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ABSTRACT"

.

‘Controlled thermonuclear reactors'(CTR's) have been

| primarily considered for central station generation of elec-
tricity where maximum power ratings are typically 5000 MW
(th). Multipurpéée CTR's (eledtricity, H2 production, pro-i
cess heat, etc.) can have much larger ratings and still be

compatible with existing power gridsas iThe economic advan-
e '8

tages of operation at very high power ratings [12.5 Gw(th)
to 50 GW(th)] have been discussed in a previous report.l

The purpose of the present research is to determine the op-
erating regimes of these large CTR's. These regimes are
identified and examined for cases of steady-state and pulsed
operation. Several technological benefits of these large
reactors are determined: 1) low maximum magnetic field
strength requirements (25 to 50% less than for 5000 MW(th)

3 to 1017 sec/bm3) with

reactors), 2) high nrt products (101
associated high burn-up fractions (10 to 50%), 3) relatively
little problem with impurity build-up, and 4) long confine-

ment times (50 to 500 seconds). The advantaces of



pulsed operation are also discussed: 1) smaller problem
with impurities than in the steady-state case, 2) allevia-
tion of any possible fueling difficulties,and 3) no prob-
lem with control of temperature in the.pulsed reactor based

on a simple control function model incorporating a finite

delay time.



Chapter 1

INTRODUCTION

The purpcse of this research is the determination of
the plasma and engineering parameters which represent the
operating regimes of very large CTR's. The computations
are based on a circular cross section tokamak configuration.
The D-T fuel cycle is used and trapped~ion confinement
scaling is assumed. Two possible operating schemes are to
be examined as well as two separate fueling models. The
first operating mode to ke examined is that of steady-state
operation and based upon these results a long-pulsed oper-
ating mode will also be examined. The fueling models to be
investigated are: 1) pellet fueling with beam heatiny and
2) beam fueling only. In the pellet~fueling case the total
fuel source is the sum of pellet and beam sources, and the
beam also serves to supplementally heat the plasma. In the
case of beam fueling only, the beam is the sole fuel source
as well as again providing supplemental heating. In the
examination of the pulsed operation mode only the pellet-
fueling with beam~heating case is investigated due to the

need for beam control of temperature excursions.
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Chapter 2 contains a development of the plasma and
engineering model to be used in the calculations for all
cases. The plasma and engineering parameter equations are
presented and the approximations upon which they are based
are discussad. A four-species plasma is considered--fuel
ions, alpha particles, impurity ions (argon), and electrons
are all accounted for. Logss of energetic beam and alpha
particles is accounted for in terms of energy loss only.

The energetics model is also presented in Chapter 2. Also
presented is a beam-plasma interaction model which is in-
cluded in the calculations.

Chapter 3 contains a breakdown of the various equations
of Chapter 2 into terms corresponding to the steady-state
and the pulsed examples to be considered. The reduction
of the system of equations to a workable level is completed.
A computer code is described which calculates the plasma and
engineering properties for the steady-state case. A compu-
tational model is also developed for the pulsed example in-
cluding a control function and a fueling procedure. The
computer code which is developed to solve for the temporal
values of the reactor parameters is also discussed.

Chapter 4 presents the results of the computations per-

formed using the codes developed in Chapter 3. The absolute

-



values of the steady-state variables are presented as well
as a discussion of the variations of the parameters with
other reactor propzarties. A detailed analysis of two pulsed
examples is performed and these results are presented and
discussed. The most significant portion of the research
is contained in Section III of Chapter 4. The basic con-
clusions drawn from the results of the first two sections
of Chapter 4 are presented in Section III.

As an additional aid to the reader a separate section
of tables listing the complete results calculated herxein is
contained in the Appendix. A nomenclature explaining the

terms used throughout this report precedes the Appendix.




Chapter 2

PLASMA AND ENGINEERING MODEL

In order to establish a model for these investigations
it is first essential to decide what approximations are nec-
essary to reduce the system of variables to a workable level
and, as well, to verify that chese approximations are valid
ones. Two types of variables are to be examined in this re-
port-~1) plasma properties: temperatures, densities, source
strengths and energies, confinement times, and energy prop-
erties; and 2) engineering parameters: magnetic field
strengths, plasma current, physical reactor dimensions,
first wall. loading and thermal power levels. There are also
other properties involved which interconnect these sets cof
variables, e.g., plaama beta and safety factor.

The first set of equations comprise the plasma model.
These equations are simply plaama particle and enexgy con-
servation equationa. The first conservation eguation is for
the fuel ions which are assumed to be a 50% deuterium-50%

tritium mixture:

2
dn n n
-—f = - ——f - ——f
at “S¢e-7 -7 (o (1)



where St is the total external source rate of fuel ions, T
is the particle confinement time and (ov) is the velocity-
averaged reaction probability per unit time. Alpha parti-
cles and neutrons are created in the D-T fusion reactions:;
the neutrons are ignored in the plasma calculations because

they escape 30 rapidly from the plasma region. The alpha

particle conservation is represented in the following

mannex:
2
d—n&-:g(ov)-:g+ £ . (2)
at 4 T Spfrer

.

where Sb represents the beam source strength and fTCT is
the probability per beam particle per unit time of under-
going a beam-plasma fusion encounter while slowing down.
The electron density is represented by utilizing the charge
neutrality condition:

ne =n_+2n + 2Z_.n (3)

4 a Iy

wher= zI and 1. are the electronic charge and species den-

I
sity, respectively, of the impurity ions. The respresenta-
tion of the impurity ion density will be outlined

in the ncxt chapter. The next step is to develop energy
conservation equations for the plasma., It is at this point

where the first really significant approximations come into

play. It is assumed that all ion species relax to the ion
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temperature so rapidly that particle losses during slowing-
down may be neglected, however, since the average energy of
a s}owing particle is so much larger than the average energy
of a thermalized particle, energy losses while slowing down
are not neglected. These assumptions result in the follow-

ing equations for ion and electron energy densities:

2
n
a 3 s 4
2t > T <3 {ov) QUgs * SpViUpsi
n,T E
3 "ivi nbEb
+ sbfTCTQuUai + Wéi -2 TE - Tg Ubi (4)
-n >
@ _Sb ¢
TE T [+ 4 ci
and
2
a4 3 Mg
a3 neTe =32 (UV)Qa(l-U L)+ S (l-U i)
3 neTe =)
% TCTQa(l Vpi) “ Wy =2 T R
-n -n
bob TR
T (l-Ub.)—q‘—gﬁE- (1-vu.)
E i TE a al
Uﬁi and Ubi represent-éhe fractions of alpha particle and

beam energies transferred to the ion species during slowing
down, and Wéi represents the energy transfer rate between
the electrons and ions inecluding the ions which have now

thermalized. The S Vﬁ term accounts for supplemental heat-

ing: Vi is the beam energy. Tg is the energy confinement

time dnd fTCT again represents the contribution to the

-




prnergy balance from beam-plasma fusion reactions. E% and Ps
represent energy loss rates due to bremsstrahlung and synchro-
tron radiation, respectively. Eg and Eu are average energies
of beam particles and slowing~down alpha particles, respéc-
tively: T;D is the slowing-down time for alpha particles.

The £final term in the representation of the plasma model is

the poloidal plasma beta:

u
8 2 S + 2.3
Be 2(n'l.' +n'1‘ +3n a 3nbEb) o (6)
P

gp is the poloidal magnetic field strength. This quantity
represents the ratio of total plasma kinetic pressure to
poloidal magnetic pressure. The plasma beta and the synchro-
tron radiation term both contain explicit values of magnetic
field strengths:; in this manner these equations tend to
couple the plasma parameters to the engineering properties
of the reactor model.

The first two engineering property eguations to be
discussed also couple the plasma properties to the engineer-
ing parameters. The expression for total reactor thermal

power and totzl first wall leoading are given by

{ov) Bus 2ﬂ28a2 . (7

o
& lH\:’h)

and




ni(cv) 2

la
Py "7 2 Efus 2r : @)
w
E represents the total energy released in a fusion reac-

fus
tion including any blanket reactions. Figure 1 illustrates

the reactor geometry utilized in these calculations. R and
a are the major and minor radii of the plasma, respectively,
and T, is the first wall radius. The effect of TCT reac-
tions has been ignored in the calculations of power factors
although Egqs. (7) and (8) may be modified to include these

effects simply by increasing E another useful engineer-

fus”®
ing parameter relates the toroidal and poloidal magnetic

field components:; this relationship defines the plasma

safety factor,
B
£
B . (9)
P

qa

o

Finally, the plasma current is given by the following

relationship:

I=c BP a ' (10)
where ¢ is a unit constant. This set of ten non~linear equa-
tions completes the initial formulation of the model used in

the calculations which follow.

It is now necessary to break down further the many terms

involving radiation, energy properties and confinement times
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in order to completely specify the final model to be used

\
in the calculations. Bremsstrahlung and synchrotron radia-

tion are modeled by simple expressions:2'3
2 1/2
Pp =B g Zoge To ' (11)
and
1/2
/2 2 5/2( f)
Ps = ks n_ Te Bt R R (12)

where Zeff is the effective plasma charge and re is the re-
flection coefficient of the system for synchrotron radia-
tion. b and ks are unit constants for bremsstrahlung and
synchrotron radiaticn, respectively. Recombination and line
radiation have been neglected in these calculations. The
slowing-down and energy partition model to be utilized is
one reported by Houlberg.4 The two most important terms

in the energy calculations are the energy partition between
electrons and ions, represented by uTi and the average en-

ergy of a slowing-down test particle, ET:

T T T

1 Ecrit Ecrit cr;t ETo + E'ro
Up =3, |” | g 1/ =
© Ecrit + 2E crlt FqTo + FqTo
. T 1/2
V3 - B .
+ 2/3 tan % ZPro grit .t (13)
T 1/2 V3
/3 E
crit
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and
-T)(l-U )

CLIG

crxt

(14)

where T is 2 subscript identifying properties to be
associated with the test ion. Eno is the initial energy
of the test particle. Ezrit is a term known as the criti-
cal energy, which represents the point in the energy his~

tory of the test particle at which energy transfer rates

to plasma ions and electrons are equal:

o z. 10y on A 2/3
Eopqp = 1448 AT (n ini_ -—l-—— , (15)

where the Ai are the atomic mass numbers of the respective

ion species. The /n A terms represent the coulomb logarithms

of the various plasma sgpecies:

2
n 2. n.1-1
2 _ e , L "1 i
Ae - ceTe ['r + i T, ] . (16)
e 1
and
E n Zzn -1
Azg ‘1‘"'1"1 e+2 ii] (17)
oot g )2 Y ’

where again the T subscripts refer to the test particle

properties and the i subscripts refer to the plasma ion

-]l2=



species. The c-factors are unit constants. Another im-
portant property associated with the plasma energetics is

the slowing-down time of test particles,

3/2 T 3/2

TT = 79 fn i’ * E‘lri_t: (18)
Sbh T 3/2 T 3/2 ’
T, + B _.
1 crit

where Ti represents the ion temperature, which is assumed

to be the final energy of the test particle, anaQ

' n _np
1 = e T e "e (19)
Tt A 3/2
T T T
e

is a numerical factor necessary to the calculation of

slowing~-down time. ZT is the electronie charge of the test

particle. The lone remaining term in the energetics model
is the energy transfer rate between electrons and ions,

. - c neni(Te - Ti)
el Te3/2

(20)

One remaining factor in the completion of the reac-
tor model is the establishment of particle and energy con-
finement approximations. For purposes of this report
trapped-ion scalings'6 is presumed. The expression de-

fining this confinement model follows:

-13-
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4. 2.2 5/2

I°blEl 2 A T_\2
T=e K 11/2 v+3.) - (21)
ntT i
e &

where A' is the reduced aspect ratio, A/3, and bt is the
reduced toroidal magnetic field strength, Bt/SO kilogauss.
c. is a factor determining what fraction of trapped-ion
scaling is actuvally utilized in the calculations. I is

the plasma current and Bpe is the poloidal electron beta:

Bpe = iﬂi n T, 6 . (22)
P

In using the trapped-ion scaling approximation, it is in-
herently assumed that the particle and energy confinement
times are equal. There is some numerical discrepancy in-
volved in using the value of T from reference 6, page 41,
On repeating the calculations necessary to express T in
this form, a numerical factor of 0.2 was found to be miss-~
ing in the expression calculated by Dean gg_g;.s This fac-
tor of 0.2 is included in the calculations which follow.

A few words are also necessary here concerning the
model to be used for the beam-plasma fusion interactions.
For the purposes of these calculations the simple model of

Dawson et 2;.7 is sufficient. F is defined by Dawsou as

the fusion energy gain divided by the beam particle energy



on a per-particle basis. The quantity fTCT is defined by

the following relationship:

pog  —fus (23)
T tecT V. ’
b
where Efus is the total energy released per fusion reac-

tion (22.4 MeV in Dawson's calculations) and Vb is the beam
particle energy. fTCT represents the probability that a
beam particle will undergo a fusion reaction with a plasma
ion while slowing down. The F-values froﬁ the Dawson refer-
ence for 10 keV electron temperature are used in the calcula-
tions which follow, with the following alteration: Dawson
-assumes a deuterium beam slowing down in a tritium plasma,
while the model used here assumes a 50-50 D=-T mixture in
both beam and plasma. Therefore, ignoring DD and TT beam-
plasma interactions, the fTCT value will be one-half of
the value calculated directly from the Dawson data.

