L4, 81%CXX[4,91) /RPROT;

'3 NHE4ND: =(NHEINDINDTESTICXX[4,814CXX[4, 91+NTNDINDTESTLCXXLL, 8]
2, $CXXC1, 91+NTNDENTNDINDTESTECXX(S, 913CXX(S,81/2) /{RALFA);
2 NDPREV: =NDTEST;

NDTEST:=NAVE/ (2+2% (NTND+NPND )+ 3% {NHE3ND+NHE4ND) )
UNTIL (ABS((NDTEST-NDPREV)/NDTEST)<0.000001);
NDAVE: =NDTEST;

> CXX[2,117: =NDAVE; CXX[2, 121: =NDAVE/2; CXXL3, 1133 =NDAVE;
) CXX[3,121: =NDAVE/2; CXXL1, 12): =NDAVE; CXXL4, 1212 =NDAVE;
b NTAVE: =NTNDSNDAVE; CXX(1, 111:=NTAVE;
- CXXCS, 111:=NTAVE; CAX (S, 121:=NTAVE/2;
: NHE3AVE: =NHESNDSNDAVE; CXX[4, 1112 =NHE3AVE;
4 NPAVE: =NPNDSNDAVE;
N, NEAVE: =(1+NTND+NPND+ 2% (NHEND+NHE4ND) ) SNDAVE;
3 NHE4AVE : =NHE4NDINDAVE;
b FOR I:=1 T0 S DO BEGIN

POMER:=1.6022E-198CXXLT, 1113CXXL1,BIXCXXCT, 12]14ENERGYLTIRCXXLT, 91;
REACTPHR: =PONERSVOLUME ; CXXCT, 1312 =REACTPHR;

Y
‘2] PURTOTAL: =PHRTOTAL+REACTPHR

[}
gy END;
;; NFLUXDT:=CXXC1, 1178CXXC1, 1225CXX01,81%CXXI1,9);

NFLUXD3:=CXX[3, 111%CXX(3, 1213CXX(3,B13CXX(3,9]);
NFLUXTT:=CXXL5, 113CXX[S, 12J8CXX(5,8I%CHX05, 9112;
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NFLUX:=(NFLUXDT+NFLUXTT+NFLUXD3) $volume;

FISPROD: =233%1.66E-278 (MFISSINFLUX)$3.158E7; {kg Pu/yr}

PEQUIV:=Efiss3FISPRODX0.8/1E6/(1-C)/ (1+ALPHA) /3, 158EY;

PNUCLEAR: =PMULTENFLUX;

NSUP:=PEQUIV/PNUCLEAR;

WLDT:=NFLUXDTSVOLUMESENERDTNS1, 6022E-19/5URFACE;

WLD3:=NFLUXD3SVOLUMEXENERDIN®1 . 60226~ 13/SURFACE;

WLTT:=NFLUXTTSVOLUMEXENERTTNS1.6022E-19/5URFACE;

WLTOT:=HLDT+WLD3HNLTT;

PTHERM: =PNRTOTAL +PNUCLEAR-NL TOTXSURFACE;

IF (PTHERMCPWRMIN) THEN GOTO JUMP;

WRITE(FIRST,COUNTCOMP:3,' ',R:5:2," ' ASPECT:6:2,’ *,Bt:6:2,” ', BetaC:5:3,' ’
,PURTOTAL:7:2," ! PTHERM:8:1,’ ' PNUCLEAR:B:1,! 7,VOLUNE:6:1," !
Ipedel,? 7, ROPS:5:2,' ',1BS:5:2," !, NFLUX:8B,' ',
(FISPRODX0,8/5ur face):8);

WRITE(LST,R:4:1,' 7,ASPECT:d:1,* ' Bt:dsl,? ' BetaC:6:3,' !
(PURTOTAL:8:1,’ ', PTHERM:7:1," ! VOLUME:6:1,' !

,Ipe3et,’ ' RCPS:S:2," ', 1BS:5:2,' ! NFLUX:8,' ', (FISPROD%0.8):8);

NAGNET;

WRITE(FIRST,WPFCS:5:2,' ' WTFCS:5:2," ',PCD:B:2," ',PORNTFC:B:2," '

,POHNPFC:7:2," ');

WRITE(LST,PCD:6:2," '); {,POMNTFC:8:2," ' POHMPFC:7:2,' M)})

COUNTCOMP: =COUNTCOMP+1;

PHRBALANCE;

NERIT;

COSTANALYS1S;

FLUSH{(FIRST);

FLUSH(LST);

platplasaa;

WRITELN (*SUCESSFULLY COMPLETED & ',COUNTCONP);

QuTPUT;

JUMP: writeln;

R:=R-RVAL;

END; (R ROUNTINE}
ASPECT:=ASPECT-ASPVAL;
END;

BT:=BT-BTVAL;

{BT ROUTINE)

WRITELN(DTAQUT) ;WRTTELN(DTAGUT) ; WRITELN(DTAOUT);

, ’:‘

WRITELN(DTADUT2);WRITELN(DTAOUT2) ; WRITELN(DTADUT2);
T0:=T0-TOVAL;

END;  {T0 ROUTINE}

QUIT: WRITELN('CONPLETE?);

CLOSE (DTAOUT);

CLOSE (DTAGUT2);

CLOSE (BALANCE);
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W CLOSE (BAL2); oo
“ CLOSE(DES10UT); N0
N CLOSE(COST); 3
E CLOSE(COST2); <
; CLOSE(FIRST); F e
» END.
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