This essentially concludes the derivation of the
plasma and engineering system model which is to be utilized
in the following computations. The subject of the next
chapter in the development of a computational model based
on the determinations of this chapter. The validity of

this meodel and the approximations comprising it will be

discussed.
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Chapter 3

COMPUTATIONAL MODEL

Once the equations and relationships which comprise the
reactor model have been established, the problem solving pro-
ceeds to the next phase--establishing a workable computational
scheme for solution. First, the problem of determining the
variables which specify the steady-state reactor operating
regime will be examined. Once these steady-state parameters
have been calculated, they will be utilized in the examina-
tion of a pulsed operation mode example. The previous chapter
indicates a set of 23 non-linear equations which comprise the
reactor model. 1In order to expect realistically to solve for
reactor parameters this set of eqguations must be reduced to
a workable level bhefore attempting computer solution. Certain
restrictions imposed upon some of the problem variables aid in
the reduction of the system of equations. These restrictions
will be explained as they apply in the discussion which follows.

In order to establish the parameters which specify the
steady-state operating regime, one particular value is speci-
fied initially for each of the following variables: Pt, P’

q. Be. and e - Values for Ty and Erys 2T also specified for



the reactor model. In addition to these restrictions, the

value of the plasma aspect ratio,

A =R/a , (24)
is also specified. The final restricticn necessary to begin
initial computation is the following:

r,=a+ 1.0m ., (25)
which specifies the first-wall radius in terms of the plasma

radius, a. The equations for total power,

2
n
£ 2 2
P, =3 {owv) Erus 2m Ra” , - (26)
and wall loading,
n: 1 a2
P, =7 {ov) Ecus 3 .r—w ' (27)

together with the aspect ratio and the expression for r are
utilized to determine R, the major plasma radius: a, A and
N, the fuel ion density, required for each total powcr level
and each wall loading. These values are presented in the
discussion of the results in the next chapter. Note that
these parameters (R, a, x, and nf) are independent of all

plasma parameters except Pt' | A, Ti' and E_ . The assump~

fus
tion has been made that the TCT compcnent of fusion power

does not contribute significantly to the expression for Pt

or p_.

«l7=-



The next step in the reduction of the system of equa-
tioms is to establish steady-state versions of Equations (1),

(2), (4), and (5) by setting the temporal derivatives equal

to zero:
n2
=£ , £
st T * 32 (ov) (28)
2
(3 )
n, = T\7 {ov) + Sb fTCT R (29)
2
n.7. n
3.0:% _ B¢
2 1 2 (V) Q Uyy S,V Uy
- o (30)
Eb ., % gy ,
sb f'I'CT Qa Ua: + we1 UBL c T2 ¢ ai
3 neTe n:
2 s =7 (v e (1-u .) +s Vv, (1-U..)
+ S foop 9 (1- v, .) - W, - B -P, - (31)

(-U,,) = n, Tgp B (1 - Uy)
T T
For the case of pellet fueling with beam heating st =S + Sb'
where sb is the beam source rate (energetic injection) and
S is the pellet source rate (non-energetic), but for the
case of beam fueling, St = sb' It can then be seen that in
the pesllet case S and na may be expressed as functicns of

and S, ; wnile in the beam-fueling case, sb and n, may be ex-~

b
pressed as functions of 7 only. All this assumes preknowledge

of ng and (ov), which is a function of Ti only. The next step

-18=- :
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in the process is to utilize the conditions of plasma
neutrality,

n, =n. + 2na + ZI ng R (32)

and the ratio of bremsstrahlung radiation to alpha particle

heating,

2
n

B, =278 (v a (33)
together with the previously given relationship for Pb (Equa-
tion (11l)) to calculate expressions for n, and n.. The cal-
culations assume that there is a specified impurity present
within the plasma with a known electronic charge, e.g., ZI =
18 for argon, which is considered here. Combining Equations
(11), (32), and (33) produces values for n, and n, which are
functions of s, Spe Te T, (and ng and {(ov)) which again may
be related specifically back to being functions of 7, sb' and
Te only.

In order to relate the above discussed plasma parameters

to the engineering properties of the model, use is made of the

relationship for plasma beta,

Q
8 2 = .2 _ Tsp—
Po = 52 (0T, +n,T, +3nE +38, 7 E) ., (34)

P
and Equation (12) for synchrotron radiation. In oxder to de-

termine magnetic field strength from Ejquation (34), it is first




necessary to examine the energetics model for the plasma.
If a simple approximation is made in the calculation of the

argqument of the coulomb logarithm,

2 2
2= i T LI Z;n.] -1 (35)
i i( +a )2 T, i T, ’
Apth;

namaly by substituting a value equal to ETo/z into the cal-
culation replacing ET. the expressions become quite simplified.
Actually in the calculations which follow, a value of Vﬁ/z is
substituted for the beam particle energy, while a value of
Qa/a was found to be more accurate for the alpha marticle en-
ergy. This approximation is quite valid in view of the fact
that Ai enters the calculations only as szi in certain ex-
pressions. This simplification eliminates the need for any
iterative calculations within the energetics model itself.

All the properties associated with the energetics model (Equa-
tions (13) through (20)) may now be expressed as functions of
the plasma independent variables T‘ Spr Tqr and V,, the beam
energy. The expression for Be may now be utilized since the
nunber of alpha particles and beam ions in the process of
slowing down may be calculated via knowledge of the associated

slowing-down times:

b
nb = Sb TSD ’ (353)



and

43
= ;2 =, (36b)

n SD

'
a
Bp' poloidal magnetic field strength, may now be calculated
from Equation (34) and again related to the independent plasma
variables, T, Sb' Te' and Vb. Definitions of the safety fac-
tor, g, and plasma current, I, may now be used to calculate
Bt' toroidal magnetic field strength, and I. The reactor
model is now essentially complete and all reactor plasma and
engineering properties may be calculated from the basic set
of independent plasma parameters: T, sb' T,, and Vb.

In summa y of this section, three equations are essen-
tially left to be solved for three plasma independent vari-
ables in each of the two fueling models to be discussed. The
first two of these, Equations (30) and (3l1), were derived from
the tempoxal energy conservation equations for the plasma.

The third equation is the relationship used to represent the

type of diffusion model (trapped-ion scaling) assumed to be

present in the plasma:

s, %82 z°££A'5/2 T, \2

= —L

Tee K 11/2 C 0 (37)
neT; i

Specifically, for the case of pellet fueling, the independent
variables ave T, sb. and Te* Vs is given as an initial re-

striction of the model and is varied parametrically. For the

-21-



case of beam fueling, the independent variables are 7, Te,
and Vb' In this case sb is determined via Equation (28) as
a function of 7 and the given parameters. Essentially the
problem is then reduced to a case of three variable unknowns
which are to be determined from a set of three non-~linear
algebraic equations. 5
In addition to the models already discussed, one fu?—
ther case will be considered, and that is the case of fixed
burn-up. The fractional burn-up is defined as the ratio of

the plasma fuel burned in fusion reactions to the total fuel

source rate:

n2
£ (o
f.b = N nz ’ (38)
£,._£
- + > {ov)
which reduces to
g = % - . (39)
1+ —=
{ov) n_r

It can readily be seen that the effect of fixing the frac-

ticnal burn-up is equivalent to fixing the confinement time
since fuel density and fusion reactivity are already speci-
fied. T is no longer a variable for the purposes of compu-

tation and is replaced as a variable by c » the coefficient

-22e
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of trapped-ion scaling. Calculations for the two fueling
models are still performed as before with only the simple
variable change from T to .-

There are various numer ical methods available for the
solution of a set of simultaneous non-linear equations. One

of the most basic of these is a successive=-substitution

%

-

method whereby better and better approximations to the actual
solution vector may be found by repeated substitution of
values of T, Te' and sb or Vs into Equations (30), (31), and
(37). New values for the variables may be calcnlated directly
from the equations since they may all be expressed in the form

xi = F(xi; xjo }S‘) ’ (40)

where the X's are the variables to be determined. This method
is somewhat restrictive in that it requires that the initial
approximation to the solution vector lie within a specific
region known as the "region of convergence“8 in order for the
method to generate the correct solution. For this reason this
method was rejected here in favor of a somewhat less restric-
tive least-squares minimization technique which is described
below, Basically, the least-squares program used here searches
for the values of the plasma properties which will minimize the
quantity

~ 2

-23=




where Zi is the known value ?f a fixed plasma parameter and
Ei is the value of that parameter generated from one of the
threg eguations in qguestion. 1In order to make sure that the
equations were all given equal statistical weight in these
calculations, it was decided to make all the Zi equal. Feor
the purposes of this problem the Zi chosen was Do the fuel
ion density, which is specified totally by R, a, Pt' P e and
Ti as mentioned previously. ng is chosen because it is ex-
plicitly contained in each of Eguations (30), (31), and (37).

The specific quantity to be minimized in this research is then

3 - 2
i=)
where the ; . are generated from the three equations. The

fi
specific program utilized in these calculations is not re-

produced in this report. There.are many versions of least-
squares programs commonly used in curve-~fitting problems which
are readily adaptable to research of this nature. The remain-
der of the plasma and engineering parameters which specify
the operating regime are determined directly from the three
plasma variables which are the output of the program.

Once the steady-state regime has been completely iden-
tified for these large CTR's, the second of the operating re-
gimes--pulsed operation--is now examined. A very simple model

is chosen to illustrate pulsed operation. Since a complete

~24~



set of reactor parameters is generated by the steady-state
model, these parameters will be utilized as initial condi-
tions in the pulsed cycle. The basic difference in the
pulsea and steady-state models is in the fueling mechanism:
steady-state assumes continual fueling while in the pulsed
case, fuel is injected only at the initiation of the cycle.
Owing to the fact that the initial fueling amount is a large
fraction (typically 25% or greater) of the steady-state fuel
jon density, the density perturbation will cause the onset
of the thermal instability described by Ohta et g;.g at the
low operating temperature. For this reason it will be nec-
essary to control the reactor in order to diminish the ther-
mal excursions. Feedback control of the beam source strength
is one possible means of control and necessitates the use of
the pellet~fueling with beam-heating model. Now that the
general requirements for the model have been outlined, the
next step is the establishment of the particulars of the com~-
putational model.

Most of the components of the pulsed model have been
outlined in the explanation of the s teady-state model. There

are two essential differences: 1) Equations (1), (2), (4),

{5), and
dn n
I I
® "7 43)

=25=
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are utilizZed since the pulse§ case, i.e., time dependent,
is now being analyzed and 2) Sb is now a time and tempera-
ture'dependent property which is used to control plasma
thermal excursions. The second of the above conditions

necessitates the rewriting of Equations (4) and (5):

2
n
a 3 £
ac 2 M7 =7 (ovd Q U, + S, (£, IV Uy,
- a (44)
u .
s o u 3 rw, -2 PiTi M pi Tsn=
TCT a ai ei 2 T T a 2 o ai’
and
2
d_ 3 B |
At 2 PeTe = 2 {ov) Qa(l-Uai) + sb(t,'r)[vb(l—ubi)
45
+ £ 0 (1-U )] -w -éneTe-P-p e
TCT “a ai ei 2 1 b s '
n Eb -n T o
bbb . —a 5D T -y
- a Ubi) 72 Ea 1 ai)
where
= ’
Sb(t,T) sbo + 8'(t,T) . (46)
sbo is the steady-state value of the beam source strength

and S' is the control function which depends on both depar-
tures from design operating temperature and the delay time
associated with the acquisition of this information in the
feedback circuit. The model chosen for §' was first used
by Ohta et al., who demonstrated its effectiveness in thermal

instability control:
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T
S'=an L(t=At) = o | (47)

fo T
o

where a is a numerical constant, Neo is the steady-state
fuel ion density, T(t-At) is the operating temperature at
time t-At, At is the delay time, and.'.l'o is the design op-~
erating temperature. DNote that T and To may refer to either
electron or ion temperature values. In performing a para-
metric study of the effectiveness of this control At is
varied. The remainder of the computational model consists
of Equations (3) and (€) through (23) where now all of the
plasma properties are time dependent.

Essentially, the computer solution of this problem in-
volves specifically a numerical approximation to the solution
of the system of non-linear differential Equations (1), (2),
(43), (44), and (45). There are numeréus techniques avail-
able to solve these types of systems, and the one chosen here
is a fourth-order predictor-corrector technique known as
Hamming's method.8 Basically the procedure consists of the
following steps. First, the initial conditions are used to
establish approximations to the densities and temperatures
at three equally spaced points in time, the derivatives of
these quantities are readily calculable from the five-equa-

tion system. The initial three points are calculated usually
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via use of the Runge-Kutta method. Hamming's method is then
applied to predict the fifth point in time using the Milne

predictor:

(] 4
. . + = h(2 £.
Y3,4 = yJ'o 3 h{ f;,a

- fj.2 + 2 fj.l) . (48)
where the yj represent the densities and temperatures which
are being solved for and the fj are the temporal derivatives
of these quantities. The predicted solutions are modified

using estimates of the local truncation errors:

* o 112
¥5,4 " ¥5,4 ¥ 0 %53 ¢ (49)
where ej 3 represents the truncation error estimated at the
previous point in time,

‘ 2 v - °
5,3 121 5,3 - ¥5,3) - (50)
y' is the estimate of th¢ solution calculated using the cor-~

rector portion of Hamming's method,
1 *

Y:'].4 =<9 Yj,3 " ¥3,1 * Mgy 4 2y 5 - fj.z)] . (51)
where £; is calculated using the values of y; which were de-
termined in Equation (49). Points Y5+ etc. may then be cal-
culated using the previcus approximation determined in the
above manner. The computer code used in these calculations

is essentially that available on pp. 400 of the reference.B

Only two features remain to be modeled to complete the
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description of the computational procedure: 1) the fueling
model and 2) the incorporation of the delay time. Fueling
is modeled as a delta function assuming injection at t=0.
The initial plasma fuel ion density is then given as

nf - "to + Cp t‘.p 5 . (52)

n, is the steady-state fuel density, tp ig the pulse length,

fo
S is the steady~-state pellet fuel injection rate and cp is a
numerical factor which is varied to determine the average
thermal power output ovar the cycle time. The desired value
of cp is calculatsd iteratively over a series of runs. Use
of this given value for ng affects the values of the other
plasma properties and they are automatically adjusted by

the program. The question of delay time is a rather simple
one: valuer of either To OF T; are stored at each time step
and then the program will call on a particular value of T for
use in Equation (47} dependent upon the delay time desired.
This completes the description of the computational models

used in the calculations and leads to a presentavion and

discussion of results thereby calculated.
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Chapter 4

REACTOR REGIMES

Using the computational procedures outlined in the pre-~
vious chapter, the operating regimes of the large CTR's under
consideration are determined. As mentioned previously, the
initial step in the reduction of the system of non-linear
equations developed in Chapter 2 is the establishment of a
set of restrictive conditions on certain of the plasma vari-
ables, some of which are then to be varied parametrically.
These restrictive conditions are enumerated in Table 1. Aall
of these values, with the exception of the beam energies,
apply for both fueling models. As mentioned previously, when
considering the fixed burn-up case, the values for <. given
in Table 1 do not apply due to the fact that c, replaces T
as a variable in the calculaticns. All other restrictions
apply to the fixed burn-up case.

I. Steady-State Results

The initial values to be determined following the pro-
cedure of Chapter 3 are the torus dimensions and the plasma
fuel density. These values are listed in Table 2. Fuel den~
sities vary from 0.3 to 2.0 x 1014 ions/'cm3 while plasma

major and minor radii vary from 10 to 56 meters and from 4




to 21 meters, respectively. Fuel density increases with
larger wall loadings but decreases as toctal reactor power
levels increase. Physical reactor dimensions decrease with
rising wall loads but become larger as power levels are in-
creased. These parameters are all determined independent of
plasma 8, q, or fueling model and apply to each of the var-
ious cases which follow.

The results of the parameter survey for the pellet-
fueling with beam~heating model are listed in Tables Al
through Al2 in the appendix. The separate tables each rep-
resent the results found utilizing different values for wall
loading and beam enexrgy. In >»ach table values are listed
according to power level, plasma q, and poloidal beta. 1In
order to further facilitate data interpretation, values of

total plasma beta:

a
8n 2, = ,2_ Isbs
b= B2 (niTi ThTe T3 B T3 Ea) ! (53)
t

are listed in Table 3 as functions of q and Be according to

the additional relationship,

B = —2= (54)
g A

Results found do not cover the full range of input variables

indicated in Table l. For cases of tco-small confinement
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time, insufficient energy is retained in the plasma to per-
mit adequate hecating to maintain 10 keV ion tempeasrature.
For the case of tou-long confinement time either too much
anergy is retained in the plasma (requiring a negative beam
strength) or alpha particle accumulation causes bremsstrah-
lung radiation to become too large (requiring negative im-
purity concentration). Almost all of the resulta for the
pellet-fueling with beam-heating model fall into the nu~
merical ranges indicated helow. Thes species densities are
all reiated to the fuel ion densities given in Table 2: the
electron density varies from 1.2 to 2.0 times fuel ion den-
sity while alpha particle density is 15 to 40% of fuel den-
sity and impurity (argon) density is typically 1 to 2% or
less of the steady-state fuel concentration. Confinement
times range largely between 50 and 500 seconds with corre-
sponding fractional burn-ups of 10 to 50%. Pellet and beam

12 ions/bma/

source strengths are typically 1011to 4 x 10
second. Plasma current ranges from 30 to 70 megamperes.
Magnetic field strengths are strongly dependent upon wall
loading and their variations may be illustrated by utilizing
the maximum magnetic field strength, Bmax. which is the maxi-

mum value of the toroidal B-field present at the magnetic

superconductor:
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B R

max Bt R-(a+3) * (55}

with the radii given in meters. Bhax ranges from 30 to 80

kilogauss for 1.0 MW/m® wall load; from 50 to 130 kG for 3.0
MW/m® and from 100 to 225 kG for 6.0 MW/m°. This paragraph
sumnarized the absolute values of the variations found in
the pellet-fueling with beam-heating case.

The second interesting facet of thease steady~state re-
sults is their variation as a function of the other plasma
and engineering parameters. In the discussion which follows
it is assumed that when considering the variations mentioned
as a function of one particular property, the other parameters
are held constant. Once a2gain for the case of pellet-fueling
with beam-heating, the variations of p‘asmg and engineering
variables are summarized below. The first effect to be con-
sidered is that of reactor thermal power rating. As the
rating increases, electron temperature increases slightly,
while alpha particle concentration, fractional burn-up and
confinement time each increase markedly. This increase pro-
motes a decrease in both electron and impurity densities.
Pellet, beam and total source strengths all decrease as the
power rating rises. As for the engineering properties, plasma

current increases and, significantiy, magnetic field strengths

-33=



decrease with increasing power level. The effect of increas-
ing wall loading is to raise slightly the electron temperature
while electron, impurity, and alpha particle densities all in-
crease more markedly. Higher wall loadings decrease confine-
ment times but increase fractional burn-ups due to the in-
creased fuel density values. The source strength terms are
all incraased with larcer wall loads, as are magnetic field
requirements, while plasma current is decreased.

Certain of the internal plasma parameters also have marked
effects on the remaining plasma and engineering properties.
The effect of increasing plasma beta is to decrease electron
temperature and density, along with alpha particle concentra-
tions, confinement times, and fractional burn-ups. Impurity
density is increased with larger plasma beta. Source strength
values are all raised by increasing beta, while plasma current
and magnetic field strengths are lowered. The effect of plasma
safety factor, g, is exactly the opposite of plasma beta. In-
creasing q raises electron temperature and density, alpha par-
ticle concentration, confinement time, and fractional burn-up.
Impurity concentration is lowered as g increases. Source
strengths are lowered by increased g, and plasma current and

magnetic field strengths are elevated. Increasing



<. raises electron temperature and density, alpha particle
density and fractional burn-up vhile lowering impurity con-
centration. The source strangths are each decreased by higher
e, valu=s, and plasma current and field strengths rise with
higher cT. The effect of injection energy is essentially neg-
ligible except when considering source strengths. Increasing
beam energy decreases the beam source strength while increas-
ing the pellet source rate; the total source rate increases
siightly with higher beam energy. This essentially completes
the qualitiative summary of variations of reactor properties
in the pellet-fueling with beam-heating model.

Plotted summaries of s0une of the results are presented
in Figures2 through 9 for the case of pellet-fueling with beam
heating assuming a value of c, equal to 0.1. PFigures 2 and 3
present the variation of the confinement time as a function
of reactor power level. Figure 2 illustrates the variation
of 7 with plasma beta and Figure 3 shows the variation of ~
with first wall loading. Figures 4 and 5 illustrate the vari-
ation of the fractional burn-up; again, plasma beta and wall
loading effects are illustrated parametrically. Figures 6 and
7 show the variations of the toroidal magnetic field strength
while Figures 8 and 9 illustrate the variation of the maximum

B-field strength. Figures 6 and 8 indicate the magnetic field
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dependences on beta, and Figures 7 and 9 show the dramatic

variation of B-field strength with first wall loading.

B e B

Tables Al3, Al4, and Al5 contain the results of the
steady~-state calculations for the beam~fueling model. 1In %
these tables there is only one value for sow ce strength
corresponding to the beam source, and in addition Vb is
now entered as a system variable rather than as an initial
restriction. The range of parameters is very similar to i
that discussed for the pellet-fueling case. The variation 3
of Vb covers the range from 50 to 250 keV in most cases.

In addition to the restrictions imposed on the operating
regime by too-short or too-~long confinement times as in the
pellet~fueled case, an additional restriction is imposed
when the value of V£ ig less than 10 keV. 1In this regime
(vi < Ti) the energetics model of Chapter 2 breaks down and
the results are discounted. Mention is also made of the
fact that for beam energies less than 100 keV, the beam
probably would not penetrate sufficiently into the plasma
to provide the type of uniform heating which the model pre-
sumes. For this reason regimes wherein the beam energy is
less than 100 keV may not be physically realistic, and the

accuracy of these results is not guaranteed. The variations

of the plasma and engineering properties with the parameters §
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discussed previously is essentially identical to the varia-
tions discussed for the pellet=fueling case. However, the
inclusion of Vﬁ as a system variable does need to be quali-
tatively examined; The beam energy increases with rising
power level and wall loading. Vi also increases with in-
creasing g and cT and decreases with larger plasma beta.
Figures 10 through 17 indicate the variations of -, fB' Bt'
and Bmax again as functions of power level, plasma beta and
wall loading. & value of c, equal to 0.1 has again been
presumed in the calculations.

The remainder of the results for the steady-state case
presumes a fixed fractional burn~up of 20%. As mentioned
previously, fixing fB fixes the confinement time for given
.values of power level and wall loading and introduces c_
into the calculations as a variable replacing r. Tables
Al6 through A27 present the variables calculated for the
pellet-fueling model. Tables A28, A29, and A30 represent
the beam-fueling results. Again, the same restrictions
(Table 1) apply here that applied to the previous discus-
sion. The restrictions on operating regimes are also the
same. The variable range is essentially the same

as for the previous cases, except that here
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the values of c_ range from 0.02 to 0.5 in most cases. Vari-
ations of the reactor properties are also identical with those
préviously discussed. c. decreases with increasing power
level and decrzases as wall loading rises. c.r increases as
beta rises but decreases as g is raised. Increasing the in-
jection energy raises the value of c, slightly. Figures 18
and 19 depict the c. variation with power level, plasma beta
and wall loading for the pellet~fueling example. Figures 20
through 23 illustrate the B-field variations for the fixed
burn-up pellet-fueling case. Figures 24 and 25 show the c.
variation for the bheam-fueling case with fixed burn-up and
Figures 26 through 29 illustrate the corresponding B-field
fluctuations. This concludes the presentation of results
for the steady-state models. The most important features
of this study will be discussed in the conclusions which
follow at the end of this chapter.
II. Pulsed Operation Results

The next model to be examined is the quasi-steady-state
or long pulse operation scheme. As mentioned previously the
pellet-fueling model is utilized for these computations.
The requirement of a pulse time which is shorter than the
particle confinement time and yet is still on the order of

a few minutes limits the choices of reactor regime somewhat.
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Table 4 presents the steadyistate reactor model chosen. The
confinement time of 240 seconds is to conform with a pulse
length of 200 seconds. It is assumed that Table 4 shows the
plasma parameters prior to the initiation of the power pulse.
Once the pulse is underway the fuel density will be altered
as modeled in Equation (52):

nf = nfo + cP tP s ,

where S is given as 0.95 x 1011 ions/me/éecond. cP is to
be determined dependent upon the averaged power output de-
sired over the power producing cycle. This change in the
value of ng also produces changes in the values of the other
species densities as well as in the value of plasma beta.
These parameters will vary'throughout the power cycle and
their variations will be plotted and discussed.

In the initial computations it is assumed that the de-
sired average power output over the 200 second cycle is 12.5
gigawatts, the same as the steady-state power rating. For
this model cp is determined to be 0.65, which produces an
initial density perturbation of 1.2 x 1013 ions/'cm3 or 25%
of the steady-state fuel density. This large density perturbation
drives the plasma ion temperature to zero in 14 seconds via the

thermal instability mechanism9 previously discussed. " It is thus

necessary to implement the thermal control mechanism modeled



by Equations (46) and (47). In the calculations a value of
g = 1 is assumed along with a delay time of 0.5 second. This
control function effectively controls the plasma ion temper-
ature within the bounds of 9.9 kévvand 10.1 kev, i.e., an rms
variation of 1%. The variations of the plasma parameters N,
Ba. and T are shown in Figures 30, 31, and 32. The behavior
is essentially the same in all cases--~a monotonic decrease
from the initially perturbeéd values. ne varies from a maxi-
mum of 6.1 x 1013 ions/cm3 to a minimum of 2.7 x 10l3 ion/cm3.
The dashed line on the figures represents the steady-state
value of the particular plasma parameter taken from Table 4.
Be varies from a maximum of 1.4 to a minimum of 0.7 while T
varies from 245 seconds to 90 seconds. Other plasma species
densities are observed to exhibit exactly the same monotonic-
ally decreasing behavior. The average value of the control
portion of the beam source throughout the cycle is found to
be -0.064 x 1011 ions/cmB/second. The control fraction is
negative due to the fact that the ion temperature fluctuations
tend to be more positive for this case. The average beam
source rate throughout the power cycle is then 2.32 x 1011
ions/cm3/secand. The ratio of injected power to total thermal

power is found to be 0.036 when averaged over the cycle. The

control function is determined to be ~2.7% of the beam value.
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The effect of increased delay time in the implementa-
tion of the control function was also analyzed as a part of
these studies. The range of variation of the ion tempera-
ture is 9.9 to 10.1 keV for 0.5 secnnd delay, 9.9 to 10,3
keV for 0.7 second delay and 9.8 to 10.8 keV for 1.0 second
delay time. All of these variations are quite small and
result in the use of only small fractions of available power
for control purposes. For the case of the 200 second power
pulse, the beam power is only about 3.5% of the total reac-
tor power rating regardless of the delay time chosen. The
control becomes more and more negative as a function of in-
creasing delay time. For 0.5 second delay the control
strength is -2.7% of the beam strength; for 0.7 second de-
lay the control is ~-5.6%; and for 1.0 seccnd delay time the
control is ~20.2% of the beam strength.

The final case to be examined is the case of a 200 sec-
ond power pulse followed by a 100 second dead time wherein
the plasma parameters are assumed to be returned to the
values given in Table 4 prior to beginning a second power
pulse. In this case the averaged power rating over the power
cycle is to be 1.5 times the steady-state value of 12.5 GWatts.
In this case cp is determined to be 1.05. The density per-

turbation in this example is 2.0 = 1013 ions/bm3, which
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represents a 41% perturbati?n and the ion temperature drops
to zero in 1l seconds if the thermal instability is not con-
tro;led. The variation of the plasma properties is essen-
tiallf the same as in Figures 30, 31 and 32 although the
numerical values are somewhat larger. Fuel density varies
from 6.8 x 1013 to 4.0 x 1013 ions/tm3. Ba ranges from 1.6
to 1.04, and 1 varies bhetween 255 seconds and 140 seconds.
This time the average control fraction of the beam source
is found to be +0.95 x 10!t ions/bm3/second, which is
approximately 34% of the steady~-state beam source strength.
The averége heam power throughout the power cycle is 3.4%
of the total thermal power, which is 18.75 GWatts in this
example. For this more physically-realistic case (allowing
for a dead time), the fraction of power needed to control
the thermal instability is only about 1% of the total reac-
tor thermal power rating.

III. Conclusions

The original purpose of this research was to identify
the reactor operating regimes for CTR's with thermal power
ratings between 12.5 and 50 GW(th). This research was to
aid in the selection of particular reactor models for the
purposes of a complete system design study. Several favor-
able combinations of variables were observed which will aid

in the pursuit of this eventual goal:
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l. Low 3, and low g combinations are desirable. Low

B_ (relative to A, the aspect ratio) results in no problems

g
with MHD instabilities and produces large burn-up fractions.

Low g results in reduced magnetic field strength requirements
and high burn-up also.

2. Injection energies should be kept in the low range
(200 to 350 keV) to produce lower total source strength re-
quirements and lower beam source power levels. Optimal
beam heating profiles tend to occur also in this range of
beam energies.

3. A median range of power level and wall loading will
need to be utilized to achieve an optimal design. Increased
power rating increases the physical reactor dimensions while
decreasing the magnetic field requirements. The effect of
increased wall loading is just the opposite. Increased
power levels also decrease significantly the pellet and beam

source rates.

These factors will all need to be considered when a reactor
model is chosen for a system analysis.

The results of the parameter survey of operating regimes
of CTR's with very large thermal power ratings have been pre-~
sented in a previous section of this chapter. In addition a

particular set of these parameters representing a possible
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pulsed réactor model has a%;o been examined in depth. Cer-
tain overall conclusions have been reached regarding both
the steady-state and pulsed operating regimes:

1. Maximum magnetic field strengths are between 25 and
50% less for these large CTR's than in the case of 5000 MW
(th) reactors which have been the subject of previous design
analysis.

2. These large CTR's represent a regime of high n_ o
product (typically 1015 to lo17 sec/bm3) with associated
high burn~up fractions (10 to 50%) which indicate excellent
power production capabilities as well as efficient fuel use.

3. There is relatively little problem with impurity
build~up and this problem may be further alleviated via use
of the pulsed reactor concept modeled herein.

4. Long confinement times (50 to 500 seconds) are

found throughout most of the reactor regime.

5. While fueling using the pellet concept may present
some difficulties, this is alleviated via use of the pulsed

operation scheme.
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6. The effectiveness of the control mechanism for ther-
mal instability has been shown to be most effective while not
consuming a significant fraction of the energy produced by
the reactor operating in the pulsed mode. Typically, the
fraction of power utilized for control is 1% or less of the
total reactor thermal power rating.

In addition to the technological advantages of operation at
these very large power ratings covered in the above analysis,
a previous report1 has indicated economic and environmental
advantages associated with these very large CTR's when they
are used in conjunction with synthetic fuels production and
process heat generation in addition to electricity produc~
tion. It is this last factor which is perhaps most signifi-
cant because it indicates the mechanism whereby these very
large CTR's can be used in conjunction with existing power

grids.
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Table 1

RESTRICTIVE CONDITIONS

Power - GW(th)
12.5 25.0 50.0

Wall Load - MW/m2

1.0 3.0 6.0
qg: 1.5 2.0 2.5
Bez 1.0 1.5 2.0
cTz 0.1 1.0 10.0
Ef = 20 MeV
T, = 10 keVv
i
A= 2,6

For Beam and Pellet Case Only
Vb - KeV

200 350 500 1000
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Table 2

POWER-RESTRICTED PARAMETERS

Wall Load Power Fuel Density a R
im?)  _(ew)  _(o!3 ew=3) {m) Am)
1.0 12.5 4.8 10.6 27.4
25.0 4.0 15.1 39.2

50.0 3.3 21.6 56.0

3.0 12.5 11.5 5.9 15.3
25.0 9.4 8.5 22,1

50.0 6.5 13.7 35.6

6.0 12.5 20.2 4.0 10.5
25.0 16.0 6.0 15.3

50.0 13.0 8.5 22.0
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Table 3

TOTAL PLASMA BETA

a_ BG B
1.5 1.0 0.066
1.5 0.099
2.0 0.132
2.0 1.0 0.037
1.5 0.056
2.0 0.074
2.5 1.0 0.024
1.5 0.036
2.0 0.048

. X =

§



Table 4

OPERATING PARAMETERS AT PULSE INITIATION

Power = 12.5 GW(th)
wall Load = 1 MW/m>

g=1.5 Be =1.0
T = 240 sec. fB = 39%
Iemperatures
Ion : 10.0 keVv
Electron : 9.1 keV
Dengities
Fuel : 4.8 x 1013 a3
Electrons : 9.1 x 10t com”3
Alphas : 1.6 x 1013 cm-3
Impurities : 5.9 x 10!t em™3
Sources
Pellet : 0.95 x 1011 cm-3 sec-l
11 -3 -1
Beam s 2.40 x 10 cm sec
Beam Energy : 200 keV
Fields
Toroidal : 30 kilogauss
Maximum :+ 60 kilogauss
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NOMENCLATURE

plasma minor radius
aspect ratio (= R/a)
reduced aspect ratioc (= A/3)
mass number of ion species i

bremsstrahlung coefficient, subscript identifying
beam particles

reduced toroidal fiesld (= Bt/so kG)
poloidal magnet field

toroidal magnet field

mathematical constant

pulsed power fraction

coefficient of trapped ion scaling
deuterium, diffusion coefficient
subscript identifying electrons
average energy of beam particle
average energy of slcocwing~down alpha particle
initial beam particle energy
initial alpha particle enexrgy
critical beam en=rgy

critical alpha particle energy

total energy released in fusion reaction and sub-

" sequent events

-g83-



TCT

subscript identifying fuel ions

per~particle probability of beam-plasma fusion while
slowing down

factor indicating enhancement of beam energy due to
beam-plasma fusion interactions

subscript identifying plasma ions

plasma current, subscript identifying impurity ions
synchrotron coefficient

mathematical constant

. . b
beam ion density (= A TSD)

electron density

fuel ion density

ion density

alpha particle density

subscript identifying steady-state or initial value
wall loading

bremsstrahlung power

synchrotron power

total reactor thermal power rating

equivalent to E__, energy of alpha particle born in
fusion reaction

poloidal radius variable
reflection coefficient for synchrotron radiation

first wall radius

-84



eff

plasma major radius

pellet source strength

beam source strength

total source strength (= S + sb)

time variable

pulse length

Tritium, time-dependent temperature variable
electron temperature

ion temperature

fractional multiplier to determine amount of beam
energy transferred to ions

fractional multiplier to determine amount of alpha
energy transferred to ions

relative velocity

beam particle initial energy (= Eho)

energy transfer rate from electrons to ions
effective charge of plasma (= T nizi/ne)
electronic charge of ion species i

subscript identifying alpha particles, control
function constant

ratio of plasma pressure to total magnetic pressure

ratio of plasma electron pressure to poloidal magnetic
pressure

ratio of plasma pressure to toroidal magnetic pressure
(= 8)

-85-



ratio of plasma pressure to poloidal magnetic pressure
delay time

electron coulomb logarithm argument

ion coulomb logarithm argument

reaction cross section

reaction probability

confinement time (= a2/4D)

numerical factor in slowing-down time expression
Bohm confinement time preduction

energy confinement time

beam slowing-down time

alpha slowing-down time

-86=
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APPENDIX

STEADY~STATE RESULTS

-87~



Note:

Due to an error in the reference from which the expression
for the Bohm confinement time was taken, the values of T/TB.
presented in the tables are in error. Multiplying the

tabulated values by 64 should produce the correct ratio.
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Table A2: Pellet-Pueling Model, V, = 200 keV, p_ = 3.0 M/

b
Dengjties Sourges
T l'e “a "I 4 Pellet Beam Total B, B
P 8 e 14 13 12 8 ¢ t/r 12 12 12 1 T max
L 9 Pp  fkev) (10°7) (10°7) {10 ) (%) o 1.(s) B (10°) Q0 ) (1007) (MA) (kG) (k@)
12.5 1.5 1 9.12 2.37 S.11 1.08 45.9 1.0 131. 28.1 »30 1.35 1.65 36.9 48.7 117.
2 1.5 9.14 2.50 6.00 .85 49.9 1.0 153. 29.6 +13 1.36 1.49 30.9 54.5 130.
2 9.10 2.29 4.57 1.22 43.2 1.0 117. 27.1 «39 1.34 1.73 25.6 45.2 108.
25. 2 1 9.00 1.58 1.80 1.56 26.8 0.1 69.3 6.5 «83 1.01 1.84 43.4 53.1 1l1l.
2.5 1 9.02 1.72 2.79 1.26 36.1 0.1 107. 7.7 «34 1.02 1.36 45.3 69.2 1l44.
1.5 9.00 1.59 l.82 1.53 27.6 0.1 72.1 6.6 «78 1.01 1.79 35.6 S4.4 113.
2 8.98 1.52 l.42 1.68 22.3 0.1 54.4 5.9 1.17 1.04 2.21 30.2 46.2 96.2
1.5 1.5 9.21 2.24 6.18 .38 55.9 1.0 240. 31.6 «04 +85 .83 42.1 38.6 80.6
2 9.16 2.01 4.73 «73 49.2 1.0 184. 29.3 16 +85 1,01 34.6 31.8 66.3
50. 1.5 1 9.04 1.14 1.55 .98 31.3 0.1 125. 7.1 «31 45 .76 59.4 33.8 63.7
1.5 9.01 1.06 1.05 1.14 23.5 0.1 84.1 6.0 «53 .48 1.01 47.0 26€.8 50.4
2 8.99 1.03 .80 1.22 18.9 0.1 63.6 5.3 <75 «51 1.26 40.0 22.8 42.9
2 1 9.10 1.30 2.69 +«66 44.2 0.1 216. 8.7 «09 .44 «53 63.5 48.2 90.9
1.5 9.05 1.18 1.82 .90 34.9 0.1 147. 7.6 .24 «44 .68 49.3 37.4 70.5
2 9.03 1,11 1.38 1.03 28.9 0.1 111. 6.8 «37 - 45 +82 41. 31.6 59.4
2.5 1.5 9.10 1.32 2.80 «63 45.1 0.1 225. 8.8 .08 «45 .53 52.2 49.5 93.3
2 9.07 1.22 2.12 .81 38.5 0.1 171. 8.0 .18 -44 .62 43.5 41.3 77.7
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Table Ad: Pellet-Fueling Model, V. = 350 keV, p_ = 1.0 MW/n’

b
——Dengities —— Sources
N N N .

T e a I £ Pellet Beam ‘Total B B

e 13 12 12 B ¢ iy 11 11 1 1 T max
(keV) (1077) (307°) (10°7) (%) 1 1 (s) B (10°) Qo) (10°) (MA) (kG) (kG)
9.03 7.21 3.00 1.00 10.6 0.1 43.5 3.9 10.13 2.20 12.33 36.7 36.2 71.6
9.02 7.44 4.65 .95 15.5 0.1 67.9 4.8 6.42 1.96 8.38 37.2 45,9 90.7
9.03 7.23 3.12 1.00 10.9 0.1 45.3 4.0 9,72 2.17 11.89 30.0 37.0 73.1
9.14 9,04 15.8 «60 38.8 1.0 233, 25.3 1.93 1.43 3.3€ 40 9 30,2 59,8
9.11 8.29 10.7 «75 30.0 1.0 158. 21.8 2.87 1.47 4.34 32.0 23.7 46.8
9.09 7.91 8.08 .83 24.4 1].0 119. 19.4 3.79 1.54 5.33 27.1 20.1 39.7
9.20 10.8 27.3 «30 52.2 1.0 403. 30.4 1.00 1.49 2.49 44.5 43.9 86.9
9,15 9.45 18.6 .52 42.7 1.0 274. 26.9 1,63 1.43 3.06 34.1 33.6 66.5
9.13 8.79 14.1 .65 36.1 1.0 208. 24.3 2.17 1.43 3.60 28.5 28.1 55.6
9.20 11\.0 28.4 .27 S53.2 1.0 4al9. 30.7 .94 1.51 2.45 36.6 45.2 89.3
9.17  9.92 21.6 .44 46.4 1.0 31%. 28.2 1.37 1.44 2.81 30.2 37.2 73.7
9.05 6.05 3.23 .80 13.4 0.1 69.3 4.4 5.29 1.31 6.60 48.1 24.8 46.2
9.04 5.91 2.18 .84 9.4 0.1 46.4 3.7 7.88 1.53 9.41 38.9 20,1 37.3
9.03 5.84 1.66 .86 7.3 0.1 35.0 3.2 10.44 1.76 12,20 33.5 17.3 32.1
9.06 6.39 5.66 .72 2l.5 0.1 122. 5.7 2,98 1.14 4.12 49.3 34.0 63.1
9.05 6.13 3.81 .78 15.5 0.1 8l.9 4.8 4.48 1.25 5.73 39.5 27.2 50.6
9.05 6.00 2.88 .81 12.1 0.1 61.7 4.2 5.94 1.37 7.31 33.9 23.3 43.4
9.07 6.84 B.78 .62 29.8 0.1 190. 6.9 1.86 .11 2.97 50.9 43.9 8l.5
9.06 6.42 5.89 .71 22.2 0.1 127. 5.8 2.86 1.14 4.00 40.4 34.8 64.6
9.06 6.72 4.44 .76 17.7 0.1 95.8 S.1 3.82 1.20 5.02 34.4 29.7 55.1
9.28 9.93 28.9 .10 58.5 1.0 630. 32.5 .58 .93 1.51 61.1 31.5 58.6
9.21 8.49 19.8 .31 49.2 1.0 432. 29,2 .89 .91 1.80 46.2 23.9 44.4
9.17 7.77 15.1 .44 42.4 1.0 329. 26.7 1.17 .92 2.09 38.4 19.8 36.8
9.26 9.45 25.9 .17 55.8 1.0 565. 31.6 .67 .92 1.59 42.2 29.0 53.9
9,09 5.49 6.12 .55 26.4 0.1 193. 6.4 1.59 .71 2.30 65.3 23.6 42.1
9.07 5.21 4.13 .61 19.4 0.1 130. S.4 2.36 -77 3.13 52.0 18.8 33.5
9.06 5.07 3.12 .65 15.4 0.1 98.0 4.8 3.12 .84 3.96 44.4 16.1 28.6
9.13 6.16 10.7 .41 38.5 0.1 338. 8.0 .89 .69 1.58 68.9 33.3 59.2
9.10 5.65 7.22 .5Y 29.7 0.1 228. 6.9 1.35 .70 2.05 54.0 26.1 46.4
9.09 5.40 5.46 .57 24.2 0.1 172. 6.1 1.78 .73 2.51 45.8 22.1 39.3
9.16 7.04 16.4 .26 49.0 0.1 519. 9.2 .51 .73 1.24 73.5 44.3 78.9
9.13  6.23 11.1 .40 39.5 0.1 352. 8.1 .85 «69 1.54 56.6 34.1 60.8
2.11 5.83 8.42 .48 33.0 0.1 266. 7.3 1.14 .69 1.83 47.5 28.6 51.0
9.33 8.83 27.7 .002 62.0 1.0 881. 33.7 .38 .60 .98 58.1 21.0 37.4
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Table A6: Pellet-Fueling Model, V. = 350 kevV, B, = 6.0 Mw/m2

b
Densities Sources
T Ne Na. NI £ Pellet Beam Total B, B

P 8 e 14 13 12 B ¢ w/r 12 12 12 7T max
€. 9. ‘8. (kev} (0 ) (10°7) (10°7) (X)) 1 _ais) B (10°7) (0°7) (07) (MA) (kG) _(kG)

12.5 2 1.5 9,22 4.54 12.06 1l.13 53.5 1.0 101. 30.8 1.79 2.52 4.31 28.8 74.3 225.

2.5 2 9.24 4.94 14.01 «68 57.2 1.0 117. 32.1 1.44 2.60 4.04 25.7 B82.9 251.

25. 2.5 1 9.10 3.10 5.65 1.94 40.1 0.1 73.0 8.2 1.85 l.84 3.70 42.3 93.2 223.

1.5 9.08 2.83 3.80 2.47 31.0 0.1 49,1 7.0 3.00 1.78 4.78 33.1 72.8 174.

1.5 1.5 9.29 4.17 12.5 +26 60.0 1.0 163. 33.0 «96 1.52 2,48 39.9 52.8 126.

2 9.24 3.70 9.59 «92 53.3 1.0 125, 30.7 1l.28 1.50 2.78 32.6 43.2 103.

50. 1.5 1 9.12 2.41 3.83 1.80 35.8 0.1 74.8 7.7 1.66 1.08 2.74 53.8 49.4 103,
1.5 9.09 2.23 2.59 2.17 27.4 0.1 50.5 6.5 2.46 1.13 3.59 42.3 38.9 81.0

2 1 9.18 2.83 6.63 1.04 49.1 0.1 130. 9.3 «90 1.10 2.00 58.2 71.2 148,

1.5 S.14 2.51 4.50 1.60 39.6 0.1 88.1 8.1 1l.40 1.08 2.48 44.8 54.8 114,
2 9,11 2.35 3.42 1.92 33.2 0.1 66.8 7.3 1.87 1.09 2.96 37.6 46.0 85,9

Z.5 1 9.23 3.39 10.2 «23 59.6 0.1 198. 10.4 «40 1.26 1.66 63.4 97.0 202.

1.5 9.19 2.87 6.89 .98 50.1 0.1 135. 9.4 «85 1.11 1.96 47.8 73.2 153,

2 9.15 2.62 5.24 1.40 43.3 0.1 103. 8.6 1.19 1.08 2.27 39.6 60.6 126.




Table A7: Pellet-Fueling Model, V. = 500 keV, P, = 1.0 Hw/hz i

b
pengities gources
N N N
7T e a I £ Pellet Beam Total B, B

P 8 e 13 12 12 P oc T/ 11 11 1 . r omax
t g o (kev) (10°7) (10°) (10°) (%) Tz _1(s) B (10°) (0°) ({10°) (MA) (kg) _(kG)
12,5 2 1 9.11 7.19 2.91 1..00 10.4 0.1 42.7 3.8 10.95 l.61 12.56 36.8 36.3 71.8
2.5 1 9,09 7.4 4.53 «95 15.3 0.1 66.7 4.7 7.07 1.42 8.49 37.3 46.0 90.9
1.5 9.11 7.21 3.03 1.00 10.8 0.1 44.4 3.9 10.52 1.59 12.11 30.1 37.1 73.4
1,5 1 9.18 8.99 15.5 «61 38.5 1.0 231. 25.2 2.35 1.03 3.38 40.9 30.2 59.8
1.5 9.16 8.25 10.5 «75 29.7 1.0 156. 21.7 3.32 1.06 4.38 32.0 23.7 46.9
2 9.15 7.89 7.92 «83 24.2 1.0 118. 19.3 4.27 1.11 5.38 27.2 20.1 39.7
2 1 9,24 10.7 26.9 «31 52.0 1.0 400. 30.3 1.43 1.08 2.51 44.5 43.9 86.7
1.5 9.20 9.40 18.2 +«53 42.4 1.0 272. 26.7 2.04 1.03 3.07 34.1 33.6 66.5
2 9.17 8.75 13.8 »65 35.8 1.0 206. 24,2 2.60 1.04 3.64 28.5 28.1 55.6

2.5 1
1.5 9.24 10.9 27.9 .28 53.0 1.0 415. 30.6 1.37 1.09 2.46 36.6 45.1 89.2
2 9.21 9.86 21.2 «45 46.2 1.0 316. 28.1 1.78 1.04 2.82 30.2 37.2 73.6
25, 1,5 1 9,13 6.03 3.15 +«80 13.2 0.1 68.1 4.4 5.75 «95 6.70 48.2 24.9 46.3
1.5 9.13 5.89 2.12 -84 9.2 0.1 45.5 3.6 8.47 1.12 9.59 39.0 20.1 37.4
2 9.13 5.82 1.60 .85 7.1 0.1 34.2 3.2 11.18 1.29 12.47 33.6 17.4 32.3
2 1 9,12 6.37 5.54 .72 21.2 0.1 120. 5.7 3.35 .83 4.18 49.4 34.0 63.2
1.5 9.12 6.11 3.72 .78 15.3 0.1 80.6 4,7 4.90 +» 90 5.80 39.6 27.3 50.7
2 9.13 5.98 2.80 .81 11.9 0.1 60.6 4.1 6.43 +99 7.42 34.0 23.4 43.5
2.5 1 9.12 6.81 8.60 «62 29.5 0.1 187. 6.8 2.19 .81 3.00 51.0 43.9 8l1.5
1.5 9.12 6.40 5.76 .71 21,9 0.1 125. 5.8 3.22 «82 4,10 40,4 34.8 64.7
2 9.12 6.20 4.34 «76 17.4 0.1 94.3 5.1 4.22 .87 5.09 34.5 29.7 55.2
1.5 1 9.31 9.87 28.5 .11 58.3 1.0 625. 32.4 «85 87 1.52 60.9 31.5 58.5
1.5 9.25 8.44 19.5 «32 48.9 1.0 428. 29.1 1.15 .66 1.81 46.2 23.9 44.3
2 9,21 7.73 14.9 -44 42.2 1.0 326. 26.6 1.43 .67 2.10 38.3 19.8 36.8
2 1.5 9.34 10.7 33.4 .003 62.1 1.0 732. 33.7 «74 «69 1.43 51.6 35.6 66.1
2 9.29 9.39 25.6 .17 55.6 1.0 56l. 31.5 .93 «67 l.60 42,1 29.0 53.9
50. 1.5 1 9.15 5.47 6.00 55 26.1 0.1 191. 6.4 1.81 «52 2.33 65.3 23.6 42.1
1.5 9.14 5.20 4.04 .61 19.2 0.1 128. 5.4 2.61 «56 3.17 52.1 18.8B 33.5
2 92.13 5.06 3.05 +«65 15.2 0.1 96.5 4.7 3.40 .61 4.01 44.5 16.1 28.7
2 1 9,17 6.13 10.5 «42 38.3 0.1 334. 7.9 1.09 +50 1.59 68.9 33.3 59.2
1.5 9.15 5.63 7.08 «52 29.5 0.1 226. 6.8 1.56 51 2.07 54.0 26.1 46.4
2 9.14 5.38 5.35 «857 24.0 0.1 170. 6.1 2.01 «53 2.54 45.8 22.1 39.4
2.5 1 9.21 6.99 16.1 .27 48.8 0.1 514, 9.2 «72 .52 1.24 73.4 44.3 78.8
1.5 9.18 6.19 10.9 «40 39.2 0.1 348. 8.1 1.05 .50 1.55 56. 34.1 60,7
2 9.16 5.80 8.26 .48 32.8 0.1 263, 7.3 1.36 «50 1.86 47.5 28.6 51.0
1.5 2 9.36 8.77 27.4 +009 61.9 1.0 875. 33.6 «55 .44 +99 57.9 21.0 373
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Table A9: Pellet-Fueling Model, V, = 500 keV, p = 6.0 #9/m2

Dengities Sources
N N N
T e a I £ Pellet Beam Total B, B

P 8 e 14 13 12 B ¢ /7 12 12 12 I T ma:
t 9. ‘o tkev (10 ) (100°7) (100 °) (%) _r. 1{s) B (1007) (10°7) (10°7) (MaA) (kG) (kG)

12.5 2 1,5 9.26 4.61 1.19 1.16 53.3 1.0 99.9 30.7 2.51 1.82 4.33 28.7 74.2 224,

2.5 2 9.28 4.91 1.38 .72 57.0 1.0 116. 32.0 2.17 1.88 4.05 25.7 82.8 251.

25. 2.5 1 9.15 3.08 5.54 1.96 39.8 0.1 72.2 8.1 2,40 1.33 3.73 42.3 93.2 223.

1.5 9.14 2.81 3.72 2.49 30.8 0.1 48.5 7.0 3.53 1.29 4.82 33.1 72.9 174.

1.5 1.5 9.33 4.14 l.23 .29 59.7 1.0 162. 32.9 .39 1.10 2.49 39.8 52.7 126.

2 9.27 3.68 «95 «95 53.1 1.0 124. 30.6 1.71 1.08 2.79 32.6 43.1 103.

50. 1.5 1 9,17 2.40 3.76 1.81 35.6 0.1 74.0 7.6 1.98 «78 2.76 53.8 49.4 103.
1.5 9.15 2.22 2.54 2.18 27.1 0.1 49.9 6.5 2.81 «82 3.63 42,4 38.9 8l.1

2 1 9.2 2.82 6.52 1.06 48.9 0.1 128, 9,2 1l.21 .8u 2.01 S8.1 71.1 148,

1.5 9.18 2.50 4.43 1.62 39.4 0.1 87.2 8.1 l.72 .78 2.50 44,8 54.8 114.
2 9.16 2.34 3.35 1.93 33.0 0.1 66.0 7.3 2.19 .79 2.98 37.6 46.0 96.0

2.5 1 9.27 3.37 9.99 «26 59.4 0.1 196. 10.4 «75 .91 1.66 63.3 96.8 202.

1.5 9.23 2.86 6.78 1.00 49.9 0.1 133. 9.3 1l.17 .80 1.97 47.8 73.1 152,

2 9.20 2.61 5.15 1l.42 43.1 0.1 101. 8.5 1.50 .78 2.28 39.6 60.6 126.



8°8¢

LT NTANNODRTNNNND
.

OMOCNMOMNeOOTONYM

MO MOINTOO NGO N

91

6°82
| 213
8°61
8°ee
€°T¢
8°62
6°vE
6°EY
S*€e
veLe
1°ve
S°LY
€°02
0°se
1°LE
6°vY
L*6S
1°82
9°€E
L°EY
T°02
L°€T
¢°0€
€°LE
(414
S'9¢
(GFY)

tq

1 be*
69°T  9€°
vb°T  8f°
€12 LE°
€8°T  9€°
£5°T  LE°
1z's  s8v°
Iy sb°
S0t bp°
§9°L  §§°*
§6°s  0S°
ey 9p°
00°ET  €L°
$6'6  €9°
06'9  €5°
S8z (§°
vz  6S°
Itz oL
89°t  LS5°
0Tt 95°
£5°Z  65°
gv's  19°
sv°y  @s*
Zhee  9s°
15°2T 88°
€L°8  6L*
86°2T 68"

o0 0T T o1 ¥
A9TTed

°

Te30lL  weag

BL°E 9°P
1420 S A £
90°T L°tE
LT P9z
LY°T 0°62
9T°T ¥°ce
€Ly 0°S
L9°E L°S
19°C L*9
ot*L 0°%
sb°s 9%
1I8°€ 9°S
LZT°2T T1°¢t
T1€E°6 S°E
LE*9 E°P
BZ*T 6°LZ
88°tT §°0¢t
W°T B°tt
TT°e  6°t¢C
vs°m. 692
v6°tT T°0E
L8t o0°s6l
L8°t P12
98¢ 0°s¢
€9°TT 8°t
v6°L 9°v
60°2T 8°t

e
H004003

ugxzz 0°1 = “a *asx 0001 =

O

I3
[,
o
-

.
(-]

R > 6 o & e o o o 5 4 » b &
COQCAMAMmMAmeMeMedededOQOOO0O00O00O0mMemmm=m~

o
»
[
9
A HO QOO0 MeMmMMedARAMNOO0000
H

E
A

n> ‘ToPONH

€°6S

Buttong~3a1t1ad

§9° 8B°Z
€1° L°ve
veo* g€°ce
sv* (A4 41
€E* 8°81
€T* 9°Le
9L TP
L 8b°s
€9° o028
18° €9°2
8L TS°t
L 92°S
s8¢ 8b°T
€8° L6°1
08° 96°¢
Ly veoe
T€* 6°92
veo- §°6¢
99° €°€T
14 s°L
€g” 8°S¢T
ve8®  9s°L
aL* 0°0%
29° . 6°¥1
00°'T v8°¢t
§6° LTV
00°T ZlL°¢T
-AOAU ANAOAM
I ]
N N

€0°S

§Z°6
s*ot
v9° L
€8
1L°6
919
S€°9
vi*9

— . eer3teusd

:pTv SIqeL

Le'e

9t°6
ov°6
62°6
ZE°6
8E°6
62°6
vZ°6
€26
8z°6
926
veeé
40
0E*6
Lz°6
62'6
(494
9€°6
(X243
8z°6
TE'6
S¢°6
92°6
LT
Lz°e
ve'e
8z°6

5547

n n n
[3 . .

n
.

'] n n [} oy (3 (2} n
. . . [} . 3 . .
ol N N N N N N N N e N e O

ol

wn
[
™~

"
.
-

[y

[y
.
L

1]
3
N

S°1

[y
»
]

*0S

(3]

.
N
o=

[



I
-

(L]

wn

N

[

[

wn

wn

[

wn

N N A NN N R e R R R e e e

Table All: Pellet-Fueling Model, V, = 1000 keV. p, = 3.0 Mi/m’

b
Dengities Sources

T Ne Nn t‘I £ Pellet Beam Total B B

e 14 13 12 B ¢ v/ 12 12 12 1 T max
(kev) (10°%) (10°°) (00°7) (%) 1 _1is) B (10°7) (107 (0°°) (MA) (kGg) _(kG)
9.29 2.31 4.74 1.16 44.9 1.0 125. 27.6 1.34 .32 1.66 36.7 48.5 1le6.
9.36 2.85 8.18 .33 58.5 1.0 217. 32.6 «93 «35 1.28 40.6 71.5 171.
9.31 2.44 5.58 «94 49.0 1.0 148. 29.1 1.20 «32 1.52 30.8 54.2 130.
9.28 2.23 4.24 1.30 42.2 1.0 112. 26.6 1.45 «32 1.77 25.6 45.0 108.
9.36 2.90 8.51 «26 59.4 1.0 225, 32.9 «91 +35 1.26 33.4 73.6 176.
9.33 2.58 6.48 «72 52.7 1.0 172. 30.5 1.09 «33 1.42 27.4 60.3 1l44.
9.24 1.55 1.64 1.58 25.7 0.1 65.5 6.3 1.68 «24 1.92 43.6 53.3 111.
9.24 1.68 2.54 1.31 35.0 0.1 102. 7.5 1.17 .24 1.41 45.3 69.2 144.
9.24 1.56 1.71 1.56 26.5 0.1 68.2 6.4 1.62 24 1.86 35.7 54.6 1l14.
9,24 1.50 1.28 1.70 21.3 0.1 51.3 5.7 2.07 «25 2.32 30.4 46.4 96.8
9.36 2.18 S.79 «46 55.1 1.0 232. 31.3 +70 «20 .90 41.8 38.4 80.0
9,32 1.96 4.41 +«80 48.3 1.0 177. 28.9 .82 «20 1.02 34.5 31.6 65.9
9.40 2.46 7.56 .072 61.6 1.0 303. 33.6 <690 .20 «80 38.4 47.0 97.9
9.25 1.11 1.42 1.01 30.2 0.1 118. 6.9 .68 .11 .79 59.5 33.9 63.8
9.25 1.05 + 95 1.16 22.5 0.1 79.5 5.8 +94 .11 1.05 47.2 26.9 50.6
9.26 1.01 «72 1.23 17.9 0.1 59.7 5.1 1.20 .12 1.32 40.3 22.9 43.2
9.28 1.27 2.48 <70 43.1 0.1 207. 8.5 «44 .11 «55 63.3 48.1 90.5
9.26 1.15 1.68 <93 33.9 0.1 140. 7.4 +«60 .11 .71 49.3 37.5 70.5
9.25 1.09 1.27 1.06 27.9 0.1 106. 6.6 «74 .11 «85 41.7 31.6 59.6
9.32 l.48 3.81 «37 53.7 0.1 317. 9.8 «33 .11 «44 68.0 64.5 121.
9.28 1.29 2.58 .68 44.1 0.1 215, 8.6 «43 .11 .54 52.0 49.3 92.9
9.27 l.19 1.96 .85 37.4 0.1 163. 7.8

«53 .10 «63 37.4 41.2 77.6



P g B

12.5 2 1
l‘s

2.5 2

25. 2.5 1
1.5
1.5 1.8

2

50. 1.5 1
1.5

2 1
1.5

2

2.5 1
1.5

2

9.38
9.33
9.35

9.24
9.24
9.39
9.34

9.26
9.25
9.30
9.27
9.26
9.35
9.31
9.28

Table p12:

pDengities

a
13

1.68
1.15
1.33

5.30
3.56
.19

.91

3.61

1.84

1.12
1.66
.96

.34
1.05
1.46

Pellet-Fueling Model, V.

62.1
52.9
56.6

39.2
30.3
59.4
52.8

35.1
26.7
48.5
38.9
32.5
58.9
4904
42.6

= 1000 keV, p_ = 6.0 #4/m’

b
ﬁnurces

Pellet Beam Total
% e e el @o'h ao'?y
1.0 144. 33.8 2.60 1l.11 3.7
1.0  98.3 30.6 3.37 1.00  4.37
1.0 114. 31.9 3.05 1.02  4.07
6.1 70.6 8.1 3.05 .73 3.78
0.1 47.4 6.9 4.19 .71 4.90
1.0 160, 32.8 1.90 .60  2.50
1.0 122. 30.5. 2.22 .59  2.81
0.1  72.5 7.5 2.38 .43 2.8
0.1 48.8 6.4 3.24 .45  3.69
0.1 126. 9.2 1.59 .44 2.03
6.1 85.4 8.0 2.10 .43 2.53
0.1 64.6 7.2 2.59 .43 3.02
0.1 193. 10.4 1.18 49  1.67
0.1 131. 9.3 1.55 .4¢  1.99
0.1 99.5 8.5 1,88 .43 2.31

max

k)

297.
224.
249.

222.
174.
125.
103.

103.
B1.2
l48.
114.
96.0
201.
152.
1:i8.
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Table Al4: Beam~Fueiing Model, P, = 3.0 llli/m2 Fixed Burn-up 20%

Dengities cas.
N N N
T e a I Pellet Beam Total B B

P B o 14 13 12 ¢ 1/t 12 12 12 4 T max
£t g ‘o (xev) Q0 ) (07) (0°) _z _1ls) B (107) (10°7) (10°7) (MA) (kg) _(kG)
12.5 1.5 1 8.98 1.84 1,52 2.14 «279 38.5 9.2 2.13 1.61 3.74 32.6 43.1 103.
1.5 8.98 +419 11.3 2.15 1.59 26.6 35.2 84.1

2 8.99 «559 13.0 2.16 1.58 23.1 30.5 72.9

2 1 8.96 »156 6.9 2.07 1.67 32.6 57.4 137.

1.5 8.97 «235 8.5 2.12 1.62 26.6 46.9 1ll12.

2 8.98 314 9.8 2.14 1.60 23.1 40.6 97.1

2.5 1 8.93 «093 8.5 1.99 1.75 32.6 71.8 172.

1.5 8.96 - 150 6.8 2.07 1.67 26.6 58.6 140.

2 8.97 - 200 7.8 2.10 1.64 23.0 50.8 121.

25. 1.5 1 8.98 1.50 1.23 1.74 120 47.3 6.1 1.41 1.06 2.47 42.3 38.9 8l.0
1.% 8.99 »181 7.4 1.42 1.08§ 34.6 31.7 66.2

2 8.99 .. 242 8.6 1.43 1.04 29.9 27.5 57.3

2 1 8.96 «067 4.5 1.38 1.09 42.3 S1l.8 108.

1.3 8.9 «102 5.6 1.40 1.07 34.6 42.3 88,2

2 8.98 +«136 6.4 1.42 2.05 29.9 36.6 76.4

2.5 1 8.94 +043 3.6 1.33 1.14 42.3 64.7 135.

1.5 8.96 +065 4.4 1.37 1.10 34.6 52.9 110.

2 8.97 087 5.1 1.40 1.07 29.9 45.8 95.5

50, 1.5 1 8.98 1.04 +854 1.20 »054 €8.3 4.0 +62 «51 1.19 56.8 32.3 60.9
1.5 8.99 081 5.0 «69 «50 46.4 26.4 49.8

2 8.99 .108 5.7 «69 «50 40.2 22.9 43.1

2 1 8.97 .030 3.0 «67 «52 56.8 43.1 8l.2

1.5 8.98 <045 3.7 .68 «51 46.4 35.2 66.3

2 8.99 +»060 4.3 .69 %10 40.2 30.5 57.4

2.5 1 8.95 019 2.4 +65 «54 56.8 53.9 101,

1.5 8.97 029 3.0 +67 +52 46.4 44.0 82.9

2 8.98 .039 3.4 .68 «S1 40.2 38.1 71.8
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Tab : Beam-Fueling Model, P, = 6.0 m/m2 Fixed Burn-up 20%

Dengities -ces
N N N
T e a I Pellet Beam Total B B

e 14 13 12, c Y. 12 12 12 1 T max
(kev} (10 ) (10°") (10 ) T 1.8} B (107) (10 7) (10 °7) (mn) (kG) (kG)
8.98 3.23 2.67 3.76 «236 21.9 8.5 6.56 4.97 11.53 29.5 -57.1 173.
8.98 «355 10.4 6.63 4,90 24.1 46.7 141,
B8.99 «473 12.0 6.67 4.86 20.9 40.4 122.
8.96 «132 6.3 6.37 5.16 29.5 76.1 230.
8.97 +199 7.8 6.52 5.01 24.1 62.2 188.
8.98 « 266 9.0 6.59 4.94 20.9 53.9 163.
8.93 -084 5.1 6.09 5.44 29.5 95.1 2es8.
8.95 »127 6.2 6.35 5.18 24.1 77.7 235.
8.97 «169 7.2 6.47 5.06 20.9 7.3 204.
8.98 2~59 2.14 3.01 «100 27.3 5.5 .23 3.18 7.41 38.7 51.2 122.
8.98 +150 6.8 4.27 3.14 31.6 41.8 100.
8.99 «200 7.8 4.29 3.12 27.4 36.2 86.5
8.¢ . « 056 4.1 4,12 3.28 38.7 68.2 163.
8.97 +0B4 5.1 4.21 3.20 31.6 55.7 133.
8.98 «112 5.8 4.25 3.16 27.4 48.2 115.
8.94 <035 3.3 3.97 3.44 38.7 85.2 204.
8.96 «054 4.0 4.11 3.30 31.6 69.6 166.
8.97 « 072 4.7 4.18 3.23 27.4 60.3 144.
8.99 2.11 1.74 2.45 +043 33.5 3.6 2.82 2.10 4.92 50.3 46.2 96.3
B8.99 «064 4.4 2.84 2.08 41.1 37.7 78.6
B.99 « 096 5.1 2.85 2.07 35.6 32.7 68.1
8.97 «024 2.7 2.76 2.16 50.3 61.6 128,
.98 .036 3.3 2.80 2.12 41.1 50.3 105.
8.98 +.048 3.8 2.83 2.09 35.6 43.5 90.8
8.95 015 2.2 2.66 2.26 50.3 76.9 160.
8.96 .023 2.6 2.75 2.17 41.1 62.8 131.
8,97 +031 3.1 2.79 2.13 35.6 54.4 113,
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Table Al6: Pellet~Fueling Model, V., = 200 keV, pw = 1.0 Mw/m2 Fixed Burn-up  20%

b
Densities —— . Sources _
N N N

T e a I Pellet Beam Total B B

e 13 12 12, ¢ /x n 1 u, = T max
fkev) (10°7) (10" (10°7) T 7 (s} B (1077} {10° ) (1077) {Ma) {kG) (kG)
9.07 7.66 6.27 «59 «383 92,2 10.8 4.84 1.67 6,51 37.8 27.9 55.2
9.67 7.66 6.27 «576 13.2 4.86 1.65 30.8 22.8 45.1
9,08 7.66 6.26 «768 15,2 4.87 1.64 26.7 19.7 39.1
9,05 7.66 6.28 «215 8.1 4.78 1.73 37.8 37.2 73.6
9.06 7.66 6.27 +323 9.9 4.83 1l.68 30.8 30.4 60.1
9.07 7.66 6.27 .421 11.4 4.85 1.66 26.7 26.3 52.1
9.03 7.67 6.29 »137 6.4 4.70 1.81 37.8 46.5 92.0
9,05 7.66 6.28 206 7.9 4,78 1.73 30.8 38.0 75.2
9.06 7.66 6.27 <275 S.1 4.81 1.70 26.7 32.9 65.1
9.07 6.32 5.17 «73 «163 112. 7.0 3.30 1.13 4.43 49,1 25.4 47.1
9,07 5.17 « 245 8.6 3.31 1.12 40.1 20.7 38.5
9.08 5.17 «326 9.9 3.32 1,11 34.7 17.9 33.3
9,06 5.18 » 091 5.3 3.26 1.17 49.1 32.8 62.8
9.07 5.17 «137 6.4 3.29 1,14 40.1 27.6 51.3
3,07 5.17 .183 7.4 3.30 1.13 34.7 23.9 44.4
a,06 5.18 . 088 5.1 3.26 1.17 40.1 34.5 64.1
9,03 5.17 »117 5.9 3.28 1.15 34.7 29.9 55.5
9,07 5.23 4.28 61 069 135, 4.6 2,27 «77 3.04 63.8 23.1 4l.1
2,08 104 5.6 2.27 77 52.1 18.8 33.6
9.08 +138 6.5 2.2 .76 45.1 16.3 29.1
9.07 +058 4.2 2.26 .78 52.1 25.1 44.7
9,07 .078 4.8 2.27 <77 45.1 21.8 38.7



2
Table Al7: Pellet-Fucling Model, Vv, = 200 kev, P, = 3.0 Mi/m” Fixed Burn-up 204

b
Densities Sources
N N N .
T e a 1 Pellet Beam  Total B B

P e e 14 13 12, ¢ +/r 12 12 12 I T max
t q_ ‘5 (xev) (10 ) (10°7) (10 ") 1 z{s) B (107) (10°7) (10 ") (Mp) (kG) (kG)
12.5 1.5 1 9,06 1.84 1.50 2.13 «284 38.5 9.3 2.78 +96 3.74 32.7 43.2 103.
1.5 9.07 1.83 1.50 «427 11.4 2.79 «95 26.7 35.3 84.4
2 9.07 1.83 1.50 «570 13.1 2.80 .94 23.1 30.6 73.1

2 1 9.05 1.84 1.50 »159 6.9 2,74 1.00 32.7 57.6 138.

1.5 9.06 1.84 1.50 240 8.5 2.77 «97 26.7 47.1 113.
2 9.07 1.84 1.50 +320 9.8 2.78 +96 23.1 40.8 97.4

2.% 1 9.03 1.84 1.51 2.14 .101 5.5 2.69 1.05 32.7 72.0 172.

1.5 9, 0% 1.84 1.50 2.13 «153 6.8 2.74 1.00 26.7 58.8 1l41.

2 9.06 1.84 1.50 2.13 .204 7.9 2.76 .98 23.1 50.9 1l22.

25. 1.5 1 9.07 1.49 1.22 1.73 123 47.3 6.1 1.84 «63 2.47 42.5 39.0 8l.3
1.5 9.07 1.73 «285 7.5 1.85 .62 34.7 31.8 66.4
2 9,07 1.73 «246 8.6 1.85 .62 30.0 27.6 57.5

2 1 9.05 1.24 +069 4.6 1.82 +65 42.5 52.0 108.
1.5 9,06 1.73 +«104 5.6 1.83 «64 34.7 42.4 88.5
2 9,07 1.73 138 6.5 1.84 «63 30.0 36.8 76.6

2,5 1 9,03 1.23 1.74 «044 3.6 1.79 .68 42.5 64.9 135.

1.5 9.08 1.22 1.74 « 066 4.5 1.81 +66 34.7 53.0 111l.
2 9.06 1.22 1.73 .088 5.2 1.83 »64 30.0 45.9 95.8
50. 1.5 1 9.07 1.03 «85 1.20 » 055 68.3 4.1 .89 «30 1.19 57.0 32.4 61.1
1.5 9. 07 «082 5.0 «89 «30 46.5 26.5 49.9
2 9.08 <110 5.8 .89 «30 40.3 22.9 43.2
2 1 92.06 »031 3.0 «88 31 57.0 43.3 81.5

1.3 9.07 046 3.7 .88 +31 46.5 35.3 66.5
2 9.07 - 062 4.3 <89 «30 40.3 30.6 57.6

2.5 1 9.04 « 020 2.4 +-86 .33 57.0 54.1 102.

1.5 9.06 .030 3.0 .88 31 46.5 44.1 83.2
2 9.06 +039 3.4 .08 «31 40.3 38.2 72.0
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Pable AlB: Pellet-Fueling ilodel, Vb = 200 keV, pw = 6,0 MW/m2 Fixed Burn-up 20%

Densgities — _Sources

T Nt-: Na, NI Pellet Beam  Total B B

e 14 13 12, ¢ o/ 12 12 12 I T max
(kev) (10 ) (1007 (10°°) T 1 (s) B (10 7) (0 7) o) M) (kG _ (kG)
9.06 3.22 2.64 3.75% 241 21.9 8.5 8,56 2,97 11.53 29.6 57.3 173.
9.07 «362 10.5 8.60 2.93 24.2 45.8 142,
9,07 «483 12,1 8.62 2,91 20.9 40.5 123.
9.04 +135 6.4 8.44 3.09 29.6 76.4 231.
9.06 «203 7.8 8.53 3.00 24.2 62.4 189,
9.06 «271 9.0 8.59 2.96 20.9 54.0 163.
9.02 3.23 2.55 +0B6 S.1 8.27 3.26 29.6 95.5 289,
5.04 3.23 2.64 129 6.3 8.43 3.10 24.2 78.0 236.
9,05 3.22 2.64 +173 7.2 8.50 3.03 20.9 67.5 204.
9.06 2.59 2.12 3.01 «102 27.3 5.5 5.51 1.90 7.41 38.8 51.3 123.
9,07 2.58 2.11 «153 6.8 5.54 1.87 31.7 41.9 100.
9.07 2.58 2.11 +204 7.8 5.55 1.86 27.5 36.3 86.8
9.05 2.59 2.12 «057 4.2 5«45 1.96 38.8 68.4 164.
9,06 2.59 2.12 =086 5.1 5.50 1.91 31,7 55.9 134.
9.07 2.59 2.12 «115 5.9 5.52 1.89 27.5 48.4 116,
9,03 2.59 2.12 .036 3.3 5.35 2.06 38.8 85.5 204.
9,05 2.59 2.12 «055 4.1 5.44 1.97 31.7 69.8 167.
9.06 2,59 2.12 «073 4.7 5.48 1.93 27.4 60.5 14S.
9,07 2.11 1.72 2.45 .044 33.5 3.6 3.66 1.26 4.92 50.5 46.3 56.6
9.07 . 1.72 «066 4.5 3.68 1.24 41.2 37.8 78.9
9,07 1.72 -088 S.1 3.69 1.23 35.7 32.8 68.3
9.05 1.73 =024 2.7 3.63 1.29 50.5 61.8 129.
9.06 1.72 «037 3.3 3.66 1.26 41.2 50.4 10s.
9.07 1.72 «049 3.9 3.67 1.25 35.7 43.7 9l.1
9.04 1.73 +016 2.2 3,57 1.35 50.5 77.2 1é6l.
9.05 1.73 .024 2.7 3.62 1.30 41.2 63.0 131.
9,06 1.72 .031 3.1 3.65 1.27 35.7 54.6 1li4.
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Table A19: Pellet-Fueling Model, V, = 350 keV, p, = 1.0 M/ Fixed Burn-up _20%

Densities Sources
N N N ]

T e a I Pellet Beam Total B, B

e 13 12 12, ¢ /1 1 11 1 I T max
(kev) (10°7) (10°7) (10°7) T z(s) B (10°) (0 ") (10 ") (MA) (kG) (kG)
9.13 7.68 6.22 -89 «389 92.2 10.8 5.30 1.21 6.51 37.9 28.0 55.4
9.13 6.22 «584 13.2 5,32 1.19 30.9 22.9 45.2
9.14 D322 +«780 15.3 5.33 1.18 26.8 19.8 39.2
9,12 6.23 +»218 8.1 5.26 1.25 37.9 37.3 73.8
9.13 6.22 +328 9.9 5.29 1.22 30.9 30.5 60.3
9.13 6.22 +438 11.5 5.31 1.20 26.8 26.4 52.2
9.10 6.24 139 6.5 5.20 1.31 37.8 46.6 92.3
9.12 6.23 209 7.9 5.26 1.25 30.9 33.1 75.3
9.12 6.23 «280 2.2 5.28 1.23 26.8 33.0 65.3
9.13 6.31 .13 «73 .165 112. 7.0 3.61 .82 4.43 49.2 25.4 47.2
9.14 5.13 248 8.6 3.62 «81 40.2 20.8 38.6
9.14 S5.13 «331 10.0 3.63 «80 34.8 18.0 33.4
9.12 5.14 093 5.3 3.59 «84 49.2 33.9 63.0
9.13 S.13 «139 6.5 3.61 «82 40.2 27.8 5l.4
9.13 5.13 186 7.5 3.62 +«81 34.8 24.0 44.5
9.10 5.15 « 059 4.2 3.55 .38 49.2 42.4 78.7
9.12 5.14 .089 5.2 3.58 85 40.2 34.6 64.3
9.13 5.14 «119 6.0 3.60 .83 34.8 30.0 55.7
9.13 5.23 4.25 .61 .070 135, 4.6 2.48 «56 3.04 63.9 23.1 41.2
9.14 5.22 »105 5.6 2.49 +55 52.2 18.9 33.6
9.14 5.22 =141 6.5 2.49 +55 45.2 16.4 29.1
9.13 S5.23 .059 4.2 2.48 +56 52.2 25.2 44.8
9.14 5.23 «079 4.9 2.48 «56 45.2 21.8 38.8
9.13 5.23 +050 3.9 2.47 «57 45.2 27.3 48,5
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9,25
9,25
9.25
9.24
9.25
9.25
9.23
9,24
9.24

9.25
9.25
9.26
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9.25
9.25
9.23
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9I 25
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9.24
9.25
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9.23
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Table A22:

Dengities

N
e

[1013]

7.62

6.28

6.29
6.28
6.28

5.20

N
a

6.08

5.01

5.02
5.01
5.01

4.15

4.16
4.15
4.15

Pellet-Fueling Model,

Ny

[1012] [1012]

-89

<73

.61

(o]

«400
«600
. 901
.224
«337
«450
«143
. 215
«287

.170
« 255
»340
» 095
«143
<191
.061
091
«122

072
.108
144
040
. 061
.081
026
.039
«052

—1is)
92.2

112.

135.

Yy

T/TB
10.9
13.4
15.4

-
[AE=Y:
. ) -
onN

>
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Sources

= 500 keV, B, = 1.0 Hw/mz

Pellet Beam Total
1 11 11 I
(o'h) oty aot) qmn)
5.85 .66  6.51 38.0
5.86 .65 31.0
5.86 .65 26.9
5.82 .69 38.0
5.84 .67 31.0
5.85 .66 26.9
5.79 .72 38.0
5.82 .69 31.0
5.84 .67 26.9
3.98 .45  4.43 49.4
3.99 .44 40.3
3.99 .44 34.9
3.97 .46 49.4
3.98 .45 40.3
3.98 .45 34.9
3.95 .48 49.4
3.97 .46 40.3
3.98 .45 34.9
2.73 .31 3.04 64.2
2.74 .30 52.4
2.74 .30 45.4
2.72 .32 64.2
2.73 .31 52.4
2.74 .30 45.4
2.71 .33 64.2
2,22 .32 52.4
2.73 .31 45.4

Fixed Burn-up 20%

Bp

{xc)

28.1
22.9
19.9
37.5
30.6
26.5
46.8
38.2
izl

25.5
20.8
18.0
34.0
27.8
24,1
42.5
34.7
30.1

23.2
19.0
16.4
31.0
25.3
21,9
38.7
31.6
27.4

Bmax

kG)

55.6
45.4
39,3
4.1
60.5
52.4
92.7
?5.7
65.5

47.4
38.7
33.5
63.2
51.6
44.7
79.0
64.5
55.9

41.4
33.8
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Table A23: Pellet-Fueling Model, V, = 500 keV, B, = 3.0 M/m’ Pixed Burn-up _20%

Dengities Sources
N N N
T e a 1 Pellet Beam Total B B
B e 14 13 12, ¢ r/r 12 12 2 T max
a P xey) 0% oy 0™ & (s B (107°) (107°) (107 (MA) (kG} _(kG)
1.% 1 9.25 1.82 l.46 2.13 «297 38.5 9.4 3.36 .38 3.74 32.9 43.5 104,
1.5 3.25 1.82 «446 11.5 3.36 «38 26.9 35.5 84.9
2 9.25 1.82 «595 13.3 3.37 «37 23.3 130.8 73.6
2 1 9.24 1.83 +«166 7.0 3.34 «40 32.9 58.0 139.
1.5 9.24 1.82 +250 8.6 3.35 .39 26.9 47.4 113.
2 9.25 1.82 «334 10.0 3.36 .38 23.3 41.0 98.1
2.5 1 9.22. 1,83 »106 5.6 3.32 «42 32.9 72.5 173.
1.5 9.23 1.83 «160 6.9 3.34 «40 26.9 59.2 142.
2 9,24 1.83 «213 8.0 3.35 «39 23.3 S51.3 123,
1. 1 9.25 1.48 1.18 1.73  .128 47.3 6.2 2.22 «25 2.47 42.8 39.2 81.8
1.5 9.25 «193 7.6 2.22 «25 34.9 32.0 66.8
2 9.25 «257 8.7 2.22 «25 30.2 27.7 57.8
2 1 9.24 +072 4.6 2.21 26 42.8 52.3 109.
1.5 9.25 .108 5.7 2.22 «25 34.9 42,7 89.0
2 9.25 144 6.6 2,22 25 30.2 37.0 77.1
2.5 1 9.23 « 046 3.7 2.20 «27 42.8 65.4 136.
1.5 9.24 .069 4.5 2.21 «26 34.9 53.4 111.
2 9.24 +092 5.2 2.22 «25 30.2 46.2 96.4
1. 1 9.25 1.03 «82 1.20 «057 68.3 4.1 1.07 .12 1.19 57.4 32.7 6l.5
1.5 9.25 .086 5.1 1.07 12 46.8 26.7 S50.2
2 9.25 «114 5.8 1.07 ediz 40.6 23.1 43.5
2 1 9.24 +032 3.1 1.06 13 57.4 43.5 82.0
1.5 9.25 .048 3.8 1.07 12 46.8 35.5 67.0
2 9.25 +064 4.4 1.07 12 40.6 30.8 58.0
2.5 1 9.23 <020 2.5 1.06 «13 57.4 54.4 103.
1.5 9.24 «031 3.0 1.07 .12 46.8 44.4 83.7
2 9.25 .041 3.5 1.07 .12 40.6 38.5 72.5
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Table A25:
Densities

Ne qu “I
ot ety 1oy
7.27 3.48 <98
7.52 5.19 .93
7.29 3.60 .98
9.14 16.4 .53
8.39 11.3 «73
8.01 8.70 .81
10.9 27.9 «29
9.56 19.2 «51
8.89 14.8 «63
11.1 28.9 «26
10.0 22.2 «43
6.11 3.65 .79
5.95 2.56 «82
6.46 6.15 «71
6.19 4.25 «77
6.06 3.28 .80
6.92 92.31 61
6.50 6.39 «70
6.29 4.91 «75
10.0 29.4 «091
8.58 20.4 «30
7.86 15.7 42
9.53 26.5 +«16
5.56 6.55 «54
5.27 4.52 «60
S.12 3.49 «64
6.23 11.1 «40
5.72 7.66 «50
S.46 5.88 «56
7.10 16.8 «25
6.30 11.6 «39
5.90 8.87 «47

Pellet-Fueling Model,

FQ

COCONMFEFEMMEOOOODOOOO | iwiimM~0O0O

o e e e O OO O R R i = OO0 000000

[- - -]
e ® & o

-

0.1

b

42.8
68.5
44.7
237.
160.
121.
408.
279.
212.
424.
324.
69.0
45.0
124.
82.2
61.0
194.
129.
96.7
636.
437.
334.
571.
197.
131.
98.2
344.
232.
175.
526.
357.
271.

28.4

a o & » & » @
OCHLbOEIO=OODN

NV ODLDbLWD

w
.

8.0

7.4

§ource
s '
1 b
(10°) (kev)
12.52 28.0
8.31 51.5
12.04 29.7
3.33 131.
4.29 95.2
5.27 74.6
2.48  202.
3.02 148.
3.57 119.
2.43 209,
2,78 167.
6.62 36.5
9.68 21.3
4.08 69.6
5.70 44.6
7.37 31.5
2.93 110.
3.95 72.6
4.98 53.3
1.51 209.
1.79 164.
2.07 138,
1.58 195.
2.28 83.3
3.10 57.0
3.95 4..2
1.56 135.
2.02 96.6
2.48 74.9
1.23 197,
1.53 140.
1.82 110.

V. = 1000 keV, P, = 1.0 Hnﬁmz

I
Mp)
36.8
37.2
30.1
41.0
32.1
27.2
44.6
34.2
28.6
36.7
30.3
48.2
39.0
49.4
39.6
34.0
51.0
40.4
34.5
61.2
46.3
38.5
42.2
65.4
52.0
44.5
69.1
54.1
45.8
73.6
56.7
47.6

By

{kG)
36.3
45.9
37.1
30.3
23.7
20.1
44.0
33.7
28.2
45.2
37.3
24.9
20.2
34.0
27.3
23.4
43.9
34.8
29.7
3.6
23.9
19.9
29.1
23.7

18.8

l6.1
33.3
26.1
22.1
44.4
34.2
28.7

~{kG),
71.8
90.8
73.3
59.9
46.9
39.7
87.0
66.7
55.7
89.5
73.9
46.3
37.5
63.2
50.6
43.5
81.6
64.6
55.2
58.7
44.5
36.9
54.1
42.1
33.5
28.7
59.4
46.5
39.4
79.0
60.9
51.1
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Table A28: Beam-Fueling Model, P, = 1.0 kl!/m2 Fixed Burn-up 20%

Dengities Source

T, Ny N Ny s v, . B, B,

P B 13 12 12 (o] v/ 11
3 g s (kev) (10 7) (100°7) (10 °) T 1(s) B (10°) keV {MA) (kG) (kG)
2.5 1.5 1 9.00 7.74 6.77 .88 «379 92.2 10.7 6.51 60.3 37.8 27.9 55.3
1.5 9.01 «569 13.1 58.9 30.9 22.8 45.1
2 9,02 «760 15.1 58.3 26.7 19.8 39.1
2 1 8.98 «212 8.0 63.9 37.8 37.2 73.6
1.5 9.00 +319 9.8 6l.1 39.8 30.4 60.2
2 9.01 +426 11.3 59.8 26.7 26.3 52.1
2.5 1 8.95 +134 6.4 69.1 37.7 46.5 92.0
1.5 8.98 «203 7.8 64.3 30.8 38.0 75.2
2 8.99 «272 9.1 62.0 26.7 32.9 65.1
25. 1.5 1 9.01 6.38 5.59 .72 «161 112, 7.0 4.43 59.8 49.1 25.4 47.%
1.5 9.01 «242 8.5 58.6 40.1 20.7 38.5
2 9.02 .323 9.8 58.1 34.7 17.9 33.3
2 1 8.99 -090 5.2 63.0 49.1 33.8 62.8
1.5 9.00 <136 6.4 60.6 40.1 27.6 51.3
2 9.01 - .181 7.4 59.4 34.7 23.9 44.5
2.5 1.5 8.98 . 086 5.1 63.4 40.1 34.5 64.1
2 9,00 .115 5.9 6l.4 34.7 29.9 55.5
50. 1.5 1 9.01 5.29 4.63 .60 .068 135. 4.5 3.04 59.5 63.8 23.1 41.1
1.5 9.02 .103 5.6 58.4 52.1 18.9 33.6
2 9.02 .137 6.4 57.9 45.1 16.3 29.1
2 2 9.01 «077 4.8 59,1 45.1 21.8 38.8
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Table A29: Beam-Fueling Model, P, = 3.0 lllv/tn2 Fixed Burn-up 20%

Dengities Source
T Ne % N s v B, B
8 e 14 13 12 ¢ /1 12 b 1 T max
9. -8 (kev) (10 ) {107) Qo) 1 1{s) B (10 ) (kev) (MA) {kG) _(kG)
1.5 1 9,00 1,85 1.62 2.10 .281 38.5 9.2 3.74 60.5 32.7 43.3 103.
1.5 9.01 «422 11.3 59.0 26.7 35.3 84.4
2 9.01 «564 13.0 58.4 23.1 30.6 73.1
2 1 8.98 «157 6.9 64.4 32.7 §7.6 138.
1.5 8.99 «237 8.4 61.4 26.7 47.1 113.
2 9.00 +316 9.8 60.0 23.1 40.8 97.5
2.5 1 8.94 2.11 .100 5.5 70.1 32.7 72.0 172.
1.5 8.97 2.10 «151 6.7 64.8 26.7 58.8 141.
2 8.99 2.10 .202 7.8 62.4 23.1 51.0 122.
1.5 1 9,00 1.51 1.32 1.71 122 47.3 6.0 2.47 60.1 42.5 39.0 8l1.3
1.5 9.01 »183 7-4 58.8 34.7 31.9 66.4
2 9.02 244 8.6 58.2 30.1 27.6 57.5
2 1 8.53 -068 4.5 63.5 42.5 52.0 108.
1.5 9.00 <102 5.6 60.8 34.7 42,5 88.5
2 9.01 137 6.4 59.6 30.1 36.8 76.7
2.5 1 8.95 <043 3.6 68.4 42.4 64.9 135.
1.5 8.98 « 065 4.4 63.9 34.7 53.0 111.
2 8.99 .087 5.1 6l.7 30.0 ° 45.9 95,8
1.5 1 9.01 1.04 - 914 1.18 054 68.3 4.0 1.19 59.6 57.0 32.5 61.2
1.5 9.01 081 4.9 58.5 46.6 26.5 49.9
2 9.02 .109 5.7 58.0 40.3 23.0 43.3
2 1 8.99 +.030 3.0 62.6 57.0 43.3 8l.5
1.5 9.00 046 3.7 60.3 46.6 35.3 66.6
2 9,01 +061 4.3 59.2 40.3 30.6 57.7
2.5 1 8.96 1.19 .019 2.4 66.9 57.0 54.0 102.
1.5 8.99 1.19 «029 3.0 62.9 46.5 44.2 83.2
2 9.00 1.18 .039 3.4 6l.1 40.3 38.3 72.1
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Table A30: Beam-Fueling Model, p, = 6.0 M¥/n’ Eixed Burn-up 20%

pengities Source
T “O Na NI S \'/ B, B
8 e 14 13 12 ¢ 1/t 12 b I T max
9 28 (kev) (10 ) (10 7) (10 °) T 1{s) B {107°) {kev) (Ma) (kG) (kG)
1.5 1 9.00 3.26 2.85 3.69 .238 21.9 8.5 11.53 60.7 29.6 %7.3 173.
1.5 9.01 3.69 «358 10.4 59.2 24.2 46.8 1l42.
2 9.01 3.69 .478 12.0 %8.43 21.0 40.6 123.
2 1 8.97 3.70 .133 6.3 64.8 29.6 76.4 231l.
1.5 8.99 3.69 .200 7.8 61.6 24.2 62.4 189.
2 9.00 3.69 .268 9.0 60.2 20.9 54.1 1é64.
2.5 1 8.94 3.70 .084 5.1 70.7 9.6 95.4 289.
1.5 8.97 3.70 .128 6.2 65.2 24.2 78.0 236.
2 8.99 3.69 .17 7.2 62.7 20.9 67.4 204.
1.5 1 9.00 2.61 2,29 2.96 .101 27.3 5.5 7.4 60.2 38.8 51.3 123.
1.5 9.01 «151 6.7 58.9 31.7 41.9 100,
2 9.01 «202 7.8 58.2 27.5 36.3 86.8
2 1 8.98 056 4.1 63.8 38.8 68.4 164.
1.5 9.00 . 085 5.1 61.0 31.7 55.9 134.
2 9.00 113 5.8 - 59.8 27.5 48.4 1lé.
2.5 1 8.95 2.97 «036 3.3 70.0 38.8 85.4 204.
1.5 8.98 2.96 «054 4.0 64.2 3l.7 69.8 167.
2 8.99 2.96 .072 4.7 62.0 27.5 60.5 145.
1.5 1 9.00 2,13 1.86 2.41 .043 33.5 3.6 4.92 59.8 50.5 46.3 96.6
1.5 9.01 +065 4.4 58.6 41.2 37.8 78.9
2 9,02 «087 5.1 58.0 35.7 32.8 68.
2 1 8.98 «024 2.7 63.0 50.5 61.8 129.
1.5 9.00 »036 3.3 60.5 4l1.2 50.4 105. -~
2 9.01 . 049 3.8 59.4 35.7 43.7 9l.1
2.5 1 8.96 2.42 <015 2.2 67.5 50.4 77.1 1él.
1.5 8.98 2.41 «023 2.6 €3.3 41.2 63.0 13l.
2 8.99 2.41 «031 3.1 61.3 35.7 S54.6 114.



